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ABSTRACT OF THE DISSERTATION 

GOLD NANOPARTICLE-BASED COLORIMETRIC SENSORS FOR DETECTION OF DNA 

AND SMALL MOLECULES 

by 

Pingping Liang 

Florida International University, 2016 

Miami, Florida 

Professor Yi Xiao, Major Professor 

Biosensors have proven to be a powerful tool for detecting diverse targets, such as proteins, 

DNA, and small molecules representing disease biomarkers, toxins, drugs and their metabolites, 

environmental pollutants, agrichemicals, and antibiotics with high sensitivity and specificity. 

The major objective of the research described in this dissertation was to develop low cost, 

low sample volume, highly sensitive and specific AuNP-based colorimetric sensor platforms for 

the detection of DNA and small molecules. With this in mind, we propose an instrument-free 

approach in chapter three for the detection of NADH with a sensor constructed on a paper 

substrate, based on the target-induced inhibition of AuNP dissolution. The successful detection of 

this important molecule opens the door to numerous possibilities for dehydrogenase 

characterization, because NAD
+
/NADH are essential cofactors for more than 300 dehydrogenase 

enzymes. To further increase the sensitivity of our hybridization-based assay for DNA detection, 

we developed an enzyme-assisted target recycling (EATR) strategy in chapter four and have 

applied such an EATR-based colorimetric assay to detect single-nucleotide mismatches in a target 

DNA with DNA-functionalized AuNPs. This assay is based on the principle that nuclease 

enzymes recognize probe–target complexes, cleaving only the probe strand. This results in target 

release, enabling subsequent binding to and cleavage of another probe molecule. When the probe 

is conjugated onto AuNPs, complete cleavage from the AuNP surface produces a detectable 
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signal in high ionic strength environments as the nanoparticles undergo aggregation. With such 

enzyme-assisted amplification, target detection can occur with a very low nM detection limit 

within 15 minutes. The extent of DNA loading on the AuNP surface plays an important role in 

the efficiency of DNA hybridization and aptamer-target assembly. Many studies have shown that 

high surface-coverage is associated with steric hindrance, electrostatic repulsive interactions and 

elevated surface salt concentration, whereas low surface-coverage can result in nonspecific 

binding of oligonucleotides to the particle surface. In chapter five, we investigated DNA surface 

coverage effects, and apply this optimization in conjunction with a highly-specific aptamer to 

develop a sensitive colorimetric sensor for rapid cocaine detection based on the inhibition of 

nuclease enzyme activity. 
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CHAPTER 1: Introduction 

1.1 Overview  

Biosensors are useful tools for monitoring patient health because they can detect and analyze 

diverse targets, such as proteins, DNA, and small molecules representing disease biomarkers, 

toxins, drugs and their metabolites, environmental pollutants, agrichemicals, and antibiotics with 

high sensitivity and specificity. 

Target detection is typically performed with either quick, qualitative methods or accurate, 

quantitative methods. Qualitative readouts are usually desirable in many applications, particularly 

in the context of on-site diagnostics where treatment could be dictated by a simple “yes/no” or 

“normal/abnormal” response. Due to increasing health care costs, there is a growing demand to be 

able to monitor patient health through point-of-care-testing, necessitating the development of 

simple, rapid, portable, and inexpensive detection assays. 

In addition to being highly sensitive and selective, an ideal biosensor for point-of-care 

applications should be label-free, cost-effective, involve minimum sample preparation, and have 

the potential for miniaturization. Colorimetric assays offer one useful option, based on a visible 

color change induced by target binding or complex formation. These assays deliver results that 

can be directly observed by naked eye and do not require sophisticated instruments, making them 

a potentially simple, low-cost approach to field analysis and point-of-care diagnosis. Paper-based 

colorimetric detection has drawn particular attention in the realm of biosensor development for 

analytical, clinical and environmental analysis, with several advantages including versatility, 

disposability, low cost, and ease of fabrication. Pregnancy tests are one well-known example, 

providing a swift and simple qualitative “yes/no” answer in the form of a color change on the 

paper test strip. Urine test strips are another example, providing qualitative or semi-quantitative 

detection of multiple analytes at the same time, including ketones, glucose, protein and pH value 

in a few minutes. 
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Gold nanoparticles (AuNPs) have been intensively studied due to a distinctive optical 

property known as surface plasmon resonance (SPR) absorption. Depending on their size, shape, 

composition, and degree of aggregation, AuNPs can absorb resonance light at various 

wavelengths and vary in color. On the basis of these properties, AuNPs have been successfully 

applied as colorimetric reporters for the detection of various substances, including DNA, metal 

ions, or proteins. 

Unmodified AuNPs have been used for DNA detection based on the differences in 

electrostatic properties between single-stranded (ss) DNA, double-stranded (ds) DNA, and 

AuNPs. ssDNA adsorbs onto AuNPs nonspecifically, which protects them from aggregating in 

high ionic strength environments, while dsDNA or folded ssDNA does not prevent such 

aggregation, causing a red-to-blue color change. Unmodified AuNPs have also been widely used 

in small-molecule detection assays based on the biocatalytic growth process, which results in a 

larger size with red-shifted wavelengths and higher SPR absorption. In contrast, when AuNPs 

decrease in size during the dissolution process, this produces blue-shifted or shorter wavelengths, 

and ultimately the completely disappearance of the nanoparticles. However, only inorganic 

targets have been detected based on the dissolution of AuNPs. 

Thiolated DNA can be assembled onto the surface of AuNPs via well-established Au-S 

chemistry, and these DNA strands can undergo hybridization and dissociation from 

complementary strands while remaining attached to the gold surface. Thiolated DNA-modified 

AuNPs can remain well dispersed in an aqueous solution and remain red in color. When a DNA 

or small molecule linker is subsequently added into the solution, the DNA-AuNPs form a 

network and undergo aggregation, producing a color change to purple or blue due to the resulting 

distance change. DNA-functionalized AuNPs have thus been widely used for DNA and small-

molecule detection. 
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1.2 Motivation and goal 

The major objective of the research described in this dissertation was to develop low cost, 

low sample volume, highly sensitive and specific AuNP-based colorimetric sensor platforms for 

the detection of DNA and small molecules. Critically, the color changes obtained with AuNPs 

can be maintained on paper-based substrates. With this in mind, we propose an instrument-free 

approach in Chapter three for the detection of NADH with a sensor constructed on a paper 

substrate, based on the target-induced inhibition of AuNP dissolution. The successful detection of 

this one molecule opens the door to numerous possibilities for dehydrogenase characterization, 

because NAD
+
/NADH are essential cofactors for more than 300 dehydrogenase enzymes.  

In sensor development, sensitivity is an important parameter for evaluating performance. To 

improve the sensitivity of detection, various signal amplification strategies can be employed, 

including those based on the use of nanomaterials. Colorimetric detection based on AuNPs is 

innately highly sensitive due to the high extinction coefficients of their surface plasmon 

absorption bands, which are more than 1,000 times higher than those of organic dyes. To further 

increase the sensitivity of our hybridization-based assay for DNA detection, we developed an 

enzyme-assisted target recycling (EATR) strategy. This assay is based on the principle that 

nuclease enzymes recognize probe–target complexes, cleaving only the probe strand. This results 

in target release, enabling subsequent binding to and cleavage of another probe molecule. When 

the probe is conjugated onto AuNPs, complete cleavage from the AuNP surface produces a 

detectable signal in high ionic strength environments as the nanoparticles undergo aggregation. 

With such enzyme-assisted amplification, target detection can occur with a very low detection 

limit. As described in Chapter Four, we have applied such an EATR-based colorimetric assay for 

detecting single-nucleotide mismatches in a target DNA with DNA-functionalized AuNPs. 

The extent of DNA loading on the AuNP surface plays an important role in the efficiency of 

DNA hybridization and aptamer-target assembly. High surface density leads to increasing steric 
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and electrostatic repulsion between the DNA probe and target, causing low hybridization 

efficiency and subsequently a longer reaction time. At low surface density, steric hindrance can 

be greatly reduced, thus enhancing hybridization efficiency for target binding, but the probes are 

also more likely to exist as flattened structures as a result of strong interactions with the AuNP 

surface. Therefore, optimization of probe density is necessary to ensure sufficient hybridization 

efficiency with a rapid reaction time, and also to improve assay sensitivity. In Chapter Five, we 

investigated DNA surface coverage effects, and apply this optimization in conjunction with a 

highly-specific aptamer to develop a colorimetric sensor for cocaine detection based on the 

inhibition of nuclease enzyme activity. 

1.3 Scope of the dissertation 

Chapter two provides a general literature review of the historical background of AuNP 

synthesis; size-, shape- and distance-dependent SPR absorption; and the current application of 

AuNPs in colorimetric detection. This chapter also reviews existing detection methods for the 

three model targets—NADH, DNA single-nucleotide polymorphisms (SNP), and cocaine—

studied in this dissertation. Paper-based colorimetric sensor development and analysis of DNA 

surface coverage on the gold surface are also reviewed. Chapter three details the fabrication of a 

paper-based device for rapid visual detection of NADH based on dissolution of unmodified 

AuNPs, and demonstrates the application of this paper-based device for monitoring glucose 

dehydrogenase (GDH) production of NADH and screening of GDH inhibitors. Chapter four 

describes the EATR assay for nuclease-assisted SNP detection with thiolated DNA-modified 

AuNPs. Chapter five details a simple method to control DNA surface coverage on AuNPs and 

tests the effects of surface coverage on DNA and small molecule detection. Chapter 6 gives a 

summary of the dissertation and proposes a future plan. 
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CHAPTER 2: Background and literature review 

2.1 Biosensors  

According to the International Union of Pure and Applied Chemistry’s (IUPAC) definition,
1
 a 

biosensor may be defined as a device incorporating a bioreceptor (e.g., enzyme, DNA, 

microorganism, tissue or whole cells) to detect an analyte with a suitable physicochemical 

transducer (Figure 1). Typically, the analyte specifically binds to the bioreceptor, and this binding 

event is then converted into a quantifiable readout, such as an electrical, thermal or optical signal 

that is proportional to the concentration of the analyte. A biosensor with a sufficiently sensitive 

transducer can directly detect analytes even in the milieu of complex matrices. 

 

Figure 1. The working principle of a biosensor. 

 

Biosensors can be classified within two broad categories based on the nature of their 

bioreceptor and transducer components. Bio-recognition elements can be categorized as enzyme 

sensors, immunosensors, DNA sensors, or cell/tissue-based sensors, whereas transducers can be 

classified as optical, piezoelectric, or electrochemical biosensors.
2
 Optical sensors can function 

based on diverse principles, including absorption at ultraviolet, visible, or infrared wavelengths; 

fluorescence; gel electrophoretic mobility; and surface plasmon resonance (SPR). Colorimetric 

sensing in particular has important advantages over other detection methods. For example, 

readouts based on visible color readouts or color changes can be directly observed by the naked 

eye for field analysis and point-of-care diagnosis without requiring sophisticated instrumentation. 
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2.2 Gold nanoparticles (AuNPs) 

2.2.1 Introduction of gold nanoparticles  

Nanoparticles are widely used in biosensor development. Gold nanoparticles (AuNPs), 

known as colloidal gold, are fluid suspensions of gold particles with diameters ranging from 1–

100-nm that have been protected with a capping reagent. AuNPs are one of the most studied 

nanomaterials due to their distinctive optical and electronic properties and good 

biocompatibility.
3-6

 The optical properties of AuNPs have been known since early in human 

history; perhaps the most well-known example is the Lycurgus Cup from the 4
th
 century AD at 

the British Museum in London, whose glass appears red in transmitted light and green in reflected 

light. Detailed analysis revealed that the presence of nanometer-size metal crystals of Ag and Au 

gave the cup its unusual optical properties (Figure 2).  

 

Figure 2. The Lycurgus Cup shows a different color depending on whether it is illuminated 

externally (left) or internally (right) (The British Museum). 

 

The first chemical synthesis of gold colloid was reported by Michael Faraday in 1857.
7
 The 

deep red solution of colloidal gold was obtained by the reduction of an aqueous chloroauric 

(AuCl4
−
) solution by phosphorus in CS2, a two-phase system.

7
 In the modern era, AuNPs have 

become a hot topic, and more controllable synthesis methods and applications in diverse 

nanosystems had been developed. A quick search of Web of Science with the keywords ‘‘gold 

nanoparticles’’ and ‘‘detection’’ reveals more than 7,000 journal articles and reviews from 

between 2005 and 2015 related to nanoparticle synthesis, modification, and properties. 
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Many different techniques have been developed for the synthesis of AuNPs through the 

chemical reduction of HAuCl4 in the presence of capping reagents. The most frequently utilized 

technique is the citrate method reported by Turkevitch et al. in 1951
8
 for synthesizing AuNPs of 

up to 150-nm in diameter. In this approach, Au (III) salt is first reduced to Au(I) ions, after which 

Au (0) species are formed through a disproportionation reaction. These activated Au (0) species 

are thermodynamically unstable and act as the center of nucleation for the further reduction of 

Au
+
 ions. This growth process gives rise to well-dispersed AuNPs (Figure 3). In this method, 

citrate molecules act as both a reducing and capping reagent. The size of the AuNPs can be finely 

and easily tuned by adjusting the HAuCl4: citrate ratio, temperature, or solution pH. 

 

Figure 3. Schematic of AuNP formation via citrate reduction. 

A second commonly-used procedure called the Brust-Schiffrin method, first reported in 

1994,
9
 uses a biphasic toluene–water system under ambient conditions to achieve synthesis of 

small AuNPs (1–5-nm diameter). Metal nucleation centers are first formed inside micelles of 

tetrabutylammonium bromide (TOAB) within the organic solvent, where the metal ions are 

reduced by sodium borohydride (NaBH4) in the presence of a thiol capping ligand (Figure 4). The 

size of the AuNPs can be controlled by adjusting the thiol molecule: gold salt ratio, where higher 

ratios produce smaller particles. The resulting AuNPs can easily be re-dispersed in many organic 

solvents, and are stable for a long time.  

 

Figure 4. Preparation of TOAB-stabilized AuNPs using the Brust-Schiffrin method. 
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Non-spherical AuNPs 

Non-spherical gold nanoparticles shaped like rods,
10

 stars,
11

 prisms,
12

 cubes,
13

 and shells
14

 

each exhibit intriguing shape-dependent plasmonic properties. Significant progress has been 

made in the synthesis of non-spherical gold nanoparticles via seed-mediated growth methods.
10,12

 

Gold nanorods (AuNRs) can be produced by treating AuNP seeds (diameter ~3 nm) with a 

solution containing gold, cetyltrimethylammonium bromide (CTAB) and ascorbic acid (a mild 

reducing agent), which causes the seed to grow via a process of nucleation into an elongated 

nanorod.
10

 Surfactants in the growth solution form a bilayer that helps to direct growth of the 

nanoparticles. The aspect ratio (length divided by width) of the AuNRs can be controlled by 

altering the concentration of silver nitrate in the growth solution.
15

 Au nanostars (AuNS) are 

branched nanostructures with a central core and several protruding arms with sharp tips, which 

can also be synthesized by the seed growth method in a concentrated solution of 

poly(vinylpyrrolidone) (PVP) and dimethylformamide (DMF).
11

 

Surface plasmon resonance and coloring 

 

Figure 5. SPR in AuNPs (left) results in absorbance of blue-green wavelengths and reflection of 

red wavelengths, as seen in a photo of a citrate-capped solution of 13-nm-diameter AuNPs 

(right). 

 

The exclusive optical properties of AuNPs arise from localized surface plasmon resonance 

(SPR).
16

 When light irradiates a solution of dispersed metal nanoparticles, the electromagnetic 

frequency induces resonant coherent oscillation of the free electrons. When the frequency of the 
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incident light matches the frequency of electron oscillation, specific wavelengths of light are 

absorbed (Figure 5).
17

 The oscillation frequency of AuNPs is usually in the visible region, giving 

rise to a strong color associated specifically with SPR-related absorption.  

The diameter of AuNPs affects the surface plasmon absorption. 13-nm-diameter AuNPs 

usually produce an absorbance peak at green-blue wavelengths (~520 nm) and reflect red 

wavelengths (~700 nm), and such solutions, therefore show a rich red color. Increased particle 

size produces a wider peak due to loss of coherent electron motion, resulting in a spectral redshift 

towards longer wavelengths and broadening of the surface plasmon band.
18

 Accordingly, small 

AuNPs (~4-nm diameter) show orange-red color with an absorbance peak at 504 nm, whereas 

large AuNPs (~100-nm diameter) exhibit purple color with an absorbance peak at 560 nm (Figure 

6).  

       

Figure 6. The color of solutions of well-dispersed AuNPs shifts from red to blue as the diameter 

of the nanoparticles increases. 

 

Different shapes of gold nanoparticles exhibit different SPR absorption behavior (Figure 7). 

For example, AuNRs are brownish in color due to the existence of two plasmon bands: a 

transverse plasmon resonance in the visible range (~520 nm) and a prominent longitudinal 

plasmon resonance in the near-infrared range (700–800 nm). The longitudinal SPR is typically 

red-shifted as the aspect ratio of the nanorod increases.
18

 AuNSs also typically display two local 

SPR bands, at 532 and 675 nm.
19
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Figure 7. TEM images of (a) gold nanospheres, (b) nanorods, and (c) nanostars. (d) UV–Vis 

absorption spectra of all three gold nanoparticles. 

 

2.2.2 AuNP-based biosensors 

AuNPs can produce various colors and emit bright resonance light scattering of various 

wavelengths depending on their size, shape, composition and degree of aggregation, as well as 

effects from the surrounding environment.
20-32

 This means that highly sensitive colorimetric 

sensors can be designed by employing different mechanisms to control the size or separation of 

AuNPs. AuNPs also exhibit a high extinction coefficient (1000 times greater than that of organic 

dyes), large surface area, and are capable of easy surface modification. For these various reasons, 

AuNPs have been widely used as sensing element for colorimetric detection of targets including 

small molecules,
20-24,26

 DNA,
28,29

 inorganic ions,
30

 and metal ions.
27,31,32

  

2.2.2.1 Assays based on unmodified AuNPs  

Enlargement of AuNPs 

AuNPs also exhibit intriguing active chemical properties. As described above, their size and 

shape can be chemically enlarged by seed-mediated growth under mildly reducing conditions, 

which makes it possible to tailor their optical, electronic and catalytic properties.
24,25,33-36

 To 

begin, small AuNPs are prepared as seeds.
10

 Reducing agents such as hydrogen peroxide,
34

 

hydroxylamine,
23,33

 NADH,
22

 flavonoids,
35

 ascorbic acid,
25

 hydroquinone
24

 or neurotransmitters 

(e.g., dopamine)
37

 are then added along with AuCl4
-
 salt in the presence of a surfactant—typically 

CTAB
22

 or cetyltrimethylammonium chloride (CTAC)
24,34

 to promote growth of the AuNP seeds. 

A red-shifted visible wavelength and increased absorbance indicate successful AuNP growth. The 
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extent of the enlargement of the gold seeds and the accompanying shift in optical absorbance is 

typically proportional to the amount of reducing reagent used. Catalytic growth of AuNP seeds 

has been coupled with several analytical methods such as absorption spectroscopy,
22, 34, 37-39

 

resonance light scattering,
40

 fluorescence spectroscopy,
41

 and electrochemistry
24, 42

 in order to 

improve assay sensitivity. For example, electrocatalytic growth of AuNPs on an electrode surface 

greatly facilitated electron transfer and improved the sensitivity of the NADH detection.
23, 24

 

The AuNPs growth can also be combined with enzymatic reactions, a relatively new field that 

offers excellent prospects for the design of sensitive enzymatic assays for quantitative substrate 

detection. Enzyme including oxidases, hydroxylases, and NAD(P)
+
 dependent dehydrogenase 

have been employed as effective biocatalysts for metal nanoparticle growth. For example, glucose 

oxidase has been used as a biocatalyst for in situ generation of H2O2, which in turn promotes 

growth of AuNP seeds.
34

 This in turn led to the development of an optical detection path for the 

sensing of glucose. Lactate/ethanol concentration can also be detected by NADH produced during 

the enlargement of AuNPs.
22

 These biosensing protocols mainly rely on the reduction of AuCl4
-
 

by enzymatically-produced hydrogen peroxide or NADH as reducing agents to achieve AuNP 

enlargement and thereby generate a visible color readout. 

Dissolution of AuNPs 

AuNPs can be dissolved via chemical reactions in the presence of CN
-
/O2,

43-45
 resulting in a 

uniform decrease in diameter. CN
-
 detection was been reported based on the dissolution of 

fluorescein isothiocyanate (FITC)-capped AuNPs in the presence of cyanide ions, wherein AuNP 

dissolution led to the release of FITC molecules and increased fluorescence.
46

 However, CN
-
 is 

highly toxic, and it is hard to ensuring adequate oxygenation. AuNP dissolution has also been 

reported using other ligand/oxidant pairs, such as I2/I
-
 or I2/SCN

-
,
47

 or Cl
-
/H2O2

48
 in an aqueous or 

non-aqueous medium
49

 to resize or reshape these particles.
50

 This completely avoids use of 

hazardous substances. For example, Cl
-
 ions were converted to the corresponding chlorine 
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radicals in the presence of UV light and thermal activation to oxidize gold clusters for the 

colorimetric detection of HCl.
48

 It was found that Cl
-
 could dissolve the AuNPs in an aqueous 

dispersion containing a strong oxidizing agent, such as HNO3 or H2O2 and thereby cause a color 

change. Huang et al. found that the addition of 2-mercaptoethanol (2-ME) could form Au(2-ME)2 

complexes and accelerate the leaching of AuNPs in an ammonia−thiosulfate system.
51

 On the 

basis of this finding, a colorimetric, label-free, non-aggregation-based method was developed for 

the detection of Pb
2+

 ions in aqueous solution via the formation of Pb–Au alloys on AuNP 

surfaces. Although Pb
2+

 ions were able to accelerate the reaction rate, the leaching process was 

still time-consuming (~2 hours). In addition, 2-ME is toxic and easily oxidized in air. 

Recently, mild oxidation of AuNPs has been achieved with surfactant solutions such as 

CTAB.
52-54

 Aguirre et al. first observed that exposure to CTAB in aqueous solutions enabled 

reshaping of gold shells to form highly asymmetric gold rod- or bean-like structures at room 

temperature.
14 

Rodriguez-Fernandez et al. subsequently reported the sculpting of Au nanospheres 

via the oxidation of Au
3+ 

in CTAB solution, and proposed that the charged CTAB micelles 

spatially directed the oxidation of nanoparticles.
53

 This eventually led to formation of smaller 

nanoparticles; the degree of oxidation is dependent on the ratio of HAuCl4 to Au seeds (Figure 8). 

 

                             

Au/Au
3+

=                     1 : 0                                    1 : 0.25                                  1 : 0.4 

Figure 8. TEM images of AuNPs dissolved at different Au/Au
3+

 ratios.  
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Other groups have also applied dissolution for the resizing or reshaping of AuNRs.
50, 55

 Given 

that the optical properties of AuNRs are greatly affected by a small change in their shape and 

size, a variety of colorimetric methods have been developed based on wavelength changes in the 

absorption spectra of AuNRs. Colorimetric sensors for the detection of Fe
3+

, Cr
6+

, Cu
2+

, H2O2, 

NO2
− 

and 
 
I
-
 have been reported based on the oxidative etching of either AuNPs or AuNRs.

48, 51, 56-

62
 For example, a colorimetric sensor was established for the detection of Cr

6+ 
based on selective 

redox etching of AuNRs. The Cr
6+

 ions strongly oxidized the AuNRs and caused their aspect ratio 

to decrease, generating a blue shift in SPR absorption and a visible color change from bluish-

green or red to light red and then to colorless as the target’s concentration increased.
59

 A similar 

method was reported involving the oxidative etching of AuNRs by ferric chloride at room 

temperature. The oxidative species (Fe
3+

) and complexing agents (Br
-
, Cl

-
) cooperatively led to 

the chemical shortening of the AuNRs under mild conditions.
56

 However, this process required up 

to 5 hours. The addition of I
−
 greatly accelerated the etching rate, leading to a sharp decrease in 

the length of the AuNRs. The local SPR absorption peaks of the AuNRs shifted to shorter 

wavelengths with the decreased absorbance, and a change in solution color was observed as well, 

indicating that I
−
 contributed to signal amplification.

63
 The color changes of unmodified AuNPs 

based dissolution can be visible to the naked eye. However, so far, only inorganic targets have 

been detected using these platforms. 

AuNP aggregation-based color change 

Free ssDNA can adsorb onto unmodified AuNPs due to the electrostatic effects of nitrogen 

atoms in the bases, protecting AuNPs from aggregating in a high ionic strength environment. In 

contrast, dsDNA cannot achieve such protection (Figure 9).
64

 Single-base mismatches have been 

detected by taking advantage of this difference in electrostatic properties between ssDNA and 

dsDNA. Unmodified AuNPs can also differentiate between folded and unfolded ssDNA. Fan et 

al. reported that ssDNA aptamers could protect unmodified AuNPs from aggregation in the 
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presence of salt; however, upon binding with their target, K
+ 

 ions, the aptamers folded into a G-

quartet structure via intramolecular hydrogen bonds between guanines, and were no longer 

capable of adsorbing onto AuNPs. The addition of salt therefore resulted in aggregation of 

AuNPs that produced a red-to-purple color change.
27

 Water-soluble polymers have also been used 

to differentiate between ssDNA and dsDNA or folded DNA structures based on AuNP 

aggregation. Based on this concept, Xia et al. detected a broad range of targets, including DNA 

sequences, proteins, small molecules, and inorganic ions.
28

 They observed that positively-charged 

polymers could inhibit the ability of ssDNA to adsorb onto AuNPs, causing aggregation, whereas 

no such inhibition was observed with double-stranded or folded DNA structure. 

 

Figure 9. AuNP-based colorimetric method for differentiating between single- and double-

stranded oligonucleotides. 

 

2.2.2.2 Assays based on functionalized AuNPs  

AuNPs are also attractive candidates for optical detection assays because of the ease with 

which they can undergo surface functionalization with molecules such as antibodies,
65

 peptides,
66

 

proteins,
67-69

 and oligonucleotides.
70-74

This can be achieved through the binding of gold to sulfur-, 

phosphor-, nitrogen- and oxygen-based ligands, or via non-covalent interaction between capping 

agents. Thiol-functionalized AuNPs conjugates serve as unique probes for recognizing specific 

sequences in DNA segments and as building blocks for assembling novel structures and 
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materials. In 1996, Mirkin and co-workers first described the use of DNA-functionalized AuNPs 

for DNA analysis. Thiol DNA-modified AuNPs could be well dispersed in aqueous solution to 

produce a red color, but when DNA linker or target was added into the solution, the AuNPs 

underwent network-induced aggregation, and the solution turned purple or blue (Figure 10).
72

 

Heavy metal ions such as Hg
2+

 were also detected in a similar manner with excellent sensitivity 

and selectivity.
73

 Two sets of AuNPs displaying complementary DNA strands were combined in 

the presence of Hg
2+

, and formed DNA-linked aggregates due to the formation of thymidine–

Hg
2+

–thymidine complexes. 

 

Figure 10. Schematic representation of colorimetric detection of DNA using ssDNA-modified 

AuNPs. 

  

AuNPs can also undergo non-crosslinking-based aggregation to produce a red-to-blue color 

change. Li et al. reported the colorimetric detection of adenosine using a well-studied aptamer. 

The adenosine aptamer was first hybridized with a short complementary DNA attached to 

AuNPs, which were stable and well-dispersed in solution to produce a red color.
74

 Upon binding 

to their target, aptamer strands underwent a conformational change and dissociated from the 

probe-modified AuNPs. The unhybridized AuNPs now became unstable at the same salt 

concentration, causing immediate aggregation with a red to purple color change.  

2.3 Paper-based colorimetric sensors 

Currently, most analytical and clinical chemistry assays are performed under laboratory 

conditions, and require expensive instruments and trained personnel to interpret the results. 

Simple and portable diagnostic tests offer a good alternative for point-of-care testing, particularly 
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in remote locations or developing countries. Accordingly, there is a general demand for rapid, 

easy-to-use and inexpensive biomedical detection assays.
75, 76

 

Paper strips for colorimetric chemical testing represent one promising solution due to several 

advantages relative to other assay substrate, including versatility, abundance, disposability, low 

cost, and ease of fabrication. Since paper is composed of a matrix of cellulose fibers and has a 

porous structure, it can transport liquids via capillary action without the need for an active pump 

or external power source. Furthermore, the surface of cellulose paper can be easily functionalized 

to alter its hydrophobicity, permeability and reactivity. Bleached paper also provides a bright, 

high-contrast background for colorimetric assays. Last but not least, paper is compatible not only 

with chemicals but also for the detection of different types of analytes in biological samples used 

for clinical diagnosis, such as urine, saliva or blood.  

Recently, paper sensors functionalized with bio-recognition elements have received much 

attention. These elements include DNA,
77,78

 enzymes,
79-81

 and antibodies
82,83

 that have been 

deposited on the paper surface for the sensing of a wide range of chemical and biochemical 

species including small molecules,
79,84 

 heavy metal ions,
67,80,85

 carbohydrates,
76

 or target 

molecules found on the surface of individual cells
83

 or even whole organisms such as fungi, 

bacteria, and viruses.
82,86

 The biorecognition elements can be delivered to the surface of these 

paper-based platforms by spotting,
77

 inkjet printing,
80 

  vaccum filtration,
84

 layer-by-layer (LbL) 

assembly,
81

 dip-casting,
79

 soaking,
67-69, 85

 or patterned microfluidics.
76

   

AuNPs have been widely used in paper-based sensors due to their unique electronic and 

optical properties. The aggregation and dispersion properties of AuNPs and the accompanying 

color change can be maintained on paper-based substrates.
77,84

 Therefore, this combination can 

provide opportunities for the development of cheap, portable, disposable and easy-to-use 

bioassays suitable for small sample volumes. Zhao et al. successfully applied an AuNP-based 

colorimetric paper sensor to detect deoxyribonuclease I (DNase I) activity.
77

 In the DNase I spot 
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test, blue- or black-colored DNA-cross-linked AuNP aggregates were degraded by DNase I, 

producing a clear color change due to the dispersion of the nanoparticles. Luckham and Brennan
79

 

proposed a bioactive paper “dipstick” for colorimetric detection of acetylcholinesterase (AChE) 

inhibitors based on sol–gel enzyme-AuNP composites. AuNPs and AChE were immobilized onto 

the paper and combined with sol-gel-based silica materials through dip-casting methods. AChE 

catalyzed the enlargement of AuNPs that were entrapped along with the enzyme in sol–gel based 

silica material that was coated on a functionalized paper substrate. The sensors were then allowed 

to cure for 24 hours at room temperature prior to use, or longer time for long-term stability 

studies.  

2.4 Dihydronicotinamide adenine dinucleotide, dehydrogenases, and inhibitors 

2.4.1 NADH and its functions 

 

Figure 11. Interconversion between NADH and its oxidized form (NAD
+
). 

 

NADH and its oxidized form nicotinamide adenine dinucleotide (NAD
+
) (Figure 11) are 

ubiquitous biomolecules associated with cellular energy metabolism in both eukaryotic and 

prokaryotic organisms.
87

 Recent studies indicate that these dinucleotides play a major role in 

numerous processes, including immunological functions, mitochondrial activity, aging and cell 

death.
87-89

 The NADH/NAD
+
 couple transfer one proton and two electrons from one metabolite to 

another in many cellular redox reactions including cellular respiration and photosynthesis, and are 

needed to produce energy in the cells of every living organism. During this process, the 

nicotinamide ring of the nucleotide is oxidized or reduced (Figure 11).  



18 

 

The total concentration of NAD
+
 and NADH in most cells is 10

-6
 to 10

-3
 M with a NAD

+
: 

NADH ratio ranging from 1 to 700,
90, 91

 which reflects the cellular metabolic status and redox 

state. Under oxidative stress, some cells increase their intracellular NADH/NAD
+
 ratio or NADH 

levels to resist oxidative damage.
90

 Furthermore, the rate of NADH transformation is higher in 

cancer cells than in normal cells, offering a potential target for the development of cancer 

treatment.
92

 NADH deficiency leads to an energy deficit at the cellular level due to decreased 

ATP production, and this has been linked to multiple diseases.
93, 94

 In the brain, NADH plays an 

important role in the production of vital neurotransmitters, including dopamine, norepinephrine, 

and epinephrine.
95

 Some studies have indicated that administration of NADH could increase the 

bioavailability of plasma levodopa and improve cognitive function, with potential benefits for 

patients suffering from Parkinson's disease and Alzheimer's disease.
87, 96

 NAD
+
 and NADH are 

essential cofactors for more than 300 dehydrogenase enzymes, and the development of sensitive 

and specific NADH assays/sensors could open numerous possibilities for characterization of 

these enzymes for a variety of diagnostic, research and analytical applications.
97, 98

  

2.4.2 Current approaches for NADH detection  

NADH has been detected by many different methods, including enzymatic cycling,
99

 

colorimetry,
22,84,100

 fluorescence,
101

 chemiluminescence,
102

 electrochemistry,
23,24,103,104

 high-

performance liquid chromatography (HPLC),
105

 and single-cell capillary electrophoresis (CE).
90

 

The reduced and oxidized forms of these two coenzymes have distinct spectroscopic 

characteristics: NADH absorbs strongly around 340 nm and fluoresces in the blue spectral region 

with a maximum wavelength around 460 nm, while its oxidized form does not.
106

 Measurement 

of NADH in a biological sample typically entails conversion to NAD
+
, where the fluorescence 

decrease at 460 nm is then correlated with the original NADH concentration. Similarly, NAD
+
 

can be measured by converting it to NADH and recording the resulting increase in 
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fluorescence.
107

 However, these methods are not only time-consuming but also involve 

cumbersome tissue-processing steps.  

The enzymatic cycling assay for NAD
+
 and NADH determination was first developed in the 

1960s. Here, NAD
+
 is reduced to NADH in an enzymatic reaction, while NADH is oxidized back 

to NAD
+
 to produce a colorimetric or fluorescent product.

99
 Yeung and co-workers were able to 

analyze NAD
+
 and NADH in a single cell using an enzymatic cycling reaction in capillary 

electrophoresis.
90

 The enzymatic reaction generated the fluorescent product resorufin, and each 

cycle amplified the signal through repeated reactions. The NAD
+
 and NADH in the cell were 

separated by CE and allowed to undergo enzymatic reactions separately. However, the enzyme 

cycling assay is very complicated and requires the use of highly purified enzymes, which are 

susceptible to variations in detection conditions such as pH or redox potential.  

A considerable amount of research has focused on the electrochemical oxidation of NADH 

over the past few decades,
23,24,103,104

 and the direct electrochemical oxidation of NADH has 

proven popular due to its fast reaction time and easy procedure. However, this reaction requires 

high overpotentials, which can result in interference from other easily-oxidized species present in 

the sample matrix. The strong adsorption of both NADH and NAD
+
 can also lead to electrode 

surface fouling, undermining the sensitivity, reproducibility, and stability of the system. 

Nanostructured materials, such as carbon nanotubes and nanoparticles, which exhibit 

excellent biochemical stability, good mechanical strength, and a range of electrical conductivity, 

also have been employed for the detection of NADH. Colorimetric detection of NADH has been 

reported based on anti-aggregation of AuNPs via the self-dehydration condensation of boronic 

acids and boronic acid-diol binding.
100

 One recent report described the optical detection of 

NADH based on AuNP growth via the strong reduction of Au
3+

 to Au
0
 by NADH,

22
 which alters 

the optical properties of the AuNPs. A similar assay employed reduction of Cu
2+

 to Cu
0
 by 

NADH, resulting in the formation of a core-shell structure through the deposition of Cu
0
 on the 
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AuNP surface.
108

 This process was imaged by taking dark-field spectra of the nanoparticles with 

an optical microscope.
109

 Although these methods provide high sensitivity; they also require 

sophisticated instrumentation, and are therefore ill-suited for point-of-care detection.  

2.4.3 Dehydrogenases, diseases, and inhibitors 

Biosensors for the detection of enzyme inhibitors have been developed for a broad range of 

analytes, such as organophosphate pesticides, organochlorine pesticides, and heavy metals.
110

 

Inhibitors have been identified for a large number of enzymes, such as urease, invertase, xanthine 

oxidase, peroxidase, glucose oxidase and alkaline phosphatase.
110

 For biosensors based on 

enzyme inhibition, enzyme activity is measured both before and after exposure of the biosensor to 

the analyte of interest, and the residual enzyme activity is inversely related to the inhibitor 

concentration. Inhibition is calculated using Equation 1:
111

 

  (Eq. 1)  

 

where I% = percentage of inhibition; A0 = the enzyme activity before exposure to the analyte; 

and Ai = the enzyme activity after exposure to the analyte. 

Dehydrogenase inhibitors have been established for the treatment of human diseases,
112-114

 as 

well as applications in alcohol dependence,
115

 cocaine addiction,
116

 anxiety,
117

 and as resensitizing 

agents for cancers.
118

 Dehydrogenase inhibitor discovery is also crucial for the development of 

novel anticancer agents,
119

 antibiotics,
120

 and pesticides.
121

 For example, lactate dehydrogenase 

(LDH) is an enzyme utilizes NADH as a cofactor to catalyze the conversion of pyruvate to lactate 

in the glycolysis pathway. LDH is overexpressed in cancer cells,
122 

which rely heavily on 

anaerobic glycolysis to generate ATP. Inhibition of LDH with siRNA or small molecules has 

been reported to induce oxidative stress and cell death.
122

 Inhibition of this enzyme depletes the 

cellular energy supply, which reduces the metastatic and invasive potential of cancer cells.
123

 

LDH therefore offers a potential therapeutic target for cancer metabolism.  



21 

 

Inosine 5′-monophosphate dehydrogenase (IMPDH), which catalyzes the oxidation of inosine 

5-monophosphate (IMP) to xanthosine 5′-monophosphate (XMP) while reducing NAD
+
 to 

NADH, represents another potential anticancer target. IMPDH is required for the biosynthesis of 

guanosine monophosphate (GMP); inhibition of the enzyme causes an overall reduction in 

guanine nucleotide pools, which subsequently hinders DNA and RNA synthesis and results in 

cytotoxicity. In addition to cancer, IMPDH is an attractive target for the development of antiviral 

and antiparasitic drugs, as well as immunosuppressive chemotherapy.
124

  

Aldehyde dehydrogenases (ALDH) are important in alcohol metabolism, oxidizing toxic 

aldehydes into carboxylic acids through an NADH-dependent reaction. Increased activity of 

ALDH has been reported in various cancers,
114

 and has been found to interfere with certain 

chemotherapeutic treatments.
112,125

 ALDH dysfunction is also believed to be a contributing factor 

for a variety of other human diseases, including diabetes, stroke, cardiovascular and 

neurodegenerative diseases. Selective inhibition of ALDH may have therapeutic potential for 

some of these conditions, and could also help in treating human alcohol abuse by increasing 

acetaldehyde accumulation in the body
115

 and cocaine addiction by decreasing cocaine-stimulated 

dopamine production and release.
116

 

For this dissertation, glucose dehydrogenase (GDH) was chosen as a model enzyme to 

evaluate the performance and generalizability of a paper-based colorimetric device for monitoring 

NAD
+
-driven biochemical process in the presence or absence of inhibitors. Glucose 

dehydrogenase (GDH) catalyzes the oxidation of β-D-glucose to gluconic acid while reducing 

NAD
+ 

to NADH; the concentration of glucose therefore determines the amount of NADH 

produced.
126

 Heavy metal ions are known to negatively affect the survival of plants and animals 

even at very low concentrations, and both Ag(I) and Hg(II) are known to act as strong inhibitors 

of GDH; no such inhibitory effect has been reported for Pb(II).
127

 This colorimetric assay 

platform offers the ability to rapidly and sensitively screen GDH inhibitors based on their 
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modulation of the NADH production by the naked eye, and this platform design is most likely 

generalizable to hundreds of different dehydrogenase enzymes.  

2.5 Single nucleotide polymorphisms (SNP) and disease  

2.5.1 Introduction to SNPs  

Many human diseases can be directly traced back to sequence mutations within the 

genome,
128

 and the identification of genetic mutations is very important for both early diagnosis 

and the selection of treatment regimens. If there is a family history of a genetic condition, genetic 

testing can indicate markers of risk long before symptoms manifest. Newborn genetic screening is 

also commonly performed in the United States to screen for the certain genetic abnormalities. For 

example, if testing indicates strong risk for a disorder such as phenylketonuria (PKU) or 

congenital hypothyroidism, appropriate treatment can be applied right away. 

Single nucleotide polymorphisms (SNPs) account for 90% of human genetic variability.
129

 

Each SNP represents a change in single nucleotide from one base (A, T, C, or G) to another, and 

SNPs occur in the genome at a rate of approximately one per every 1,000 bases. On average, 

~500,000 SNPs reside in the coding regions of the human genome, equivalent to an average of ~6 

per gene. Ninety percent of human genetic variation takes the form of SNPs, and these are 

involved in the etiology of many human diseases.
130

 These genetic variations are directly related 

to patients’ individual responses to diseases, drugs, and other environmental factors. Multiple 

SNPs have found linked to Alzheimer’s,
131

 Parkinson’s,
132

 diabetes,
133

 and various cancers.
134

 

SNP detection is therefore important for early diagnosis, clinical prognostics, and disease 

prevention.
135, 136  

Many strategies have been developed to detect SNPs. Historically, mutations have been 

detected by Sanger sequencing in the laboratory. This technique employs DNA synthesis by 

multiple parallel reactions with DNA polymerase in which the various deoxynucleotide 

triphosphates (dNTPs) are also combined with small quantities of dideoxynucleotide 
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triphosphates (ddNTPs), which terminate the DNA synthesis reaction. Sanger sequencing is the 

gold standard technique for DNA analysis, with a 100% detection rate. However, it is also 

laborious, technically demanding, costly and time-consuming.  

Enzyme-based SNP detection methods include microarray-based sequencing,
137,138

 primer 

extension,
139

 ligation-based methods,
140

 enzyme invasive cleavage
141

 and TaqMan assays.
142

 

These methods can achieve parallel, sensitive detection of SNPs, but they are also complex, 

multi-step techniques that require costly modified primers and are often plagued by issues related 

to enzymatic efficiency and product separation. Hybridization-based SNP detection method such 

as dynamic allele-specific hybridization,
143

 molecular beacons,
144

 binary probes,
145,146

 and triple-

stem probes
147

 offer an alternative for identifying specific target sequences. However, these suffer 

from low or poor specificity at room temperature, and effective SNP discrimination requires the 

use of high-stringency conditions with precise temperature control.  

Besides fluorescence-based detection, mass spectroscopy,
148

 electrochemistry,
149

 and gel 

electrophoresis
150

 also have been used as signal reporters for SNP detection. In general, those 

methods are incompatible with high-throughput analysis, and impractical for use in a small 

hospital or developing-world setting. As such, there remains an urgent need for a simple platform 

for rapid and sensitive SNP detection at room temperature. Colorimetric methods could fulfill this 

need, since they enable cost-effective naked-eye detection without sophisticated equipment.  

2.5.2 AuNP-based methods for SNP detection 

AuNPs have been used as a colorimetric reporter for SNP sensing based on their unique SPR 

absorption properties,
64,70 

where AuNP aggregation or redispersion of an aggregate triggers a 

visible color change. As described above, electrostatic interactions between ssDNA and citrate-

coated AuNPs stabilizes the AuNPs against aggregation at high salt conditions, but this does not 

occur with dsDNA.
64

 One study demonstrated that SNPs can be detected based on the color 

change of unmodified AuNPs within 5 minutes, which is based on the differences in electrostatic 
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interaction between single- and double-stranded DNA with unmodified AuNPs.
64

 Typically, the 

single-stranded DNA adsorbed on the AuNPs stabilizes the nanoparticles against aggregation at 

salt concentrations that would ordinarily cause colloid aggregation. More recently, Liu proposed 

an approach for discrimination of single-base mismatches through probe-target hybridization 

followed by treatment with structure-selective S1 nucleases.
29

 S1 nuclease is inactive on dsDNA 

duplexes, but capable of degrading single-stranded DNA.
151

 When a perfectly matched target 

hybridized to the probe sequence, the resulting duplexes were protected from S1 nuclease. In 

contrast, non-complementary/mismatched targets containing a SNP were digested to release 

dNMPs, which are even more effective at stabilizing AuNPs against salt-induced aggregation 

than ssDNA.
29

 The main drawback of this system is limited sensitivity. 

DNA-conjugated AuNPs have gained popularity as one of the most fascinating nanomaterials 

due to their unique chemical and physical properties.
72,152,153

 The first thiolated DNA-modified 

AuNPs-based platform for SNP detection was reported by Mirkin and coworkers, which relied on 

hybridization-driven changes in AuNP aggregation.
5
 In this assay, two sets of DNA-modified 

AuNPs were cross-linked via target hybridization, and a single-base mismatch could be directly 

observed on a C18 thin-layer chromatography plate at 58 
o
C.

5
 Wang and coworkers explored 

toehold-mediated stand-displacement reactions with AuNP fluorescence anisotropy signal 

enhancement in the development of a homogeneous SNP detection assay.
154

 Here, fluorescently 

labeled DNA strands are detached during target hybridization, resulting in low fluorescence 

anisotropy, and differences in dynamics and kinetics can distinguish SNP-containing and 

perfectly-matched target strands. SNP detection has also been performed with hybridization-

mediated growth of AuNP probes. This method can be employed not only for the semi-

quantitative analysis of the target DNA. but also for the identification of base-pair mismatches 

(both single and multi-nucleotide polymorphisms) in DNA samples.
155

 However, even for well-

optimized conditions, reliable detection with unmodified AuNPs required a target concentration 
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higher than 200 nM for naked eye observation.
156

 To obtain clinically relevant sensitivity, this 

and subsequently-developed AuNP-based SNP detection platforms have employed polymerase 

chain reaction (PCR),
157

 nicking endonuclease,
158

 rolling circle amplification
159

 or real-time 

ligation chain reaction
160

 to amplify the target prior to detection. Low picomolar concentrations of 

the target can be successfully detected using these amplified approaches, but the target-triggered 

aggregation of AuNPs still requires a reaction time of at least two hours under precisely 

controlled temperature.  

2.6 DNA surface coverage on AuNPs 

DNA-conjugated AuNPs can serve as unique probes for recognizing specific sequences in 

DNA segments and as building blocks that can be assembled together. These applications depend 

on the hybridization of the AuNP-conjugated DNA to the target DNA in solution. Two factors 

determine the sensor performance: hybridization efficiency of the surface-bound probe, and the 

number of targets captured.
161

 The probe density or surface coverage of the ssDNA on the gold 

surface determines the DNA orientation at the interface, and thus the efficiency of the 

hybridization process. However, maximizing the surface coverage may not yield the best 

conditions for hybridization efficiency, since high surface density of the probe can lead to 

increased steric and electrostatic repulsion between the DNA probe and target, resulting in low 

hybridization efficiency and a longer reaction time.
162, 163

 In addition, tight packing of the DNA 

on the gold nanoparticle surface can impede degradation by nucleases.
164

 At low surface density, 

there is almost no steric hindrance between the probe and target, and almost 100% of probes can 

be hybridized.
165

 However, these DNAs are more likely to lie on the surface due to strong 

interactions between the ssDNA and the gold substrate. Furthermore, surface coverage of the 

DNA significantly affects the thermal and chemical stability of DNA-AuNP conjugates,
164, 166

 

sensor sensitivity,
167

 and DNAzyme activity.
168

 Therefore, optimization of probe density is 

necessary to balance good hybridization efficiency with a fast reaction time. 
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The loading of DNA on Au substrate can be controlled during the modification step by 

varying ionic strength, base composition, DNA concentration, co-adsorption with short hydroxy-

terminated alkanethiol diluent molecules, or assistance with sonication and electrically-induced 

desorption.
71,162,164,167,169-172

 The ionic strength of the solution in which the probes are immobilized 

greatly affects the surface density of ssDNA on the gold substrate due to the effect of electrostatic 

repulsions between DNA strands. Published protocols for loading alkanethiol-capped DNA onto 

gold substrate have tested a variety of salt 
162,163,169,171

(Figure 12)
 
or buffer concentrations

161,173
 to 

minimize these electrostatic effects. When the solution ionic strength is high, the electrostatic 

repulsion between negatively charged DNA molecules are effectively screened. Thus, higher 

probe coverage can be obtained, whereas low ionic strength solutions resulted in low surface 

density. 

 

Figure 12. Synthesis of thiolate DNA−AuNP conjugates. 

 

The DNA loading is dependent on oligonucleotide base sequence. The covalent conjugation 

of thiolated DNA onto the gold surface is most commonly achieved by thiol-gold chemistry.
5
 

With this method, a thiol modification at the 5' or 3' end of the oligo enables formation of a self-

assembled monolayer (SAM) on the gold surface. However, DNA bases can also interact with 

gold surface,
174

 causing nonspecific adsorption of DNA and reducing the target DNA 

hybridization efficiency. Thymine has a much lower binding affinity for gold surfaces than other 

deoxynucleotides,
175

 and simple repeats of thymine bases (poly-T spacer) are frequently added to 
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thiolated DNA probes to prevent nonspecific adsorption. The length of the polyT spacer has been 

explored
168

 to increase DNA surface coverage on AuNPs. Additionally, poly-A spacers have also 

been used to adjust the surface density of non-thiolated DNA based on its high affinity for gold 

surfaces, and surface density decreased as the length of the spacer increased.
176

 

Another way to control surface density is to simply adjust the DNA concentration employed 

for the modification. High concentrations of thiolated DNA often produce high surface coverage, 

and vice versa. However, a low DNA surface coverage results in non-specific adsorption of DNA 

on the gold surface, which greatly inhibits DNA hybridization efficiency. To achieve hHigher 

hybridization efficiency between the target DNA and probe-modified AuNPs can be achieved 

through co-adsorption of the ssDNA and a thiol-molecule such as mercaptohexanol (MCH) to 

form a mixed-SAM on the gold surface.
163,177,178

 This mixed-SAM forces the DNA strands away 

from the gold surface, and therefore allows greater DNA loading on the surface.  

These simple, single-step assembly procedures allow for better control of the DNA surface 

density, but also have their own drawbacks. For example, several modification samples and 

careful experiment design are required to obtain different surface coverages; for example, excess 

salt might lead to irreversible aggregation of AuNPs during the modification step. In addition, the 

surface coverage of DNA can only be tuned within a limited range, and it becomes complicated 

when precise control of DNA density is required.  

A two-step method has been reported to precisely control the surface coverage on a gold 

substrate. After DNA modification, surface density can be decreased via ligand-exchange 

reaction by using “backfilling” molecules, thiol molecules that are shorter than the DNA 

probes.
163,171,173,179,180

 Specifically, the gold substrate is exposed to thiolated ssDNA solution first, 

followed by exposure to a backfilling molecule solution, which form a mixed monolayer of DNA 

and thiolated molecules. This ligand-exchange process removes both non-specifically adsorbed 

DNA and some of the covalently attached DNA from the surface, depending on the exposure time 
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in diluent solution or the concentration of backfilling molecules. 6-mercapto-1-hexanol (MCH), a 

six-carbon chain and water-soluble thiol molecule with a hydrophilic hydroxyl group, has often 

been used as a backfilling molecule to regulate the number of DNA molecules on gold surfaces 

due to its high affinities for gold. MCH can reduce nonspecific DNA binding to the gold surface 

and rearrange the conformational change of oligonucleotide,
179

 thereby improving DNA probe 

orientation and target hybridization efficiency.  

This backfilling approach can enhance sensor performance by modulating the salt tolerance 

of DNA-conjugated AuNPs.
74,161,177,180

 For example, in one study, an adenosine-binding aptamer 

was hybridized with a short complementary AuNP-conjugated DNA, which was stable and well 

dispersed in the solution. The aptamer strands underwent structure-switching upon binding 

adenosine, leading to their release from the AuNPs.
74

 The ssDNA-conjugated AuNPs now 

became unstable and aggregated to produce a rapid red-to-purple color change. However, when 

these AuNPs have high surface coverage (150 strands/AuNP), DNA-modified AuNPs are found 

highly stable even in the presence of 500 mM MgCl2, and the aptamers could not function well 

under such high divalent metal ion concentrations.
74

 MCH molecules were therefore added to the 

solution to decrease DNA surface coverage to 100 DNA strands/AuNP, and successful target 

detection became possible at this reduced surface coverage.
74

 Song and Liu reported colorimetric 

detection of DNA methylation using DNA-AuNPs in a restriction endonuclease-based assay.
180

 

They treated the DNA-AuNPs with MCH for 8 minutes to decrease the surface density from ∼90 

to ∼35 DNA strands/AuNP, which greatly increased the digestion activity of restriction 

endonuclease. In addition to MCH, oligo(ethylene glycol) (OEG)-terminated alkanethiols
161,177

 

has also been used as a diluent to regulate DNA coverage on gold surfaces and reduce nonspecific 

interactions with proteins and other biomolecules. Dithiothreitol (DTT), can also be attached to 

gold surfaces via two Au-S bonds while retaining its two hydroxyl groups exposed at the outer 

surface,
181

 thus providing a hydrophilic environment that is favorable for DNA target 
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hybridization. Recently, a tertiary SAM structure was described, incorporating a thiolated capture 

probe as well as MCH and DTT as a means to improve DNA detection.
182

 

2.7 Cocaine and cocaine-binding aptamer 

2.7.1 Cocaine abuse 

Cocaine (Figure 13) is a powerful, psychoactive and addictive central nervous system (CNS) 

stimulant that is classified as a Schedule II drug.
184

 Cocaine remains the leading cause of 

emergency hospital visits and illicit drug-related deaths—including from causes such as AIDS, 

homicide, suicide, and accidents—in the United States. The 2014 National Survey on Drug Use 

and Health (NSDUH) reported that about 1.5 million people aged 12 or older were current users 

of cocaine.
185

 Cocaine increases the level of dopamine, a neurotransmitter associated with 

pleasure and movement. Cocaine abuse leads to adverse health consequences including anxiety, 

paranoia, organ damage, violent behavior, increased risk of HIV/AIDS, and even death.
186

 

Exposure to cocaine during pregnancy is associated with low birth weight, early gestational age, 

premature delivery, and birth defects.
187

  

 

Figure 13. Chemical structure of cocaine. 

 

2.7.2 Current methods for cocaine detection 

A number of methods of varying sensitivity and specificity have been employed for 

qualitative and quantitative analysis of cocaine or its metabolites. Usually, detection is achieved 

with a presumptive screening test, followed by a confirmatory test.
188,189

 Immunoassays are 

among the most common methods for initial presumptive screening, as they allow rapid screening 

of many specimens and can confidently exclude drug-negative samples from further confirmatory 
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testing. Commercially-available tests such as enzyme-linked immunosorbent assay (ELISA),
190, 

191
 enzyme-multiplied immunoassay technique (EMIT),

192
 fluorescence polarization 

immunoassay (FPIA)
193

 and radioimmunoassay (RIA)
189

 can achieve quantitative and qualitative 

detection of cocaine and/or its major metabolites in biofluids. ELISA has been proven to be time 

consuming and expensive. EMIT is the most commonly-used and cheapest assay for simple, rapid 

screening, but its sensitivity is low.
194

 RIA achieves very sensitive detection, but the reagents are 

expensive and special technical skills are required. RIA also involves procedures for handling 

radioactive waste.
189

 Furthermore, antibody-based screening tests often cannot distinguish 

between drugs and structurally-similar legal substances, resulting in false positives.
195,196

  

Confirmatory tests for cocaine detection are based on mass spectrometry.
188,189,197

 Gas 

chromatography/mass spectrometry (GC/MS) is considered a “gold standard” for the 

toxicological detection of cocaine.
195,198

 Here, samples are first separated by creating a partition 

between mobile (e.g., liquid or gas) and stationary phases, and then introduced into the mass 

spectrometer and the isolated molecules are characterized based on their mass-to-charge ratio. 

The corresponding spectra provide a unique fingerprint for each moiety of the drug molecule. 

GC/MS detection of cocaine is highly sensitive, reliable and extremely specific. However, the 

instruments are expensive and trained personnel are essential to operate the instruments and 

interpret the results. Thus, a more accurate on-site screening analysis is still needed to achieve 

simple and rapid drug testing with high specificity and sensitivity.  

2.7.3 Development of aptamers 

Recently, aptamer-based biosensors have been introduced as new alternative methods to 

perform detection of small molecules.
199

 In 1990, several researchers used an in vitro selection 

technique, termed systematic evolution of ligands by exponential enrichment (SELEX),
200

 to 

isolate synthetic RNA motifs that bound specifically to T4 DNA polymerase. These specific 

oligonucleotide sequences, which the researchers named aptamers,
201

 usually have a molecular 
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weight of 5 - 40 kDa and can fold into three-dimensional structures via hydrogen bonding, 

electrostatic interactions and/or van der Waals forces. Aptamers usually display high affinity for 

their targets with good specificity, and some protein-binding aptamers have dissociation constants 

in picomolar range.
202

 Aptamers have demonstrated excellent selectivity in discriminating targets 

from interferent molecules with only slightly differing structures, such as the presence or absence 

of a methyl group
203

 or structural enantiomers.
204

 For example, the arginine-binding aptamer has a 

12,000-fold better selectivity for L-arginine than for D-arginine.
204

 

Aptamers have the potential to surpass antibodies as affinity reagents due to several 

advantages. First, aptamers can be isolated against almost any target, including proteins,
205

 

viruses,
206,207

 cell-surface markers,
208-211

 small molecules,
78,212, 213

 and metal ions.
27, 214

 In contrast, 

it can be difficult to generate antibodies against non-immunogenic targets such as ions and small 

molecules.
215

 Second, aptamers are selected in vitro under non-physiological conditions, whereas 

antibodies are produced in vivo under physiological conditions.
200

 Therefore, aptamers can easily 

be generated for targets such as toxins, carcinogens or small-molecule drugs.
216

 Third, once 

aptamers are selected, they can be rapidly synthesized or chemically modified within a few days, 

rather than requiring the protracted biological methods used to produce antibodies. Fourth, the 

accuracy and reproducibility of DNA and RNA synthesis allows for relative ease in producing 

aptamers at large scales, with very little batch-to-batch variation. Finally, the stability and 

bioavailability of aptamer can be easily improved by post modification.
215

 

Aptamers have been widely used for diagnosing disease,
205,210,211,217

 drug delivery
218

 and 

therapeutics.
218-222

 Some therapeutic aptamers have progressed through preclinical to clinical 

development.
223

 The most successful example of these is pegaptanib sodium (brand name 

Macugen, Eyetech Pharmaceuticals/Pfizer), which was approved by the US Food and Drug 

Administration (FDA) in 2004 for the treatment of neovascular (wet) age-related macular 

degeneration (AMD) caused by the growth of abnormal, leaky blood vessels.
219-221

 Wet AMD, a 
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retinal disease that causes severe and irreversible vision loss by damaging the area of the eye 

responsible for central vision, is one of the main reasons for blindness for individuals over 55.
224

 

When injected into the affected eye, the aptamer selectively binds to the vascular endothelial 

growth factor isoform VEGF165 and inhibits the growth of blood vessels and prevents vascular 

leakage. Pegaptanib is the first aptamer to be used as a therapeutic agent in humans, and 

represents a milestone in drug development. 

2.7.4 Aptamer-based biosensors for cocaine detection 

Aptamers have been widely used for sensing and diagnostic applications.
200, 201

 MNS-4.1, the 

first cocaine-binding aptamer, which was isolated by Stojanovic group, has been closely studied 

for the development of biosensors due to its high specificity and selectively towards cocaine over 

its major metabolites.
213

 Stojanovic et al. developed a fluorescence-based sensor for cocaine 

detection using a fluorophore-quencher-modified cocaine-binding aptamer based on MNS-4.1.
213

 

In the absence of cocaine, the unfolded aptamer fluoresces, with minimal quenching of the 

fluorophore. In the presence of cocaine, the aptamer forms a noncanonical three-way junction 

with a hydrophobic pocket (Figure 14), which brings the fluorophore and quencher and leads to 

~50% quenching of fluorescence signal. This assay was able to detect 10 μM cocaine in serum 

samples.
213

 Since then, various transducers have been coupled with cocaine-binding aptamers, 

including fluorescence,
212,213,225-227

 colorimetry,
228-230

 chemiluminescence,
231,232

 

electrochemistry,
233-235

 and surface-enhanced Raman scattering.
236

 One colorimetric sensing 

platforms using a Cy7 cyanine dye displacement strategy was reported by Stojanovic’s group.
229

 

Specifically, the addition of cocaine to preformed aptamer-Cy7 dye complexes resulted in the 

displacement of the dye, causing a decrease of absorbance that was proportional to the cocaine 

concentration. This target-displacement-based strategy requires specific dyes that not only bind to 

the aptamer efficiently but also can be subsequently displaced by target binding. Unfortunately, 

few dyes meet both requirements, hindering the further development of such assays.  
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Figure 14. Three-way junction structure of the cocaine-bound MNS-4.1 aptamer.  

 

This cocaine-binding aptamer undergoes a target-induced conformational change. However, 

in practice its conformation exists in equilibrium between the folded and unfolded structures, 

resulting in high background signal and limited sensitivity.
213

 In order to decrease background 

signal, cocaine-binding aptamers have been split into two
212

 or three fragments.
237,238

 The 

resulting split aptamer fragments were found to retain good specificity for their targets. Most 

importantly, the fragments do not interact with one another in the absence of cocaine. 

Stojanovic’s group was the first to report fluorescent detection of cocaine with a split aptamer.
212

 

The two fragments were tagged with a fluorophore and quencher respectively, in the presence of 

cocaine, the two aptamer fragments were brought together by the formation of a target-induced 

assembly and the fluorescence intensity was significantly decreased. However, this still yielded a 

poor detection limit, because the splitting of the aptamer resulted in reduced target affinity (KD 

~200 μM).
212

 Plaxco’s group used a split cocaine-binding aptamer to develop an electrochemical 

sensor in which one of the unmodified fragments was attached to a gold electrode surface, 

whereas the other remained free in solution and was modified with the redox label methylene 

blue.
239

 The addition of cocaine promoted the formation of aptamer-cocaine tertiary structures on 

the electrode surface, bringing the redox label in close proximity to the electrode surface and 

generating a large faradaic current. Willner’s group reported fluorescence detection of cocaine by 

labeling aptamer fragments with semiconductor quantum dots, dyes or pyrene units.
240

 They 
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found that the formation of aptamer-substrate complexes resulted in fluorescence resonance 

energy transfer (FRET) or pyrene excimer emission. They also developed sensor platforms to 

perform cocaine detection using different modified aptamers.
241

 Specifically, several transducers 

were demonstrated by using Pt nanoparticles for electrocatalytic reduction of H2O2, CdS 

semiconductor nanoparticles in the presence of triethanolamine for photoelectrochemical 

detection, and AuNPs modified Au substrate for SPR. Willner also developed an exonuclease III 

(Exo III)-based aptasensor for the amplified detection of cocaine
242

 using split aptamer consisting 

of one  unmodified fragment and one fluorophore/quencher-modified fragment. In the absence of 

cocaine, the fragments remain in a single-stranded state that cannot be digested by Exo III, and no 

fluorescence is observed. Cocaine triggered assembly of these two fragments into a duplexed 

target-aptamer complex that can be recognized and digested by Exo III. This results in release of 

the quencher, producing a strong fluorescence signal. This releases both the target and the 

unmodified fragment, which allows them to be recycled for further amplification of the 

fluorescence signal, resulting in a detection limit of cocaine of 50 nM.  

Colorimetric sensors have significant advantages for on-site and point-of-care detections 

because these sensing platforms can minimize or even eliminate the requirement of analytical 

instruments and made naked-eye observation highly achievable. The colorimetric detection of 

cocaine has been reported based on the catalytic activity of the peroxidase-mimicking G-

quadruplex DNAzyme.
243

 One of the aptamer fragments was modified onto amine-functionalized 

magnetic nanoparticles (MNPs), while the other remained in solution. Cocaine binding promoted 

assembly of the two fragments onto the MNP, forming a three-way junction on the surface. The 

G-quadruplex DNAzyme then catalyzed a TMB–H2O2 reaction, producing a visible color change. 

This system achieved a detection limit of 50 nM. AuNPs have also been used as a colorimetric 

probe for cocaine detection. Fan et al. developed a simple colorimetric assay for cocaine 

detection using unmodified AuNPs and aptamer fragments in solution.
244

 In the absence of 
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cocaine, the AuNPs remained red because non-specific adsorption of the aptamer fragments onto 

the AuNP surface stabilized the particles against salt-induced aggregation. In the presence of 

cocaine, the formation of aptamer-cocaine tertiary structure resulted in AuNP aggregation and 

produced a blue color.
244

 This assay achieved a detection limit as low as 2 μM cocaine. However, 

high concentrations of cocaine tended to induce the aggregation of unmodified AuNPs, producing 

a false positive signal. Another assay based on the cocaine-induced disassembly of aptamer-

linked AuNP aggregates has also been developed for the colorimetric detection of cocaine.
228

 

Upon addition of cocaine, the aptamer underwent a target-induced conformational change, 

dissociating from the AuNP surface and thereby causing disruption of the AuNP aggregates. 
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CHAPTER 3: AuNP-based chemical sensor: A paper-based device for rapid visualization of 

NADH based on dissolution of gold nanoparticles 

3.1 Introduction 

AuNPs have been widely used for DNA and small molecules detection because of their 

unique distance- and size-dependent surface plasmon resonance (SPR) absorption.
3-6

 The size of 

AuNPs can be easily controlled either during or after their synthesis. Specifically, the 

enlargement of AuNPs can be achieved by silver enhancement,
245

 or seed-mediated growth under 

mild reducing conditions in a growth solution which contains gold precursor and surfactant.
22

 The 

size of AuNPs can also be easily decreased via chemical reactions in the presence of 

ligand/oxidant including CN
-
/O2,

43-45
 I2/I

-
 or I2/SCN

-
,
47

 Cl
-
/H2O2

48
 in an aqueous or non-aqueous 

medium.
49, 50

 Recently, mild oxidation of AuNPs has been obtained using the solutions containing 

a surfactant such as CTAB.
52-54

 Aguirre et al. first observed that exposure to CTAB in aqueous 

solutions enabled reshaping of gold shells to form highly asymmetric gold rod- or bean-like 

structures at room temperature.
14 

Rodriguez-Fernandez et al. subsequently reported the sculpting 

of Au nanospheres via oxidation of AuNPs in Au
3+

-CTAB solution, and proposed that the 

charged CTAB micelles spatially directed the oxidation of nanoparticles.
53 

Other groups have 

applied the dissolution for the resizing or reshaping of gold AuNRs.
50, 55

 More recently, many 

colorimetric sensors for the detection of Fe
3+

,
 
Cu

2+
, Cr

6+
, Pb

2+
, H2O2, HCl, NO2

− 
and I

- 
have been 

reported based on the oxidative etching of AuNPs or AuNRs.
48, 51, 56-62

 For example, a 

colorimetric sensor based on the selective etching of AuNRs for the detection of Cr
6+ 

was 

developed. The Cr
6+ 

ions perform strong oxidization towards AuNRs to decrease the aspect ratio 

of AuNRs, generating a blue shift in SPR absorption and a visible color change from bluish-green 

or red to light red and then to colorless as the target concentration increased.
59

 However, 

incubation for more than 5 hours at high temperature (50-70 
o
C) is required to observe the color 

change, and so far only inorganic targets have been used with these sensor platforms.
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NADH/NAD
+
 are ubiquitous biomolecules associated with cellular energy metabolism in 

both eukaryotic and prokaryotic organisms.
87

 Recent studies indicated that these dinucleotides 

have play an major role in numerous processes, including immunological functions, 

mitochondrial activity, aging and cell death.
87-89

 The investigations of the redox reactivity of 

NADH and NAD
+
 are important because a large number of dehydrogenase enzymes (>300) use 

these compounds as cofactors. Thus, the development of sensitive and specific NADH sensors
97, 

98
 could open numerous possibilities for dehydrogenase characterization as well as for screening 

to identify inhibitors of dehydrogenases for the development of novel anticancer agents,
119

 

antibiotics,
120

 and pesticides.
121

  

We recently discovered that NADH could inhibit the dissolution of AuNPs at room 

temperature.
84

 Thus, we believe that NADH-mediated inhibition of AuNP dissolution could 

enable simple and direct detection of dehydrogenase-driven NAD
+
-reduction for a number of 

analytes. In this chapter, we reported an AuNP-based chemical sensor on a paper-based device 

that enabled rapid and sensitive room-temperature detection of NADH via AuNP dissolution 

related colorimetric readout, and demonstrated its value for rapid screening dehydrogenase 

inhibitors by monitoring NAD
+
-driven enzymatic reactions.  

To achieve this goal, we first proved a sensitive dissolution of AuNPs in the Au
3+

-CTAB 

solution, and demonstrated a successful NADH-mediated inhibition of AuNP dissolution with 

UV-Vis spectrometry. To develop an instrument-free detection platform, the citrate-capped 

AuNPs were deposited onto a mixed cellulose ester (MCE) filter paper using a simple lab 

technique (vacuum filtration) without any surface pretreatment, forming a red AuNP-coated 

layer. We then investigated the NADH-mediated inhibition on the dissolution of AuNPs coated 

on the paper, and we found that the size-dependent optical property of AuNPs remains on the 

paper.  
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We further fabricated a device consisting of MCE paper with a wax-encircled, AuNP-coated 

film atop a cotton absorbent layer, sandwiched between two plastic cover layers. In the absence 

of NADH, Au
3+

-CTAB completely dissolved the AuNPs coating, yielding a white readout 

(Figure 15A). In the presence of 50 µM NADH, partial reduction of Au
3+ 

by NADH resulted in 

only partial dissolution of AuNPs, giving rise to a light pink color (Figure 15B). When challenged 

with 200 µM NADH, all of the Au
3+ 

were reduced by NADH, leaving the AuNPs intact and 

producing a red readout (Figure 15C). This device exploited capillary force-assisted vertical 

diffusion, allowing us to apply a 25 µL sample to a surface-confined test zone to achieve a 

detection limit of 12.5 µM NADH in under 4 minutes. The enzyme glucose dehydrogenase 

(GDH)  were used as a model to demonstrate that our paper-based device can monitor NAD
+
-

driven biochemical processes with and without selective dehydrogenase inhibitors by naked-eye 

observation within 4 minutes at room temperature in a sample volume of 25 µL. We further 

demonstrated that the sensor platform could be used in matrix samples such as E. coli cell lysate. 

We believe that our paper-based device could offer a valuable and low-cost analytical tool for 

monitoring NAD
+
-associated enzymatic reactions and screening for dehydrogenase inhibitors in a 

variety of testing contexts. 

 

Figure 15. Colorimetric visualization of NADH based on AuNP dissolution on a paper-based 

device. 
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3.2 Materials and methods 

Chemicals and materials Gold(III) chloride trihydrate (HAuCl4), trisodium citrate dihydrate, 

sodium borohydride (NaBH4), cetyltrimethylammonium bromide (CTAB), dihydronicotinamide 

adenine dinucleotide (NADH), nicotinamide adenine dinucleotide (NAD
+
), glucose, glucose 

dehydrogenase (from Pseudomonas sp.), mercury(II) acetate, lead(II) acetate trihydrate, silver 

nitrate, tryptone, sodium chloride, yeast extract and phosphate buffer solution (1.0 M, pH 7.4) 

were purchased from Sigma-Aldrich and used as received. All solutions were prepared using 

Milli-Q water (18.2 MΩ). Wild-type E. coli strain K12 was used for detection in cell lysate. 

Mixed cellulose ester (MCE) membrane substrate with 47 mm diameter, 100 nm pore size, and 

100-μm thickness and Amicon Ultra-4 Centrifugal Filter (100KD) were purchased from 

Millipore. Phano China Marker was purchased from Fisher Scientific. 

Synthesis of AuNPs Citrate-capped AuNPs (4.4±1.6 nm) were synthesized according to the 

literature.
10

 All the glasswares were cleaned by incubating with aqua regia solution (HCl: HNO3 = 

3:1, v/v) overnight followed by rinsing with deionized water. Trisodium citrate solution and 

HAuCl4 solution were prepared in deionized water and filtered through the syringe filter (0.22 

µm) before use. Specifically, 18 mL deionized water was added to a 50 mL Erlenmeyer flask, 

followed by the addition of 0.5 mL of HAuCl4 (10 mM) and 0.5 mL of trisodium citrate (10 mM). 

After stirring for 5 minutes at 220 rpm at room temperature, 0.5 mL of ice-cold, freshly prepared 

NaBH4 solution (0.1 M) was added to the reaction mixture. The color of the resulting solution 

turned into an orange-red color immediately, indicating the formation of the AuNPs.
10

 The 

stirring was stopped, and the solution was kept in the dark for 2 hours without disturbing. The 

trisodium citrate served only as a capping agent since it cannot reduce the gold salt at room 

temperature. The AuNP solution can be used within 2-5 hours after preparation. The 

concentration of AuNPs was determined based on the extinction coefficient constant. Particle size 

distributions were then evaluated using a Zetasizer (Nano-ZS, Malvern Instruments) operating 
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with a He-Ne laser at a wavelength of 633 nm using back-scattered light. Six measurements were 

made in each run. The size of the AuNPs was characterized by Transmission Electron 

Microscopy (TEM) (JEM-2100 LaB6) under 200 kV by dropping the solution on the regular 

copper grids covered with carbon film. 

AuNP dissolution in solution phase To observe the dissolution of AuNPs in the Au
3+

-CTAB 

solution, the as-prepared AuNPs were concentrated by centrifuging with an Amicon Ultra 

Centrifugal Filter at 1500 rcf (Eppendorf 5430R). To observe the time course of the AuNP 

dissolution in the Au
3+

-CTAB solution, 328 picomoles of concentrated AuNPs were added to a 

44.4 mM CTAB solution (pH 4.0) containing 160 nanomoles of Au
3+

. The spectra were 

monitored continuously for 60 minutes at room temperature using the UV-Vis spectrometer. To 

test the effects of Au
3+ 

concentration on AuNP dissolution, identical aliquots of AuNP (328 

picomoles) were added into CTAB solution containing 0-200 µM gold salt and incubated for 40 

minutes at room temperature while recording the UV-Vis spectra. AuNPs in CTAB solution 

without Au
3+

 were used as a reference to calculate the relative absorbance decrease. To test the 

effect of NADH concentration on AuNP dissolution, freshly prepared NADH (0 to 240 µM) were 

added into 200 µM Au
3+

-CTAB solution, followed by adding 328 picomoles AuNPs into this 

mixture. The UV-Vis spectra of samples were recorded after 40 minutes at room temperature. 

NADH-mediated AuNP dissolution on AuNP-coated filter paper MCE substrate was pre-

wetted with deionized water on a Kontes 47-mm Ultra-Ware Microfiltration support base 

(Kimble Chase). A 1.9 mL (771.4 picomoles) freshly-made, citrate-capped AuNP solution diluted 

with 3.1 mL of 256 µM sodium citrate was added to the funnel, and we subsequently prepared the 

film via ambient vacuum filtration. The film was then cut into 20 small pieces (5 mm W × 6 mm 

L) after air-drying for 20 minutes, resulting in strips of film each coated with 21 picomoles 

AuNPs. To test the effect of Au
3+

 concentration on the dissolution of AuNPs coated on the paper, 

these AuNP-coated squares were dropped into 500 µL CTAB solution containing different 
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concentrations of Au
3+

 (0-200 µM) and then photographed after 40 minutes. The kinetic of 

AuNPs dissolution on the paper was performed by dropping the AuNP-coated films into 500 µL 

of 200 µM Au
3+

-CTAB solution with or without 200 µM NADH and then photographed every 10 

minutes. In order to test the effect of NADH concentration on AuNP dissolution on the paper, the 

AuNPs coated films were dropped into Au
3+

-CTAB solutions (500 µL, 200 µM) containing 

different concentrations of NADH and then photographed after 40 minutes.  

NADH detection with the paper-based device After preparing the film, we used a wax 

pencil (Phano China Marker, Fisher Scientific) to draw circles (5 mm diameter) on the AuNP-

coated film. The film was then cut into nine pieces (8 mm W × 8 mm L). We fabricated a device 

with four layers listed here from top to bottom: a polyvinyl chloride plastic cover layer (4.4 cm W 

× 5.4 cm L) with a 6-mm diameter hole on the top, a prewetted wax-circled AuNP coated film, a 

prewetted layer of hydrophilic cotton absorbent padding with Kimwipe paper, and a bottom 

plastic cover. The four layers were held together by clamping the edges of the device with paper 

clips. The 25 μL of 200 μM Au
3+

-CTAB solution containing different concentrations of NADH 

was added into the wax circled reaction zone, and the color change was visualized after 4 

minutes. Intensity analysis was performed with ImageJ software (http://imagej.nih.gov/ij/).  

GDH-directed NADH production and the inhibition effect of heavy metal ions on the 

paper-based device The glucose dehydrogenase (GDH) mediated enzymatic reaction was first 

optimized to determine accurately the enzyme produced NADH concentration. Glucose stock 

solution (1M) was prepared in deionized water and kept overnight to allow the mutarotation. The 

glucose dehydrogenase was dissolved in 10% BSA. The NAD
+
 stock solution and enzyme were 

prepared right before use. The reaction was performed in 100 mM phosphate buffer (pH 7.4) at 

room temperature using the Tecan M1000 PRO microplate reader. The glucose dehydrogenase 

concentration was investigated from 0.1 U to 0.25 U by monitoring the absorbance at 340 nm in 

the presence of 3.9 mM and 7 mM glucose at room temperature. The NAD
+ 

concentration was 
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further optimized from 3 mM to 5.25 mM by monitoring the absorbance change at 340 nm in the 

presence of 3.9 mM and 7 mM glucose. Various concentrations of phosphate buffer (50 mM, 100 

mM, and 150 mM at pH 7.4) and 100 mM phosphate buffer at different pH (7, 7.4 and 8) were 

explored to optimize the enzymatic reaction. 

We combined 0.1 U GDH with different concentrations of glucose (0-20 mM)  in 100 mM 

phosphate buffer solution (pH 7.4). After incubating at room temperature for 30 minutes, 50 µL 

of the enzymatic reaction solution was mixed with 450 µL of different concentration of Au
3+

-

CTAB solution. The AuNP coated films were dipped into the mixture and photographed after 20 

minutes. To test the GDH-mediated NADH product on the device, 25 µL of the mixture solution 

were applied to the wax-circled reaction zone on the paper-based device, and the color change 

was visualized after 4 minutes. Intensity analysis was performed with ImageJ software. 

To test the inhibitory effects of heavy metal ions, we incubated different concentrations of 

Hg(II) (0-200 µM) with 0.1 U GDH for 10 minutes in the presence of 10 mM glucose and 100 

mM phosphate buffer solution (pH 7.4) at room temperature. Next, 6 mM NAD
+
 was added to 

initiate the enzymatic reaction for 15 minutes. The kinetics of the reaction was monitored for the 

first 6 minutes in microplate reader to calculate the enzyme’s activity. The inhibitory effect of 

different heavy metal ions on GDH was also explored in the same manner. The absorbance 

change at 340 nm in the absence of any heavy metal ions was considered as 100% of the enzyme 

activity. To demonstrate the inhibitory effects of different concentrations of Hg(II) on GDH-

driven NADH-production on the paper-based device, 10 µL of the enzymatic reaction solution 

were added to 90 µL 400 μM Au
3+

-CTAB solution, and 25 µL of this solution was applied to the 

test zone. The color intensity analysis was performed with ImageJ after 4 minutes of reaction. We 

also tested Ag(I) and Pb(II) as potential inhibitors in a similar fashion and evaluated the 

inhibitory effects of these metals by measuring the decrease in the color intensity produced by the 

enzyme-substrate reaction. 
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Detection of NADH and GDH-directed NADH production in 20% cell lysate Wild-type 

E. coli strain K-12 was cultured in 50 mL of autoclaved L-broth (Luria) media (10 g/L tryptone, 5 

g/L yeast extract, and 10 g/L NaCl) in an Erlenmeyer flask and was harvested after 24 hours of 

incubation at 37 °C with orbital shaking. We obtained an optical density (OD600) reading of 1.62 

with an approximate cell density of 1.62 × 10
9
 cells/mL. The resultant cell suspension was 

centrifuged at 8500 × g for 15 minutes at 4 °C. The cell pellet was collected and resuspended in 

1.62 mL of 100 mM phosphate buffer solution (pH 7.4) to perform the cell-lysis with an 

ultrasonic cell disruptor (Misonix Microson XL2000) for 10 seconds pulse with 30 seconds 

intervals for 4 times in an ice-water bath. The cell lysate was centrifuged at 5000 × g for 10 

minutes at 4°C to remove the supernatant. The final decanted supernatant was diluted with 

phosphate buffer (100 mM, pH 7.4) to make 20% (v/v) cell lysate (~1 × 10
10

 cells/mL). The 

detection of NADH and GDH-directed NADH production were performed as described above 

except the reaction buffer was replaced with 20% cell lysate. 

3.3 Results and discussions  

3.3.1 NADH-mediated AuNP dissolution in solution  

It has been reported that acidic Au
3+

-CTAB solution can dissolve AuNPs,
53

 and we recently 

discovered that NADH can reduce the Au
3+

 in the solution, which greatly inhibited AuNP 

dissolution at room temperature.
84

 Thus, a colorimetric sensor was developed on the basis of 

NADH- mediated AuNP dissolution in Au
3+

-CTAB solution. 

 3.3.1.1 Characterization of citrate-capped AuNPs 

AuNPs (4.4±1.6 nm in diameter) were used as the signaling reporter since it is known that 

smaller sizes dissolve faster.
53, 246

 The UV-Vis spectrometer is used to characterize the 

concentration of the AuNPs. The maximum absorption peak of the prepared AuNP was located at 

504 nm (Figure 16A). The concentration of the AuNPs was calculated to be 41 µM according to 

Beer’s Law. Dynamic light scattering (DLS), which is based on the Brownian motion of particles, 



44 

 

is used to determine the nanoparticles’ size as well as how the scattering fluctuates with time on 

the basis of constantly changing distances of the scatters. The hydrodynamic diameter of the 

AuNPs obtained from the Zetasizer measurement is 7.5 nm (Figure 16B). The obtained 

polydispersity index (PDI) is 0.063, indicating a narrow size distribution. 

 

 

Figure 16. Characterization of the concentration and size of these synthesized AuNPs. (A) UV-

Vis spectrum of the AuNPs with a maximum absorbance at 504 nm. (B) Size distribution of the 

AuNPs measured using Zetasizer: the average size is 7.5 nm and its polydispersity index (PDI) is 

0.063. 

 

Transmission Electron Microscopy (TEM) is a good tool for characterization nanomaterials 

to obtain a quantitative measurement including particle morphology and size distribution. The 

AuNP with desired spherical shape were observed to be monodispersed (Figure 17A). The size 

was determined by Nano Measurer 1.2. The analysis of the image confirmed that they are 

uniformly sized (diameter: ~4.4±1.6 nm, Figure 17B). However, the value is smaller compared to 

the Zetasizer measurement.
247
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Figure 17. Size characterization of the freshly prepared AuNPs. (A) TEM image of the AuNPs. 

(B) Size distribution of the AuNPs. 

 

3.3.1.2 Time course of AuNP dissolution in Au
3+

-CTAB solution 

It is noteworthy that AuNP dissolution requires a higher CTAB concentration than its critical 

micelle concentration
248

 to form micelles that carry Au
3+

 ions. When we added 160 nanomoles of 

Au
3+

 into a 44.4 mM CTAB solution (pH 4.0), the solution turned a yellow color and the resulting 

Au
3+

-CTAB complex—more specifically, the AuBr4
-
 anion—exhibited strong absorbance at 394 

nm with a distinct shoulder at 450 nm.
249

 Upon adding 328 picomoles of AuNPs, the plasmon 

peak of the AuNPs shifted from 504 nm to 526 nm in the Au
3+

-CTAB solution. The absorbance 

of both the Au
3+

-CTAB complex at 394 nm and the AuNPs at 526 nm gradually decreased over 

the course of the reaction (Figure 18A). Under reaction conditions where the Au
3+

:AuNP ratio 

was 489:1, we found that the absorbance at 526 nm decreased rapidly, and approximately 73.5% 

of the AuNPs were dissolved in the first 10 minutes. The dissolution then slowed down and 

started to reach its plateau after 40 minutes. No detectable change was observed after 60 minutes, 

clearly indicating that all AuNPs were dissolved (Figure 18B). In contrast, we observed no 

dissolution of AuNPs in CTAB solution without Au
3+

 and used this as a reference to calculate the 

relative absorbance decrease at 526 nm. 
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Figure 18. Time course of AuNP dissolution in Au
3+

-CTAB solution. (A) UV-Vis spectra 

recorded at different time points after adding AuNPs into Au
3+

-CTAB solution. The black line 

represents the spectrum for AuNPs in CTAB alone. (B) Time course of the signal decrease at 526 

nm. AuNPs in CTAB solution alone was used as a reference to calculate the relative signal 

decrease. 

 

3.3.1.3 Effect of Au
3+ 

concentration on AuNP dissolution  

The concentration of Au
3+

 played an important role in AuNP dissolution. In order to test the 

Au
3+ 

concentration effect on AuNPs dissolution, we therefore optimized the Au
3+

:AuNP ratio in a 

homogeneous solution to achieve a much shorter reaction time. The results demonstrated that 

AuNP dissolution increased as the Au
3+

 concentration increased. Compared with AuNPs alone, 

the absorbance at 526 nm was greatly decreased but still detectable when the Au
3+

 concentration 

was in the range of 40 to 160 µM (Figure 19A). As the Au
3+

 concentration increased to 200 µM 

(an Au
3+

:AuNP ratio of 610:1, mol/mol), the SPR peak completely disappeared, indicating that all 

of the AuNPs were dissolved (Figure 19A). AuNPs in CTAB solution without Au
3+

 was used as a 

reference to calculate the relative absorbance decrease at 526 nm. We observed that as the Au
3+

 

concentration increases, the AuNP dissolution also increases. It is clear that a high concentration 

of Au
3+

 promoted a quick dissolution of AuNPs at room temperature (Figure 19B), Thus 

Au
3+

:AuNPs (610:1 mol/mol) was employed in the subsequent experiments.  
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Figure 19. The effect of Au
3+ 

concentration on AuNP dissolution in CTAB. (A) UV-Vis spectra 

of 328 picomoles of AuNPs in the presence of Au
3+

 concentrations ranging from 0 – 200 µM. (B) 

Absorbance at 526 nm steadily decreased as the concentration of Au
3+

 increased. 

 

3.3.1.4 Effect of NADH concentration on AuNP dissolution 

It is known that Au
3+

 can dissolve AuNPs in an acidic CTAB solution whereas its reduced 

form (Au
+
) is unable to perform such dissolution.

53
 Xiao et al. previously reported that NADH 

facilitated the rapid reduction of Au
3+

 to Au
+
 in CTAB solution.

22
 We, therefore, predicted that 

the presence of NADH would inhibit the dissolution of AuNPs in an Au
3+

-CTAB solution.  

 

Figure 20. The effect of NADH concentration on AuNP dissolution. (A) UV-Vis spectra 

recorded from 200 µM Au
3+

 in CTAB with different concentrations of NADH after 40 minutes of 

reaction with 328 picomoles of AuNPs at room temperature. (B) Absorbance measurements at 

526 nm for AuNPs in the presence of different concentrations of NADH. 
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Thus, the dissolution of AuNPs in the solutions containing different concentrations of NADH 

has been explored. We mixed different concentration of NADH solution with a 200 µM gold salt 

solution, followed by the addition of 328 picomoles AuNPs, and recorded the UV-Vis spectra of 

the samples after 40 minutes at room temperature (Figure 20A). When NADH concentrations 

were below 75 µM, only a small quantity of Au
3+

 was reduced to Au
+
. The excess Au

3+ 
left in the 

solution was sufficient to dissolve most of the AuNPs. The absorbance of the small amount of 

AuNPs left in the solution under these conditions became difficult to measure accurately due to 

the strong interference from the distinct shoulder of the Au
3+

-CTAB complex at 450 nm. When 

the NADH concentration was in the range of 100 µM to 150 µM, the amount of unreacted Au
3+

 

decreased in the solution, and partial dissolution of AuNPs occurred. AuNP dissolution was 

further inhibited with the increasing of NADH concentrations; interestingly, we observed a higher 

AuNP absorbance after 40 minutes upon addition of 240 µM NADH relative to the absorbance of 

AuNPs alone in CTAB solution. This is because the excess NADH first completely reduced the 

Au
3+

 to Au
+
, and then further reduced the Au

+
 to Au

0
. This resulted in the enlargement of the 

AuNPs, consistent with previously reported findings.
22

 By monitoring the absorbance change at 

526 nm, we could identify the NADH concentrations above 75 µM using NADH-mediated AuNP 

dissolution (Figure 20B). However, a large amount of sample (1000 µL) was required to be 

measured via UV-Vis spectrometer. 

3.3.2 NADH-mediated AuNP dissolution on paper  

To achieve the detection in an instrument-free manner, we transferred the NADH-inhibited 

dissolution process onto MCE filter paper via vacuum filtration and tested the NADH inhibitory 

effect on the dissolution of AuNPs on MCE filter paper in an Au
3+

-CTAB solution. We also used 

the enzyme glucose dehydrogenase as a model to demonstrate that our sensor platform can 

monitor the production of NADH via NAD
+
-driven biochemical processes.  



49 

 

3.3.2.1 AuNP deposition on the MCE filter paper 

 

Figure 21. UV-Vis spectrum of the AuNP solution before and after vacuum filtration. 

 

Previous work has shown that films made by vacuum filtration generally offer good 

homogeneity, strong adhesive strength, massive scalability, excellent stability and 

reproducibility.
250, 251

 When adding the AuNP solution to the MCE substrate through vacuum 

filtration, the uniform pore size of MCE paper allows stable and reproducible liquid flow through 

the membrane, and a smooth and even AuNP layer can be rapidly formed on the MCE surface. 

UV-Vis experimental results demonstrated that there was no leaking of AuNPs through filter 

paper during the film preparation (Figure 21). The film was then cut into 20 small pieces (5 mm 

W × 6 mm L) after air-drying for 20 minutes, resulting in strips of film, each coated with 21 

picomoles AuNPs.  

3.3.2.2 Effect of Au
3+ 

concentration on AuNPs dissolution on the paper  

The Au
3+

 concentration in the CTAB solutions also played an important role in AuNP 

dissolution on the paper. We observed that as the Au
3+

 concentration increased, the dissolution of 

AuNPs coated on the paper were also increased, resulting in a color readout that shifted from red 

to light pink. When the Au
3+

 concentration reached to 200 µM, all of the AuNPs were dissolved 

from the surface, leaving the paper a white color (Figure 22). Thus, 200 µM Au
3+

-CTAB solution 

were used for subsequent experiments. 
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Figure 22. Dissolution of AuNP-coated MCE films at different Au
3+

 concentrations. Incubation 

with 500 µL CTAB solution containing increasing Au
3+

 concentrations resulted in an increased 

dissolution and associated color loss after 40 minutes. 

 

3.3.2.3 Time course of AuNP dissolution on the paper 

The dissolution of AuNPs on the paper was increased as the reaction time was increased. The 

kinetic of AuNP dissolution on the paper was performed by dipping the AuNP-coated films into 

500 µL of 200 µM Au
3+

-CTAB solution with or without 200 µM NADH and then photographed 

every 10 minutes. The intensity of the film was analyzed using the ImageJ software. We found 

that the AuNPs coated on the MCE film were completely dissolved after 40 minutes and left a 

white background in the absence of NADH (Figure 23). In contrast, the dissolution was 

completely inhibited in the presence of 200 µM NADH and left the AuNPs intact on the paper 

(Figure 23). The relative intensity was calculated by normalizing the unreacted AuNP-coated film 

to 1 and the AuNP-coated film in the absence of NADH to 0.  
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Figure 23. Time course of the reaction on AuNP-coated MCE filter paper in the absence and 

presence of 200 μM NADH in 200 μM Au
3+

-CTAB solution.  

 

3.3.2.4 Effect of NADH concentration on AuNP dissolution on the paper 

In order to test the NADH inhibitory effect on AuNP dissolution on the paper, the AuNP- 

coated strips were dropped into 500 µL Au
3+

-CTAB solutions containing different concentrations 

of NADH. In the absence of NADH, Au
3+

-CTAB solution dissolved all of the AuNPs coated on 

the paper, leaving a white color (Figure 24). In the presence of NADH, it rapidly reduced Au
3+

 to 

Au
+
, inhibiting the dissolution of AuNPs coated on the paper and resulting in a color readout that 

shifted from light pink to red (Figure 24). Although the reaction took up to 40 minutes, the color 

difference was readily detectable by the naked-eye with a detection limit of 7.5 µM, which is 10-

fold lower than the reported value of a solution-based colorimetric NADH sensor.
22

 No clear 

growth of the AuNPs on the paper was observed even with the highest concentration of NADH 

(200 µM) since the growth of AuNPs usually required several hours to overnight incubation. We 

believe that a 40-minute reaction time was too short for AuNPs to grow on the paper. Although 

this colorimetric assay was mainly designed to provide rapid semi-quantitative results (i.e., dark 
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red color indicated that more target molecule was present), it is possible to obtain quantitative 

analysis by using color image managing software such as ImageJ. 

 

Figure 24. Colorimetric detection of NADH on AuNP-coated MCE filter paper. Increasing the 

NADH concentration from 0 to 200 µM in a 200 µM Au
3+

-CTAB solution increasingly inhibited 

the dissolution of AuNPs coated on the paper, resulting in a stronger red color readout. 

 

3.3.2.5 Effect of GDH-mediated NADH production on paper-based AuNP dissolution 

Glucose dehydrogenase (GDH, EC 1.1.1.47), an enzyme that can catalyze the oxidation of β-

D-glucose to gluconic acid while reducing NAD
+  

to NADH which has a  strong absorbance at 

340 nm. The glucose concentration determines the amount of NADH produced.
126

 To achieve the 

best enzymatic condition, the enzyme concentration was first optimized. We chose 3.9 mM and 7 

mM of glucose to perform the enzyme reaction and monitored the absorbance change at 340 nm. 

We observed that a higher reaction rate was obtained with a higher concentration of GDH (Figure 

25A). Although a low concentration of GDH (0.1 U) reacted slowly, it produced the largest 

absorbance difference at 340 nm between 3.9 mM and 7 mM with a much longer detection 

window. Thus, 0.1 U of the enzyme was used for subsequent experiments. 

https://en.wikipedia.org/wiki/Enzyme_Commission_number
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Figure 25. Optimization of GDH catalyzed reactions by monitoring the absorbance of NADH at 

340 nm. (A) Optimization of GDH concentration by comparing the absorbance difference of 

NADH between 3.9 mM glucose and 7 mM glucose in the presence of 4.5 mM NAD
+
; (B) 

Optimization of NAD
+
 concentration by comparing the absorbance difference of NADH between 

3.9 mM and 7 mM glucose in the presence of 0.1U GDH; (C) Effect of buffer pH on the 

enzymatically produced NADH in the presence of 4.5 mM NAD
+
, 0.1 U GDH and 0-10 mM 

glucose; (D) Effect of buffer concentration on the enzymatically produced NADH in the presence 

of 4.5 mM NAD
+
, 0.1 U GDH and 0-10 mM glucose. 

 

NAD
+
 is an important cofactor to accept electrons and form NADH in the enzymatic reaction. 

Thus, the NAD
+ 

concentration was also optimized by using two concentrations of glucose (3.9 

mM and 7 mM). By monitoring the absorbance change at 340 nm, it was clear that when the 

NAD
+ 

concentration increased, the absorbance difference at 340 nm also increased. The NAD
+
 

concentration (4.5 mM) was used for subsequent experiments to obtain maximum absorbance 

difference (Figure 25B). 

Since the activity of GDH is dependent on the buffer pH, phosphate buffer (100 mM) with 

varying pH were also examined in the presence of 0.1 U of GDH and 4.5 mM NAD
+
. 
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Analogously, the absorbance at 340 nm after 30 minutes reaction was plotted versus glucose 

concentration. The results demonstrated that the reaction rate also increased as the pH increased 

from 7 to 7.4. However, when we further increased the pH to 8, no significant improvement was 

observed (Figure 25C). The concentration of phosphate buffer was also optimized in the similar 

fashion. The absorbance at 340 nm developed at room temperature after 30 minutes was plotted 

with different glucose concentration. We did not observe any clear difference when changing the 

concentration of the phosphate buffer (Figure 25D). Thus, phosphate buffer (100 mM, pH 7.4) 

was used for subsequent experiments. 

 

Figure 26. Glucose detection in 400 µM Au
3+

–CTAB after a 20-minute reaction. Increasing the 

glucose concentration from 0 to 10 mM in a 400 µM Au
3+

-CTAB solution increasingly inhibited 

the dissolution of AuNPs coated on the paper, resulting in a stronger red color readout. 

 

Once the experimental condition was optimized, we visually monitored dehydrogenase-

driven NADH production using AuNP-coated paper. Different concentrations of glucose were 

used to produce different amount of NADH in the presence of GDH; the samples were mixed 

with the Au
3+

-CTAB solution and then incubated with the AuNP-coated films. Since no NADH 

was generated in the absence of glucose, all of the coated-AuNP were fully dissolved from the 

paper surface. Along with the increasing glucose concentration, the NADH production was also 

increased. Thus, the color of the AuNP-coated film changed from a light pink to red and 

eventually dark red with the increasing of glucose concentration (2 mM - 10 mM) (Figure 26).  
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It has been successfully demonstrated that NADH and enzyme-generated NADH can inhibit 

the dissolution of AuNPs coated on the filter paper. With the described paper-based AuNP 

dissolution method, we obtained a 10 time-lower detection limit compared to the solution-based 

method. However, the detection required 40 minutes to complete AuNP dissolution, which is not 

suitable for an on-site screening test. 

3.3.3 Using paper-based device to monitor NADH-related enzymatic reaction  

To shorten the reaction time on the paper-based sensor and efficiently visualize the presence 

of NADH in the microliter-scale sample, we have successfully developed a paper-based device 

that can uniformly and rapidly detect microliter-scale samples within a surface-confined test zone 

within 4 minutes. 

3.3.3.1 Confinement of microliter sample within the test zone  

The porous paper offers limited control over of the fluid transportation rate and direction, and 

the lateral diffusion of fluids in the paper is usually much faster than vertical diffusion.
252

 We 

found when a 25 µL of Au
3+

-CTAB solution was placed on the top of the AuNP-coated paper, a 

narrow white circle was observed at the edge of the droplet after 10 minutes, and that 46% of the 

AuNPs dissolved in the reaction area (Figure 27A). Most of the Au
3+

-CTAB micelles, which are 

typically ~3 nm in diameter
253

 presumably migrated to the edge of the droplet due to the “coffee 

ring effect”,
254

 such that particles in this region are more likely to be dissolved than those in the 

center.  

To work with a small volume of sample, we need to be able to confine the liquid within the 

test zone to avoid the lateral escape of reactants. The best way to accomplish this goal is to create 

a closed hydrophobic barrier both on the surface of the AuNP-coated film and across the 

thickness of the paper. This could be achieved via wax printing, a rapid and inexpensive 

technique for large-scale production of microfluidic paper-based analytical devices.
252

 However, 

wax printing requires a time-consuming heat penetration step, and it is generally difficult to form 
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a good hydrophobic barrier across the thickness of the paper.
252

 As a simple alternative, the 

hydrophobic barrier could be drawn on the surface of AuNP-coated paper by a wax pencil to 

confine the reactants, which could be done in 5 seconds with good reproducibility and no 

restriction on the thickness of the circle. Thus, after preparing the film, a wax pencil was used to 

draw circles (5 mm diameter) on the AuNP-coated paper. The experimental data showed that a 

droplet of 25 µL Au
3+

-CTAB solution could be successfully retained within the wax-circled test 

zone for up to 21 minutes, with 58% of the AuNPs dissolved (Figure 27B). The wax circle on the 

top of the filter paper does confine the sample and allows the solution to diffuse vertically, rather 

than laterally, through the AuNP-coated test zone. However, the lateral escape of the confined 

reactants from underneath the wax barrier was also observed. It was also noticed that the 

dissolution still occurred mainly around the edge of the wax-circled test zone while the center of 

the film remained intact. 

 

Figure 27. AuNP dissolution limited by lateral diffusion due to reactant escape either with or 

without a wax-circled test zone. We added a droplet of 25 µL of 200 µM Au
3+

-CTAB solution to 

a film without (A) or with (B) a wax-circled test zone at room temperature.  

 

3.3.3.2 Absorbent effect on lateral diffusion 

To further eliminate lateral diffusion in the confined test zone from either side of the filter 

paper, a hydrophilic absorbent layer underneath the wax-circled AuNP-coated film was added to 

enhance the vertical transport of reactants through the paper. Since water has at least 10-fold 

higher self-diffusion coefficient
255 

than CTAB micelles,
256, 257

 the water molecules travel much 
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faster than Au
3+

-CTAB micelles during capillary force-assisted vertical diffusion. As water was 

removed by the absorbent layer, the Au
3+

-CTAB complex concentration was increased in the test 

zone. It is noteworthy that comparing with the AuNP dissolution without the presence of the 

absorbent layer, vertical diffusion was significantly enhanced (Figure 28). Therefore, the “coffee 

ring” reaction pattern was successfully eliminated by the addition of an absorbent layer, which 

led to a more uniform dissolution with shorter reaction time. The combination of different 

absorbents, such as paper towel, copy paper, Kimwipe paper, and cotton pad, were tested as well 

(Figure 28 B-F). It was found that the cotton pad gave a much more uniform pattern after the 

AuNP dissolution, so it was selected as the absorbent for subsequent studies. 

 

Figure 28. A more even distribution of Au
3+

-CTAB resulted by using an added layer of absorbent 

pad material. We tested each assembly with 25 µL of 200 µM Au
3+

-CTAB for 4 minutes at room 

temperature. 

 

3.3.3.3 Combination of absorbent layer and AuNP-coated film 

A uniform surface reaction required a perfect match between the AuNP-coated film and the 

absorbent layer. We found the homogeneity and speed of dissolution could be further improved 

by employing a “wet-to-wet” combination of wax-circled AuNP-coated film and absorbent cotton 

layer. The experimental result showed that it took 9 minutes for 25 µL of Au
3+

-CTAB solution 

confined in a dry AuNP-coated test zone to dissolve 80% of the AuNPs with the presence of a dry 
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cotton layer under the AuNP-coated filter paper (Figure 29A), whereas 90% of the AuNPs were 

dissolved when the pre-wetted AuNPs-coated film was placed on the top of a dry cotton 

absorbent layer (Figure 29B). We believe that the non-uniform pattern was formed on the AuNP-

coated films, due to the existence of tiny air bubbles between AuNP film and dry cotton layer, 

which required more time to facilitate mass transport through the film. In contrast, when a tight 

contact between the pre-wetted AuNP-coated film and cotton layer was formed, all of the AuNPs 

dissolved after 4 minutes due to uniform mass transportation (Figure 29C).  

 

Figure 29. The performance of dry versus wet wax-circled films in conjunction with a dry or wet 

cotton absorbent layer. The tests were performed with 25 µL of 200 µM Au
3+

-CTAB at room 

temperature. The intensity of the readouts in the test zone was measured with ImageJ software 

and AuNP dissolution was calculated by normalizing the intensity of the AuNP film alone to 0% 

and the intensity of the MCE filter paper to 100%. 

 

3.3.3.4 Fabrication of paper-based device for rapid screening of NADH 

These improvements achieved described above were then successfully incorporated into a 

simple paper-based device that can uniformly, rapidly detect microliter-scale samples within a 

surface-confined test zone. The device contains four layers: A) a polyvinyl chloride plastic cover 

layer (4.4 cm × 5.4 cm, W × L) with a 6-mm diameter hole on the top, B) a pre-wetted wax-

circled AuNP-coated filter paper, C) a pre-wetted layer of hydrophilic cotton absorbent padding 

with Kimwipe paper, and A) a bottom plastic cover. All of the four layers were clamped together 

with paper clips on the edges of the device (Figure 30). 
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Figure 30. A simple paper-based device for colorimetric detection of NADH in a microliter-scale 

sample in less than 4 minutes. The device consists of an upper plastic cover layer with a hole 

exposing the test zone, a wax-circled AuNP-coated paper, a cotton absorbent layer, and a lower 

plastic cover layer. We added a 25 µL reaction solution to the test zone, which is confined within 

the wax circle on the AuNP-coated paper. 

 

3.3.3.5 Time course on using paper-based device to monitor NADH-mediated AuNP dissolution 

 

Figure 31. Time course of the reaction in 25 μL samples at room temperature on a paper-based 

device in the absence and presence of 200 μM NADH in a 200 μM Au
3+

-CTAB solution. 

 

The time course experiment was performed in the presence of 200 μM Au
3+

-CTAB solution 

with and without the addition of 200 μM NADH solution. 25 µL of the solution were then added 
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to the wax confined test zone at room temperature. The AuNP-coated paper was rinsed with 

deionized water to remove the extra solution and photographed after the reaction. The results 

demonstrated that a complete dissolution of AuNPs on this device was obtained after 4 minutes 

(Figure 31) while AuNP-coated film remained intact in the presence of 200 μM NADH. 

3.3.3.6 Paper-based device to monitor NADH-mediated AuNP dissolution 

To test NADH-mediated inhibition of AuNP dissolution on the paper-based device, 25 μL of 

200 μM Au
3+

-CTAB solution containing different concentrations of NADH were added into the 

wax circled test zone on the paper-based device. The film was rinsed with deionized water to 

remove the extra solution and photographed after 4 minutes. As it is shown in the Figure 32A, the 

presence of NADH could be easily visualized via the developed device at room temperature. 

Under the optimal condition, as low as 12.5 µM of NADH could be clearly visualized on our 

paper-based device in 4 minutes. The intensity of the color in the test zone could be measured by 

ImageJ software and plotted against different amounts of NADH (Figure 32B). 

 

 

Figure 32. Successful detection of NADH in 25 µL samples in under 4 minutes at room 

temperature on a paper-based device. (A) We tested multiple concentrations of NADH in 200 µM 

Au
3+

-CTAB solution at room temperature. (B) Test zone readouts were measured with ImageJ 

software and the relative intensity was calculated by normalizing the unreacted AuNPs-coated 

film to 1 and the AuNPs-coated film in the absence of NADH to 0. 
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3.3.3.7 Using paper-based device to monitor NADH-related enzymatic reaction  

GDH-driven NADH production was also monitored on our paper-based device. We prepared 

the mixture of multiple concentrations of glucose produced NADH with 400 µM Au
3+

-CTAB 

solution and added 25 μL of the reaction solution to the wax confined test zone, and measured the 

intensity with ImageJ software after 4 minutes. The AuNPs in the test zone were completely 

dissolved in the absence of glucose, indicating that no NADH was being produced. The amount 

of GDH-produced NADH increased with increasing glucose concentrations. Similar observation 

was also noticed to the color change of the test zone, which was changed from light pink to red as 

the glucose concentration increased from 2 to 20 mM (Figure 33). The results confirmed that 

NADH generated by GDH modulates the dissolution of the AuNP film in our device, generating a 

colorimetric readout that can be observed within 4 minutes.  

 

 

Figure 33. Successful detection of GDH produced NADH in 25 µL samples in under 4 minutes at 

room temperature on a paper-based device. (A) We tested multiple concentrations of glucose 

produced NADH in 400 µM Au
3+

-CTAB solution at room temperature. (B) Test zone readouts 

were measured with ImageJ software, and the relative intensity was calculated by normalizing the 

unreacted AuNPs-coated film to 1 and the AuNPs-coated film in the absence of glucose to 0. 
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3.3.3.8 Using paper-based device to monitor NADH and NADH-related enzymatic reaction in 

complex matrix 

To demonstrate the ability of the paper-based device to detect the NADH as well as NAD
+
-

driven enzymatic reactions in the complex sample, the detection of NADH in the presence of the 

E. coli cell lysate was performed. We noted that cell lysate was able to react with the Au
3+

-CTAB 

solution due to the reducing reagents existing in the proteins. Therefore, the Au
3+

-CTAB 

concentration was increased. Different concentrations of NADH were tested with 200 μM Au
3+

-

CTAB in the buffer and 350 μM Au
3+

-CTAB solution in 20% cell lysate. Test zone readouts with 

and without cell lysate were measured with ImageJ software, and the relative intensity was 

calculated by normalizing the unreacted AuNPs coated film to 1 and the AuNPs-coated film in 

the absence of NADH to 0 (Figure 34). Experimental results showed that this particular complex 

matrix did not affect the efficiency of our paper-based device for detecting NADH.  

 

 

Figure 34. Detecting NADH with and without cell lysate using our paper-based device at room 

temperature. Multiple concentrations of NADH were tested with and without 20% cell lysate in 

350 μM and 200 μM Au
3+

-CTAB solution, respectively. 
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As we observed that the cell lysate reacted with Au
3+

-CTAB solution, the Au
3+

-CTAB 

concentration was increased to 600 μM for the sample containing 20% E. coli cell lysate. In order 

to test the effect of E. coli cell lysate matrix on the NADH-related enzymatic reaction, we 

prepared the mixture of multiple concentrations of glucose produced NADH with 600 µM Au
3+

-

CTAB solution and added 25 μL of the mixture solution to the wax-confined test zone, and 

measure the intensity with ImageJ software after 4 minutes (Figure 35). Experimental results also 

showed that this particular complex matrix did not affect the efficiency of our paper-based device 

for detecting NADH-related enzymatic reaction (Figure 35).  

 

Figure 35. Detecting NADH production by GDH with our paper-based device at room 

temperature in the absence and presence of 20% E. coli cell lysate. (A) The device was used to 

measure NADH production by 0.1 U GDH in the presence of different concentrations (0-20 mM) 

of glucose in 400 µM Au
3+

–CTAB and 600 µM Au
3+

–CTAB without and with 20% E. coli cell 

lysate after a 4-minute reaction, respectively. (B) The intensity of the readouts in the test zones 

was measured with ImageJ software, and the relative intensity was calculated by normalizing the 

unreacted AuNPs film to 1 and the fully dissolved AuNPs-coated film in the absence of glucose 

to 0. 

 

3.3.3.9 Screening for the GDH inhibitors on our paper-based device 

It is known that heavy metal ions, such as Ag(I) and Hg(II), are strong inhibitors of GDH, 

while there is no inhibitory effect reported for Pb(II).
127

 Before we screened for the inhibitory 
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effect of the heavy metal ions on our paper-based device, we first monitored the inhibitory effect 

of the Hg(II) on the activity of GDH in the homogenous solution. The kinetic of Hg(II) inhibitory 

effect on the NADH production was monitored continually for the first 6 minutes to calculate the 

enzyme’s activity. We defined the enzyme’s activity as 100% in the absence of the Hg(II) ion. 

We observed that the activity of GDH decreased as the Hg(II) concentration increased (Figure 

36). The IC50 value is a practical readout of relative effects of different inhibitors on a target 

enzyme, representing the inhibitor concentration required to inhibit enzyme activity by 50% 

under a specific assay condition. As it is shown in Figure 36, the experimental IC50 value for 

Hg(II) is 18 µM. 

 

Figure 36. Hg(II) inhibition effect on GDH activity in homogenous solution. The enzyme’s 

activity was defined as 100% in the absence of the Hg(II) ion, and the enzyme’s activity 

decreases as the Hg(II) concentration increases.  

 

Figure 37. Screening of Hg(II)-mediated inhibition of GDH-driven NADH production at 

different concentrations. (A) Our paper-based device was used to measure NADH production by 

0.1 U GDH in a 25 µL sample in the presence of 0-200 µM Hg(II) in 400 µM Au
3+

–CTAB after a 
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4-minute reaction. (B) The intensity of the readouts in the test zones was measured with ImageJ 

software and the enzyme activity was calculated by normalizing the unreacted AuNPs film to 

100% and the fully dissolved AuNPs-coated film in the presence of 200 µM Hg(II) to 0%. The 

calculated IC50 value was 20 µM. 

 

The inhibitory effects of Hg(II) were also evaluated by measuring the color intensity 

produced by GDH enzymatic reaction on the paper-based device. Without Hg(II) inhibition, 

NAD
+
 was completely converted into NADH with the assistance of GDH, no AuNP dissolution 

occurred. Thus, the color of the test zone was in red. The enzyme activity was slightly inhibited 

by the presence of low concentration of Hg(II) (2.5 µM), so a slight decrease in color intensity in 

the test zone was observed (Figure 37A). The GDH-produced NADH decreased with the increase 

of Hg(II) concentration, which lead to a light pink readout due to partial dissolution of AuNPs. 

We noted that a completely white readout within the wax-circled test zone was observed in the 

presence of 100 µM Hg(II), indicating the complete inhibition of GDH and dissolution of AuNPs 

(Figure 37A). The calculated IC50 value of 20 µM for Hg(II) on the paper-based device is 

consistent with the value obtained in homogeneous solution (18 µM) (Figure 37B). 

 

Figure 38. Different ions inhibitory effect on GDH activity in homogenous solution. The 

enzyme’s activity was defined as 100% in the absence of any metal ion. 

 

To demonstrate the ability of this device to screen for other enzyme inhibitors, we further 

tested the effects of Ag(I) and Pb(II) on GDH-driven NADH production in the solution by 
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monitoring the absorbance of enzyme-generated NADH at 340 nm for 15 minutes. The enzyme’s 

activity was defined as 100 % in the absence of the heavy metal ions. The experimental results 

demonstrated that Ag(I) greatly inhibited the GDH activity, while the Pb(II) ion almost did not 

give any inhibition on the enzyme activity (Figure 38). We then tested inhibitory effect of 

different heavy metal ions on the enzyme activity on the paper-based device in the presence of 20 

µM or high Ag(I), the activity of GDH was completely inhibited and no NADH was generated, 

yielding a completely white readout (Figure 39). As expected, we did not observe any dissolution 

of AuNPs in the test zone in the presence of Pb(II) at concentrations ranging between 20 and 100 

µM (Figure 39).This confirmed that Pb(II) has no inhibitory effect on GDH, which is consistent 

with the literature.
127

 

 

Figure 39. Screening the inhibitory effects of various heavy metal ions on GDH-driven NADH 

production. (A) We used our paper-based device to measure NADH production by 0.1 U GDH in 

a 25 µL sample containing different concentrations (0-100 µM) of heavy metal ions in 400 µM 

Au
3+

-CTAB after a 4 minutes reaction. (B) The intensity of the readouts in the test zones was 

measured with ImageJ software and the relative intensity was calculated by normalizing the 

unreacted AuNPs film to 1 and the fully dissolved AuNPs-coated film in the presence of 100 µM 

Ag(I) to 0. 

 

3.4 Conclusion 

A paper-based colorimetric sensing platform/device has been successfully developed for the 

naked-eye detection of NADH as well as the enzyme-driven NADH production based on the 
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dissolution of AuNPs. A simple vacuum filtration technique was employed to prepare a uniform 

AuNP-coated film on MCE paper. The AuNPs coating was completely dissolved by the Au
3+

-

CTAB solution without the presence of NADH, resulting in a color change from red to white. In 

the presence of NADH, Au
3+

 was quickly reduced to Au
+
 and the dissolution of the AuNP-coated 

film could be significantly inhibited due to the reduced concentration of Au
3+ 

ion. The 

colorimetric readout shifts from light pink to red along with the increase of the NADH 

concentration due to the NADH-reduced AuNPs dissolution. Based on the color change induced 

by the NADH-inhibited AuNP dissolution, we successfully incorporated the AuNP-coated film 

into a paper-based device to achieve rapid, simple and efficient detection of NADH with as little 

as 25 µL of sample in 4 minutes at room temperature with very low detection limit (12.5 µM). 

We have further proved that the newly developed platform/device could be employed in a simple 

and inexpensive manner for the screening of potential dehydrogenase inhibitors. Using GDH as a 

model system, we further demonstrated that the paper-based device could be used to monitor the 

NAD
+
-driven enzymatic reactions in the presence or absence of dehydrogenase inhibitors, e.g., 

Ag(I) and Hg(II). The experimental results confirmed that the reduced production of NADH by 

heavy metal inhibited GDH increased the dissolution of the AuNPs on the paper-based sensor and 

generated a colorimetric readout in a 25 µL of sample within 4 minutes at room temperature. 

Although this platform is only a simple proof-of-concept device designed for a single test, it 

could be easily fabricated with multiple test zones for high throughput testing. We further believe 

that our device could offer a useful analytical tool for the rapid visualization of other 

dehydrogenase-mediated NAD
+
 transformations in a variety of contexts.

23, 104, 258-262
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CHAPTER 4: AuNP-based DNA biosensor: A colorimetric sensor based on Exo III-assisted 

target recycling for single nucleotide polymorphisms (SNP) detection 

4.1 Introduction 

Single nucleotide polymorphisms (SNPs) happen when a single nucleotide (A, T, C, or G) in 

the genomic sequence is changed; they have been reported at a rate of approximately once every 

1000 bases. SNPs are the most abundant cause of human gene mutation, and multiple SNPs have 

been found linked to Alzheimer’s disease,
131

 Parkinson’s disease,
132

 diabetes,
133

 and various 

cancerous diseases.
134

 SNP detection is therefore important for early diagnosis, clinical 

prognostics, and disease prevention.
135, 136  

Different methods for SNP detection have been widely developed. Sanger sequencing has 

been considered as a “gold standard” method for DNA analysis. However, it is expensive, 

laborious, technically demanding, costly, and time-consuming. Enzyme-based detections
137-142

 

and hybridization-based methods
143-147

 have been studied for specific and sensitive SNP 

detection. However, those methods are complicated, usually require expensive instrumentation or 

high levels of technical expertise, making them impractical for use in small hospital or resource-

limited settings. As such, there remains an urgent need for a simple platform for rapid and 

sensitive SNP detection in an instrument-free manner.
263

 

Colorimetric methods meet most of the above requirements since the resulting color change is 

readily visualized by the naked eye. The application of AuNPs in DNA detection has been rapidly 

developed during the last decade due to their surface plasmon resonance absorption that can be 

changed by the environment, size and physical dimensions.
264

 DNA-AuNP conjugates have been 

employed as one of the most fascinating nanomaterials for DNA detection.
72, 152, 153

 Usually, 

thiolated DNA are modified onto the AuNP surface through gold-sulfur chemistry,
265

 and 

hundreds of DNA strands can be attached onto a single AuNP. The Mirkin group first reported an 

AuNP-based SNP detection strategy which relied on hybridization-driven changes in AuNP 



69 

 

aggregation. In this assay, two sets of DNA-modified AuNPs were cross-linked via target 

hybridization, and a single-base mismatch was directly observed on a C18 thin-layer 

chromatography plate at 58 
o
C. To obtain clinically relevant sensitivity, however, this and 

subsequently developed AuNP-based SNP detection platforms have required the usage of 

polymerase chain reaction,
157

 nicking endonuclease,
158

 rolling circle amplification
159

 or real-time 

ligation chain reaction
160

 to amplify their targets before the detection. Although picomolar 

concentrations of the target can be successfully detected using these amplified approaches, the 

target-triggered aggregation of AuNPs requires a reaction time of two hours or longer under 

precisely controlled temperature. An alternative approach used the color change of unmodified 

AuNPs to identify SNPs. Based on the differences of electrostatic interaction between single- and 

double-stranded DNA with unmodified AuNPs, the SNP was easily detected using the red-to-blue 

color change of unmodified AuNPs within 5 minutes.
64

 However, even for well-optimized 

conditions, reliable detection with unmodified AuNPs required high target concentration (>200 

nM) for naked-eye observation.
156

  

In response to the above limitations, we presented a simple AuNP-based colorimetric 

detection method that enabled rapid and sensitive naked-eye detection of SNPs with minimal 

reagent and equipment requirements at room temperature within 15 minutes.
70

 Specifically, we 

modified thiolated capture probe onto the AuNP surface and performed SNP detection in a single 

tube by utilizing Exo III’s apurinic endonucleolytic activity to distinguish the perfectly-matched 

or single-mismatched DNA target. The SNP detection was amplified by target recycling assisted 

by Exo III’s 3' to 5' exonuclease activity. Importantly, there are no specific sequences required for 

Exo III recognition and digestion, which makes it a good candidate for developing a universal 

amplification method for SNP detection.  
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4.2 Materials and methods 

Chemicals and materials All DNA sequences were synthesized by Integrated DNA 

Technologies (USA), purified by HPLC and confirmed by mass spectrometry. Sequences are 

listed in Table 1. Gold(III) chloride trihydrate, trisodium citrate dihydrate, sodium chloride, 

magnesium chloride, calcium chloride, Trizma pre-set crystal, potassium acetate, acetate acid 

were bought from Sigma-Aldrich and used as received. SYBR Gold nucleic acid gel stain (10,000 

X concentrated in DMSO) was obtained from Invitrogen. Exonuclease III (E. coli) was purchased 

from New England BioLabs and human apurinic/apyrimidinic endonuclease1 (APE 1) was 

provided by our collaborator - Dr. Yuan Liu. 

Table 1. The employed DNA sequences (from 5' to 3'). 

Thiolated CP Probe (1)
*
:  

HST6ACCACATCATCC/iSpC3/TATAACTGAAA /iSpC3/CCAAACAGT8 

PM (2):  CTGTTTGGCTTTCAGTTATATGGATGATGTGGT 

SM-C (3): CTGTTTGGCTTTCAGTTATATCGATGATGTGGT 

Unmodified CP probe (4)
*
:  

ACCACATCATCC/iSpC3/TATAACTGAAA/iSpC3/CCAAACAG T8 

Poly(T8) protected PM (5):  CTGTTTGGCTTTCAGTTATATGGATGATGTGGTT8 

Poly(T8) protected SM-C (6): CTGTTTGGCTTTCAGTTATATCGATGATGTGGTT8 

SM-T (7):  CTGTTTGGCTTTCAGTTATATTGATGATGTGGT 

SM-A (8):  CTGTTTGGCTTTCAGTTATATAGATGATGTGGT 

SM-T (9):  CTGTTTGGCTTTCAGTTATTTGGATGATGTGGT 

SM-G (10): CTGTTTGGCTTTCAGTTATGTGGATGATGTGGT 

*
/iSpC3/ denotes the abasic site (a propyl residue, Spacer-C3) 

 

AuNPs synthesis and characterization The citrate-coated AuNPs (13±1 nm diameter) were 

prepared according to the reported literature.
266

 All glasswares were incubated in aqua regia 

solution (HCl: HNO3=3:1, v/v) overnight and rinsed thoroughly with tap water followed by 

deionized water. Gold(III) chloride solution and sodium citrate solution were freshly prepared 

with deionized water and filtered through a syringe filter (0.22 µm). Deionized water (45 mL) 
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was added into three-neck flask incubated in the heating mantle with a stirring bar followed by 

the addition of HAuCl4 solution (5 mL, 10 mM). After the solution was boiling, the sodium 

citrate solution (5 mL, 38.8 mM) was added quickly. The color of the mixture gradually changed 

from black to wine red in the first two minutes, indicating the formation of AuNPs. The AuNPs 

solution was kept boiling for another 10 minutes with a stirring speed of 700 rpm. After cooling 

down the solution to room temperature, the AuNP solution was filtered through a syringe filter 

(0.22µm). The concentration of AuNPs was determined by UV-Vis spectrometer (Cary100, 

Varian).  

Modification of AuNPs with thiolated capture probe The citrate-AuNPs were 

functionalized with thiolated DNA probe via the well-known gold-thiol chemistry.
5
 All 

glasswares were incubated with aqua regia overnight and rinsed with deionized water. The glass 

vials were soaked with NaOH (12 M) to prevent the adsorption of the AuNPs on the glass wall. 

The thiolated CP probe DNA (1) was purchased from Integrated DNA Technologies (USA). 

Since the thiolated DNA strands were received from the company in their oxidized form, the 

disulfur bond of CP probe was cleaved with freshly prepared Tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP • HCl) solution (3 mg/100 µL) for at least 2 hours at room temperature 

before the modification.
267, 268

 The reduced thiolated DNA was slowly added into freshly prepared 

citrate-capped AuNPs (3 mL) under the stirring at room temperature. The resulting solution was 

covered with aluminum foil and continuously stirred (700 rpm) at room temperature. After the 

DNA modification for 12 hours, the NaCl solution (4 M, 50 µL) was gradually added into the 

reaction mixture with a maximum stirring speed. After stirring (700 rpm) for another 12 hours, 

the NaCl solution (4 M, 100 µL) was added to the solution with a maximum stirring speed. The 

same salt aging step was repeated after a 6-hour incubation at room temperature. The final 

concentration of NaCl is ~ 0.3 M. The solution was continuously stirred for another 12 hours. The 

DNA-modified AuNPs were separated from the supernatant using a centrifugal filter (100 KD) at 
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1500 rcf, 4 °C for 20 minutes, forming a red pellet of AuNPs at the bottom. The supernatant was 

collected into a Corning tube for DNA concentration measurement. The particles were re-

suspended in 1mL Trizma buffer (10mM, pH 7.4) and centrifuged (1500 rcf) at 4 °C for 10 min 

for six times. Finally, the AuNP were re-suspended in 300 µL of Trizma buffer (10 mM, pH 7.4) 

and stored at 4 °C.  

Colorimetric detection of SNP The reaction buffer is 20 mM Tris-acetate buffer (pH 7.9) 

including 50 mM KAc, 25 mM NaCl, 20 mM CaCl2 and 3 mM MgCl2. The colorimetric detection 

of SNP was performed in 100 µL of reaction buffer with 300 nM CP-modified AuNPs and 50 U 

Exonuclease III, with or without 20 nM PM (perfectly-match) (2) or SM (single-mismatched) (3) 

DNA at room temperature. The color change was observed by naked eye and further confirmed in 

a microplate reader (Tecan Infinite M1000 Pro). The DF is defined as the ratio of the net signal 

gain (after subtracting background from probe only) obtained with the PM target to that obtained 

with the SM target.  

To test the effect of human apurinic/apyrimidinic endonuclease 1 (APE1) on the sensor 

performance, the reaction was performed under the same buffer condition with 100 nM APE 1, 

and the UV-Vis spectra of the CP-modified AuNPs was monitored either alone or in the presence 

of 20 nM PM or SM. The influence of Ca
2+ 

concentration on target discrimination and detection 

time was performed in the 20 mM Tris-acetate (pH 7.9) with 50 mM KAc, 25 mM NaCl and 3 

mM MgCl2, with variable concentrations of Ca
2+

. 50 U of Exonuclease III, 300 nM CP-modified 

AuNPs and 20 nM PM or SM were used in the reaction. Similarly, the influence of Mg
2+ 

concentration was performed in the reaction buffer containing 20 mM Tris-acetate (pH 7.9), 50 

mM KAc, 25 mM NaCl and 20 mM CaCl2, with variable concentrations of Mg
2+

. 50 U of Exo III, 

300 nM CP-modified AuNPs, and 20 nM PM or SM were also used in the reaction. 

The kinetic experiments were carried out in the 20 mM Tris-acetate buffer (pH 7.9) with 50 

mM KAc, 25 mM NaCl, 20 mM CaCl2 and 3 mM MgCl2. The colorimetric detection of DNA 
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was performed in 100 µL of reaction buffer with 300 nM CP-modified AuNPs and 50 U 

Exonuclease III, with different PM target concentrations at room temperature. To test the 

detection limit, the PM or SM targets were incubated with the CP-modified AuNPs at 4 °C for 4 

hours and the color change was monitored . 

Polyacrylamide gel electrophoresis experiment Reaction mixtures were prepared in the 

reaction buffer with 2 µM unmodified CP probe (4), either alone or with 200 nM poly(T8)-

protected PM (5) or SM-C (6) target. The reaction mixtures were challenged with 10 U Exo III 

for 1 minute or 100 nM APE 1 for 10 minutes at room temperature and then stopped by heat-

inactivation at 80 ºC for 10 minutes. Five µL aliquots of the reaction mixtures were subjected to 

electrophoresis on a 12% denaturing polyacrylamide gel (17 × 15 cm) containing 20 mM Tris-

acetate buffer (pH 7.0) with 0.5 mM EDTA at 15 V/cm for 3 hours at room temperature. The gel 

was stained for 20 minutes with 1× SYBR Gold and imaged using the ChemiDoc MP imaging 

system (Bio-Rad). 

4.3 Results and discussions 

4.3.1 AuNP characterization 

 

Figure 40. Characterization of the concentration and size of these synthesized AuNPs. (A) UV-

Vis spectrum of the AuNPs with a maximum wavelength of 519 nm. (B) Size distribution 

measurement using Zetasizer: the average size of the AuNP is 21 nm, and the polydispersity 

index (PDI) is 0.1. 
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The citrate-capped AuNPs (13±1 nm diameter) were synthesized using a modified version of 

Turkevich’s method.
266

 The maximum wavelength of the freshly-prepared AuNPs is 519 nm 

(Figure 40A). The AuNPs concentration is 10.9 nM, which is calculated by using Beer’s Law 

(A=Ɛbc) (Ɛ= 2.7×10
8
 cm

-1 
M

-1
).

269
 The hydrodynamic size distribution and the polydispersity 

index (PDI) were measured using the Malvern dynamic light scattering (DLS) Zetasizer Nano 

(Malvern. UK). The average size of the AuNP is 21 nm and the PDI is 0.10, which indicates a 

narrow size distribution (Figure 40B). We further measured the actual size of the AuNPs with 

transmission electron microscopy (TEM) (Phillips CM-200) under 200 kV on the regular copper 

grid covered with carbon film. According to the TEM image, we determined the size distribution 

of the AuNPs by counting at least 200 particles and obtained a very narrow size distribution with 

an average size of 13.5 ± 1nm (Figure 41). 

 

Figure 41. Size characterization of the synthesized AuNPs. (A) TEM image of the AuNPs; (B) 

Size distribution of the AuNPs. 

 

The absorbance spectrum of the CP-modified AuNP was measured by a UV-Vis spectrometer 

before and after modification, with both spectra normalized to 1 OD. The absorbance at 519 nm 

and the absorbance difference at 260 nm were recorded to calculate the numbers of DNA 

modified on the AuNPs. The DNA-modified AuNPs are highly stable in salt solutions due to the 

strong electrostatic repulsion. On the basis of the extinction coefficient of both the DNA strand at 

260 nm and AuNPs at 519 nm, we obtained a molar ratio of ~13 CP probes per AuNP.  
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4.3.2 Probe design 

The sequence of the capture probe is designed as 5'-thiol–poly(T6)–(N)11–(5'-CXT)–(N)9–

3'(AXC-3')–(N)7–poly(T8)-3' (Figure 42A). The 5' poly(T6) acts as a flexible linker that extends 

the active recognition portion of the oligonucleotide sequence away from the AuNP surface to 

improve target hybridization, and the 3' poly(T8) serves as a sticky end to protect the CP from 3’ 

to 5’ exonucleolytic digestion by Exo III. Two nucleotides were intentionally replaced with two 

C3 spacers (propanediol) to form two abasic sites (X, 5'and 3' abasic site) within CP probe for 

creating active sites for Exo III’s AP incision.
270

 This capture probe is specifically designed to 

recognize a target DNA sequence in which the SNP site is situated directly to the 5' abasic site to 

discriminate SNP. The 3' abasic site is used for Exo’s incision/digestion in order to easily 

facilitate target release at room temperature.  

 

Figure 42. Scheme for CP-modified AuNPs, CP/PM and CP/SM duplexes. Each CP is 

conjugated to the gold nanoparticle via a thiol linkage to a flexible poly (T6) linker at the probe’s 

5' end (A). The 45-nt CP is designed to match the SNP-containing target sequence of interest and 

features two propanyl abasic sites (denoted by ‘X’). The 5' abasic site is situated at a position 

immediately 5' to the SNP site. When a perfectly-matched (PM) target DNA hybridizes with the 

CP, it forms a CP/PM duplex (B) in which both the 5' and 3' abasic sites are flanked by matched 

bases, which facilitates Exo III endonucleolytic incision. In contrast, the single-base mismatched 

(SM) duplex (CP/SM) contains a single C-C mismatch-adjacent to the 5' abasic site (C), 

inhibiting Exo III endonucleolytic digestion. 

 

S-T6-----N11-CXT-N9-AXC-N7-----T8- 3'

5' Abasic site

3' Abasic site

S-T6-----N11-CXT-N9-AXC-N7-----T8- 3'

         3'        GTA      TCG        5'

CP-modified AuNP

CP/PM duplex CP/SM duplex

C, T or A

A

B C

PM target SM target

S-T6-----N11-CXT-N9-AXC-N7-----T8- 3'

         3'        CTA      TCG        5'
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In the absence of the target DNA, the CP-modified AuNPs are homogeneously dispersed in 

the high salt solution due to the DNA protection on the surface and maintain a red color In the 

presence of the PM target, both the 5' and 3' abasic sites are flanked by matched bases, which 

facilitates Exo III endonucleolytic incision and 3' to 5' exonuclease activity (Figure 42B, CP/PM 

duplex). Then Exo III further digests capture probe to shorter DNA and causes a color change. In 

the case of SM target (Figure 42C, CP/SM duplex), Exo III endonucleolytic digestion at 5' abasic 

sites is inhibited, and the modified AuNPs fail to aggregate and remains red. SNP discrimination 

is achieved by differentiating Exo’s AP activity performed on the PM or SM duplexes, and the 

colorimetric signal reporting is achieved through the active 3' to 5' digestion of Exo III on the 

cleaved capture probe. 

4.3.3 Colorimetric detection of SNP  

Colorimetric detection of SNP is performed in a single tube with a set of DNA probe-

modified AuNPs, Exo III, and target DNA. The CP-modified AuNPs are homogeneously 

dispersed in high-salt reaction buffer due to protection by the immobilized CP strands (Figure 

43A). When the 33-nt PM DNA hybridizes with CP-modified AuNPs in the solution, both the 5' 

and 3' abasic sites are flanked by matched bases, with a 3' poly(T8) sequence of CP forming a 

sticky end (Figure 43B). Exo III preferentially cleaves the match-flanked abasic sites through its 

apurinic endonucleolytic activity (Figure 43C) because the 3' to 5' exonucleolytic activity is 

inactive at the sticky end with poly(T8) protection,
271

 converting the CP into three nicked duplex 

fragments. Exo III then recognizes the newly-formed 3'-hydroxyl termini on the nicked ends of 

the CP fragments and rapidly catalyzes the stepwise removal of 5'-mononucleotides through its 

exonucleolytic activity (Figure 43D), releasing the PM strand intact from the particle (Figure 

43E). The released PM target hybridizes with another CP on the same or a different AuNPs to 

begin the cycle anew (Figure 43F). Ultimately, all of the CPs are sheared from the AuNPs, 

leaving only short poly(T6) linkers behind on the particles. The sheared AuNPs are no longer 
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stable in the presence of high concentration salt reaction buffer due to the loss of the protection 

from negatively charged DNA and undergo salt-induced aggregation (Figure 43G), giving rise to 

a red-to-blue color change. Since single target can be recycled for many CP-modified AuNPs, the 

SNP signal is rapidly amplified with visible AuNP aggregation within 15 minutes. 

 

 

Figure 43. Scheme for AuNP-based, Exo III-amplified colorimetric SNP detection. (A) The CP-

modified AuNPs are homogeneously dispersed in the buffer. (B) PM target hybridization with CP 

forms a perfectly matched duplex with a 3' poly(T8) sticky end. (C) Exo III preferentially cleaves 

both match-flanked abasic sites through its apurinic endonucleolytic activity, generating two 

nicks. (D) Exo III recognizes the 3'-hydroxyl termini on these nicked ends and rapidly digests 

these fragments via its exonucleolytic activity. (E) The CP fragments are sheared from the 

particle, releasing the intact PM target. (F) The PM target is recycled, hybridizing with a new CP 

on the same or a different AuNPs. (G) In the absence of CP strands, the AuNPs undergo salt-

induced aggregation with an associated red-to-blue color change. (H) In contrast, a single 

mismatch flanking the 5' abasic site in the CP-SM duplex inhibits the apurinic endonucleolytic 

activity of Exo III. (I) Exo III therefore only cleaves the match-flanked 3' abasic site, generating a 

single nick. (J) The enzyme subsequently performs 3'-to-5' exonucleolytic digestion. (K) DNA 

digestion dramatically slows down as Exo III approaches the mismatch-flanked 5' abasic site, 

leaving behind DNA duplex fragments on the particle. These fragments prevent salt-induced 

AuNPs aggregation and the solution remains red. 
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When the CP-modified AuNPs hybridize with 33-nt SM DNA targets, the C-C mismatch- 

flanked 5' abasic site (5'-CXT/CTA) (Figure 43H) significantly inhibits the apurinic 

endonucleolytic activity of Exo III.
272

 Exo III therefore preferentially only cleaves the match-

flanked 3' abasic site, generating two nicked CP duplex fragments (23- and 8-bp) (Figure 43I). 

The enzyme subsequently catalyzes exonucleolytic digestion at this site (Figure 43J). However, 

this digestion dramatically slows down as Exo III approaches the mismatch-flanked 5' abasic 

site,
273

 leaving DNA duplex fragments (≥ 12-bp) intact on the surface of the particle. These long 

DNA duplexes have a melting point of ≥ 46.4 
o
C, limiting target release at room temperature and 

thus inhibiting target recycling. These undigested fragments and probes protect the AuNPs 

against salt-induced aggregation (Figure 43K). The AuNP solution will stay red colored because 

of the long DNA sequence stabilizing the AuNPs.  

 

 

Figure 44. AuNP-based, Exo III-amplified colorimetric SNP detection within 15 minutes at room 

temperature. (A) UV-vis spectra of reactions performed in the presence of 50 U Exo III with CP-

modified AuNPs alone (probe only) or with 20 nM SM or PM. (B) A red-to-blue color change is 

apparent in the PM sample relative to the SM sample or probe only (control). 

 

The colorimetric detection of SNP was simply performed in 100 µL of Tris-acetate reaction 

buffer (20 mM, pH 7.9) containing KAc (50 mM), NaCl (25 mM), CaCl2 (20 mM), MgCl2 (3 
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mM), 300 nM CP-modified AuNPs and 50 U Exo III, with or without PM (20 nM) or SM (20 nM) 

at room temperature. The color change was successfully observed by the naked eye; the solution 

with the CP-modified AuNPs and the PM DNA target turned blue within 20 minutes due to 

aggregation of the sheared AuNPs in the high concentration of salt. In contrast, these immobilized 

CPs were highly stable and resistant to the 3'-to-5' exonucleolytic activity of Exo III in the 

presence of the SM target. The solution stayed red, and no color change was observed within 2 

hours (Figures 44B). The result was further confirmed in the microplate reader (Figures 44A). 

4.3.4 Human apurinic/apyrimidinic endonuclease 1 (APE 1) 

To perform SNP detection with salt-induced AuNP aggregation, the apurinic endonucleolytic 

and 3' to 5' exonuclease activities of Exo III need to work synergistically. Control experiment was 

performed to confirm that exonucleolytic digestion of Exo III is absolutely necessary to achieve 

aggregation of CP-modified AuNPs. Human apurinic/apyrimidinic endonuclease 1 (APE 1) is 

known to hydrolyze the phosphodiester backbone specifically at the 5' end of an abasic site, 

creating a nick in the DNA duplex and leaving a 1-nt gapped intermediate with 3'-hydroxyl and 

5'-deoxyribose phosphate termini.
274

 APE 1 was added into the detection platform to replace the 

Exo III. However, APE 1 is known to possess no exonucleolytic activity. We did not observe any 

red-to-blue color change of CP-modified AuNPs either with the PM or SM (Figure 45). All the 

solution remained red even after 4 hours in the presence of 100 nM APE 1, which indicated that 

the CP fragments remain bound to the AuNPs in the absence of 3'-to-5' exonucleolytic activity 

and protected the AuNPs from salt-induced aggregation. These results clearly proved the 

important role of the Exo III exonucleolytic activity in forming a red-to-blue aggregation of 

AuNPs in order to discriminate between PM and SM.   
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Figure 45. CP-modified AuNPs remained the protection against salt-induced aggregation even 

after 4-hour treatment with APE 1, which lacks exonuclease activity. UV-vis spectra of the 

modified AuNPs alone or with 20 nM PM or SM in the presence of 100 nM APE 1 are 

represented. 

 

4.3.5 Role of Exo III activities 

To confirm the contribution of the exonucleolytic activity of Exo III to our AuNP-based SNP 

detection, 2 µM unmodified CP probes (4, 39-nt) without 5' poly(T6) ends were digested with Exo 

III or APE 1 in the presence of 200 nM PM (5, 41-nt) or SM (6, 41-nt) targets in the reaction 

buffer. The PM and SM targets were protected from the enzymatic digestion by a poly(T8) at 3' 

end. The reaction mixtures were challenged with 10 U Exo III for 1 minute or 100 nM APE 1 for 

10 minutes at room temperature, then heat at 80 ºC for 10 minutes to inactivate the activity of the 

enzyme. The aliquots of the reaction mixtures were subjected to electrophoresis on a 12% 

denaturing polyacrylamide gel containing 20 mM Tris-acetate buffer (pH 7.0) with 0.5 mM 

EDTA at room temperature. The gel was stained for 20 min with 1× SYBR Gold and imaged 

with the ChemiDoc MP imaging system (Bio-Rad).  
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Gel electrophoresis data demonstrated that both Exo III and APE 1 were able to discriminate 

a single mismatch at the SNP site due to their apurinic endonucleolytic activity (Figure 46). All 

three major products from enzymatic cleavage (27-nt, 23-nt and 16-nt) (Figure 46A) were clearly 

visualized on the gel, although in varying amounts that reflected differences in processing 

between different enzyme-duplex combinations (Figure 46B). When the unmodified capture 

probe was digested with Exo III, the matched 3' abasic site was efficiently incised for both 

duplexes, resulting in the formation of 16-nt and 23-nt fragments regardless of PM or SM (Figure 

46A). We observed 12-nt and 27-nt products in the CP/PM sample due to the efficient 

endonucleolytic incision at the matched 5' abasic site, while such products were barely observed 

in the mismatch-containing CP/SM sample (Figure 46B). The Exo III could then recognize the 

nicked 3' ends and digest the incised CP fragments (Figure 46A) using 3' to 5' exonuclease 

activities. The intact target was recycled, and most of the 39-nt probes were depleted in the PM 

sample, and only a tiny amount of 27- and 23-nt products remained after this reaction (Figure 

46B, PM with Exo III). Since Exo III was inactivated on the mismatched 5' abasic site for the 

CP/SM duplex, only higher enzymatic efficiency at its matched 3' abasic site was observed 

(Figure 46B, 23-nt product).  

In contrast, the exonucleolytic activity of Exo III was significantly inhibited on the CP/SM 

duplexes due to the inactivation of Exo III on the mismatch-flanked 5' abasic site, inhibiting 

target release and thus preventing target recycling. Therefore, a large number of the probe 

remained intact (Figure 46B, SM with Exo III). We observed a smeared band of ~23-nt product in 

the CP/SM samples, indicating that the initial 23-nt product was degraded to various smaller 

products by Exo III exonucleolytic digestion. No exonucleolytic digestion of Exo III occurred on 

the poly(T8) related 16-nt incised product in both samples. 
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Figure 46. SNP discrimination achieved through the endonucleolytic incision of either Exo III or 

APE 1. (A) APE1 was unable to generate an amplified signal via target recycling due to the 

absence of exonuclease activity. (B) Gel image of unmodified CP (4) alone or with the poly(T8)-

protected PM (5) or SM (6) target (10:1 probe: target ratio), either without enzyme, or incubated 

with 10 units of Exo III or 100 nM APE 1. After heating at 80 ºC for 10 minutes to stop the 

reaction, we characterized the samples via 12% PAGE.  

 

The APE 1 can also efficiently cleave both the 5' and 3' abasic sites of the probe when 

hybridized with the PM target (Figure 46A). The enhanced cleavage at the matched 5' abasic site 

was clearly observed with the PM target, producing an increased amount of the 27-nt fragment 

(Figure 46B, PM with APE 1). This is because the 5' matched abasic site exhibits a higher 

melting temperature (Tm = 51.5 ºC) than the 3' matched abasic site (Tm = 44.6 ºC), which 

increased thermal stability and resulted in a higher concentration of formed duplexes and thus a 

higher endonuclease cleavage efficiency.
275

 Compared with Exo III, APE 1 failed to cleave the 
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mismatched 5' abasic site in the CP/SM sample, producing only a minimal amount of 27-nt 

product, but yielded a large quantity of 23- and 16-nt products due to efficient cleavage at the 

matched 3' abasic site (Figure 46B, SM with APE 1). However, since APE 1 does not possess 3'-

to-5' exonucleolytic activity, each of these cleaved products appeared as a sharp, clear band in the 

gel. In contrast to the Exo III-treated PM sample, most of the 39-nt probe remains unprocessed in 

the APE 1-treated PM sample (Figure 46B). In the absence of exonucleolytic digestion, it is most 

likely that each target molecule only hybridizes with a single CP molecule, with no subsequent 

target recycling to amplify the reaction. Since all of the nicked duplexes have a Tm well above 

room temperature, thermally induced dissociation of CP-target complexes is also unlikely.  

As discussed above, both the apurinic endonucleolytic and 3' to 5' exonucleolytic activities of 

Exo III are critical to the assay. The Exo III-assisted digestion and target recycling in the PM 

sample resulted in complete removal of CP strands from the AuNP surface, which led to the salt-

induced aggregation and yielded a visible color change. In contrast, although APE 1 can 

successfully discriminate the SNP by selective endonucleolytic cleavage at the matched abasic 

site, the subsequent target recycling failed because of the lack of exonuclease 3' to 5' activity. 

Thus, the remaining fragments and probes attached on the AuNPs could effectively protect 

AuNPs from salt-induced aggregation; thereby no color change was observed. 

4.3.6 Divalent cation effect 

Exo III is an enzyme with AP endonuclease and exonuclease activities that are highly 

dependent on divalent cations.
272

 To achieve optimal speed and accuracy of SNP detection, we 

assessed the impact of Mg
2+

 and Ca
2+

 concentrations on Exo III activity. We achieved this by 

measuring the single-base mismatch discrimination factor (DF) at different concentrations of 

calcium and magnesium ions. The DF is defined as the ratio of the net colorimetric signal gain at 

650 nm (after subtracting background from probe only) obtained from AuNPs with the PM target 

relative to that obtained with the SM target; thus, a larger DF is indicative of better specificity. 
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Ca
2+

 is a well-known analog of Mg
2+

 that contributes to the DNA binding specificity of Exo 

III for its endonuclease function.
276

 It has been known that Exo III presented only 7±2% of its 

endonucleolytic activity to the abasic site with a C-C mismatch placed 5' to the lesion in the 

presence of Ca
2+

. However, a 100% endonucleolytic activity was observed with its perfectly-

match C-G pair under the same condition.
272

  

 

Figure 47. The influence of Ca
2+ 

concentration on target discrimination (A) and detection time 

(B). Detection was performed in the buffer (pH 7.9) composed of 20 mM Tris-acetate, 50 mM 

KAc, 25 mM NaCl and 3 mM Mg
2+

, with variable concentrations of Ca
2+

. 50 U of Exonuclease 

III, 300 nM CP-modified AuNPs and 20 nM PM or SM were used in the reaction. 

 

To maximize SNP discrimination, the concentration effect of Ca
2+

 on the colorimetric SNP 

detection was investigated. The concentrations of Ca
2+

 were tested in the range of 0 to 30 mM in 

the presence of 3 mM Mg
2+

 to produce a high-efficiency Exo III reaction. The experimental 

results showed very weak discrimination ability between PM and SM in the absence of Ca
2+

, 

since only modest discrimination (DF = 2) was observed after 150 minutes (Figure 47). When we 

increased the Ca
2+

 concentration to 10 mM, although a maximum DF of 30 was observed, the 

reaction took up to 85 minutes (Figure 47). As the Ca
2+

 concentration increased to 20 mM, the DF 

decreased to 12, and the detection time was decreased to 15 minutes—5-fold faster than the 

reaction with the presence of 10 mM Ca
2+

, presumably due to the high Ca
2+

-induced aggregation 

of AuNPs (Figure 47). While, if the concentration of Ca
2+

 increased to 30 mM, the DF was 

saturated, and AuNPs aggregation was observed in 5 minutes. Although the presence of Ca
2+
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enhance formation of the protein-metal-DNA complex,
276

 these ions can also inhibit the enzyme’s 

endonucleolytic activity. It is clear that Ca
2+

 mainly affects the AP-endonucleolytic activity of 

Exo III to specifically cleave the mismatched abasic site. Thus, 20 mM Ca
2+

 was used to optimize 

a faster SNP detection. 

 

Figure 48. The influence of Mg
2+ 

concentration on target discrimination (A) and detection time 

(B). The reaction buffer (pH 7.9) contained 20 mM Tris-acetate, 50 mM KAc, 25 mM NaCl and 

20 mM Ca
2+

, with variable concentrations of Mg
2+

. 50 U of Exo III, 300 nM CP-modified AuNPs 

and 20 nM PM or SM were used in the reaction.  

 

It is known that Mg
2+ 

strongly stimulates the Exo III activity due to its suitable ionic radius 

and electronegativity.
277

 Thus, the concentration of Mg
2+

 was also explored from 0 to 10 mM with 

the fixed concentration Ca
2+

 (20 mM). It was found that the activity of Exo III increased as the 

Mg
2+ 

concentration increased, and a maximum DF of 14 was achieved in the presence of 2 mM 

Mg
2+

 after 40 minutes (Figure 48). However, along with the further increase of the Mg
2+

 

concentration, the reaction rate accelerated, but the DF decreased due to nonspecific digestion of 

probe DNA by Exo III. It was observed that the DF decreased to a plateau of 10 when Mg
2+

 

concentration is higher than 4 mM (Figure 48). In order to achieve fast reaction speed and good 

specificity, reaction buffer containing 3 mM of Mg
2+

 and 20 mM of Ca
2+

 was employed for all 

reactions. This combination ensures that Exo III distinguishes the perfectly-matched and single-

base mismatched abasic sites and performs rapid exonucleolytic digestion of the resulting 

fragments, yielding good specificity within 15 minutes.  
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4.3.7 Kinetics of Exo III digestion  

The AuNPs can only form aggregates when the majority of the immobilized CP probes are 

sheared from the surface. It is believed that exonuclease digestion-mediated AuNPs aggregation 

is the rate-limiting step because the hybridization between the AuNPs-attached CP probe and 

target is quick in homogenous solution.
278

 Time course reactions were performed between CP-

modified AuNPs with PM or SM, and the rate constants of the enzymatic reaction were estimated 

by fitting the time course data to the Michaelis-Menten equation (Figure 49A). Different 

concentrations of the PM were tested, and the absorbance difference (ΔA) at 524 nm between 

AuNPs-attached probe was monitored without and with PM. Michaelis-Menten constant (Km) of 

426 ± 20 nM and an apparent turn-over number for target DNA (kcat) of 1.26 min
-1 

 were obtained, 

and a reaction efficiency (kcat/Km) of Exo III was 0.0030 min
-1

nM
-1 

(Figure 49B). In contrast, 

reaction rate constant for the SM substrate was impossible to obtain due to a much lower Exo III 

activity. The Km value for our AuNPs-attached CP system is ~3 times lower than that of Exo III 

observed in solution,
272

 suggesting that the kcat in our SNP assay incorporates the rate constraints 

for incision and digestion of Exo III and the aggregation of AuNPs. 

 

Figure 49. Determination of Exo III kinetics in the AuNP-attached CP system. (A) Time course 

of our SNP sensor at different PM target concentrations. The absorbance difference (ΔA) between 

AuNPs-attached probe alone and with PM was recorded at 524 nm. (B) The rate constant of the 

Exo III reaction calculated by fitting time-course data to the Michaelis-Menten equation. 
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To test the dynamic range of our SNP assay, different concentrations (from 10 nM to 100 

nM) of the PM or SM target were added into the CP-modified AuNPs and the mixture was 

incubated for a 10-minute reaction with 50U Exo III. Under these reaction conditions, a detection 

limit for PM target as low as 10 nM was obtained at room temperature after 5 minutes, which the 

color change was strong enough to be observed by the naked eye (Figure 50). However, there was 

almost no color change observed for the SM target within 2 hours.  

 

Figure 50. The dynamic range of the AuNP-based, Exo III-amplified sensor (10 nM - 100 nM) 

after a 10-minute reaction. Detection was performed in 20 mM Tris-acetate buffer (pH 7.9) 

composed of 50 mM KAc, 25 mM NaCl, 3 mM Mg
2+

 and 20 mM Ca
2+

. 50 U of Exo III, 300 nM 

CP-modified AuNPs and variable concentrations of PM or SM were used in the reaction. The 

error bars represent the standard deviation of three measurements conducted at each target 

concentration. 

 

We further performed the reaction at 4 °C and found that the detection limit could reach as 

low as 2 nM (S/N > 3) and the color change was still good enough for naked eye observation after 

4 hours (Figure 51). The sensitivity of our SNP assay was dramatically improved at a lower 

temperature; however, there is a trade-off between reaction time and limit of detection. Although 

the time is slightly longer than usual, it significantly simplified the detection procedure compared 

to other reported SNP assays and maintained good specificity and sensitivity. We attributed the 

high sensitivity to the Exo III, which triggered the signal amplification process. This color change 
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was easily observed by naked eye with as little as 2 nM of the target, which is 100 times lower 

compared to the concentration required for unmodified AuNPs under the documented 

conditions.
156

  

 

 

Figure 51. A detection limit of 2 nM (S/N > 3) achieved by performing the reaction at 4 °C for 4 

hours. In the presence of 50 U Exo III, UV-vis spectra of CP-modified AuNPs alone (probe only), 

or with 2 nM SM or PM, the color change was great enough for naked eye observation. 

 

4.3.8 SNP detection 

To demonstrate the generality of this sensor platform, the discrimination ability against 

different mismatched bases [C-C, C-T and C-A] located at the 5' the abasic site with the PM 

target was explored. The solution containing PM target generated a blue color after the Exo III 

digestion in 15 minutes, whereas any single-base mismatch (C, T or A) DNA target remained red 

after 2 hours (Figure 52A), indicating the good discrimination ability of the SNP detection. The 

highest level of discrimination (DF = 12) was observed in the duplex containing a C-C mismatch, 

whereas the lowest level (DF = 8.5) was observed with a C-T mismatch. The difference is 

consistent with the assumption that mismatch thermodynamic depends not only on the 

mismatched base pair but also the identity of its near neighbors.
279

 However, the experimental 

results are in contrast to the literature report that the endonucleolytic activity of Exo III is only 

inhibited by a C-C mismatch positioned 5' to an abasic site.
272

 When we switched single-base 
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mismatches [T-T and T-G] from the 5' to the 3' side of the 5' abasic site, all of the solution 

changed to blue color, regardless of the PM or SM. The discrimination of single-base mismatches 

was not observed anymore (Figure 52B), confirming that Exo III-mediated SNP discrimination is 

based on its 5' endonucleolytic activity.
280

  

 

Figure 52. The generality of mismatch detection of the AuNP-based, Exo III-amplified sensor. A) 

Our sensor can effectively discriminate SM from PM regardless of which mismatched base is 

located at the 5’ abasic site. B) Our sensor could not discriminate mismatches positioned 3’ to the 

5’ abasic site, due to the 5’ endonucleolytic activity of Exo III. Data show UV-vis spectra of CP-

modified AuNPs probe alone or with 20 nM PM or SM sequences after a 15-minute incubation 

with Exo III at room temperature. 

 

4.4 Conclusion 

A remarkably simple platform that enables sensitive, naked-eye detection of SNPs at room 

temperature within 15 minutes has been developed. This one-pot assay was performed in a single 

tube with one set of DNA probe-modified AuNPs, a single enzyme, and the target DNA. In the 

system, capture probes immobilized on the AuNP were first hybridized with the target and were 

then selectively cleaved into different fragments at abasic sites. In the presence of a perfectly-

matched target, target-probe duplexes were first endonucleolytic cleaved by Exo III at both abasic 

sites on the probe to form nicked duplexes, which were rapidly degraded via the exonucleolytic 

action of Exo III by the release of the target for the recycling, leading to improved sensitivity. 
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The released target was used to hybridize/digest another probe to start another cycle. Sequence-

independent Exo III was used to “recycle” target molecules for multiple times, thus amplified the 

signal from the PM target, and ultimately stripped all probes from the AuNPs, resulting in salt-

induced AuNPs aggregation along with a visible red-to-blue color change. In contrast, the 

mismatched targets inhibited the Exo III’s endonucleolytic activity, stalling exonucleolytic 

digestion, so the AuNPs solution remained red in color. 

In our assay, the AuNPs serve not only as an active substrate for DNA modification but also 

as a sensitive signal reporter due to their extremely large molar extinction coefficient and 

excellent sensitivity to SNP associated aggregation, which can directly report the SNP 

identification by a red-to-blue color change without the need of any additional instrument. 

However, the current detection limit (2 nM) is still not sufficient to omit a target amplification 

step. To obtain even lower clinical level sensitivity (~ fM), another amplification strategy needs 

to be employed to achieve real-time SNP detection. Since the AuNP aggregation is induced by 

Exo III-mediated DNA shearing from the particle surface, the developed system could also be 

rendered in complex biological samples by using nuclease-resistant phosphorothiolated probes.  

Most importantly, the SNP detection system can readily discriminate SNP-containing targets 

regardless of which the mismatched base is positioned at the 5' abasic site, which enables direct 

SNP detection without the design requirement of complicated probes. The entire analysis process 

is simple, fast and cheap, requiring only a one-step mixture reaction, without any complex 

labeling and pretreated process. Therefore, this method should have great prospects for point-of-

care analysis of practical biosamples. Additionally, our one-step, one-pot colorimetrical SNP   

multi-target, parallel SNP analysis over molecule beacons
281

 and TaqMan probes,
282

 which often 

require delicate probe design and precise temperature control. It is worth to note that the 

colorimetric detection platform can be easily transferred into a multiplexed, paper-based device to 

permit rapid, cheap and immediate screening of SNPs. Given that a short, abasic site inserted 
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oligonucleotide could be introduced to hybridize the target-binding portion of any aptamer,
283

 we 

believe that our platform can be highly generalized for the detection of a variety of non-DNA 

targets, including proteins, small molecules, metal ions and even whole cells. 
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CHAPTER 5: Effect of DNA Surface coverage on the performance of aptamer-based sensor 

platform for small molecule detection 

5.1 Introduction 

DNA functionalized AuNP conjugates served as unique probes for recognizing specific 

sequences in DNA segments and as building blocks for assembling novel structures and 

materials. It has been well proved that the surface coverage of the DNA plays an important role in 

the DNA biosensor’s stability, sensitivity, and selectivity.
164,166,167

 The surface coverage of the 

immobilized ssDNA determines the DNA orientation at the interface and thus the efficiency of 

the hybridization process. The high surface density of the probe leads to increasing steric and 

electrostatic repulsion between the probe and target, resulting in low hybridization efficiency and 

subsequently a longer reaction time. At low surface density, steric hindrance can be significantly 

reduced, thus enhancing hybridization efficiency for target binding.
165

 However, the DNA strands 

are likely lying on the gold substrate surface due to non-specific adsorption. Therefore, an 

optimization of probe density is necessary to provide sufficient hybridization efficiency and faster 

reaction time. Maximum signals are normally achieved when the amount of target DNA 

hybridizing with immobilized probe is maximized. 

The loading of DNA oligonucleotides on the Au substrate can usually be controlled during 

the modification step by varying ionic strength, base composition, DNA concentration, or co-

adsorption with thiolated molecules including MCH or DTT.
167,169,170,284

 Those simple single-step 

assembly procedures allow control of the surface density of DNA on the gold surface. However, 

multiple modifications are required to obtain different surface coverages. In addition, careful 

experimental design is required; for example, high salt leads to irreversible aggregation of AuNPs 

during the modification. The surface coverage can only be tuned within a limited range; it is 

going to be troublesome when precise reproducibility of the DNA density is required. Two-step 

methods also have been reported to precise control over surface coverage on the gold substrate. 
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The DNA surface density can be decreased by the addition of shorter thiolated molecules via 

ligand-exchange reaction. The mixed monolayers were formed on the gold surface when exposed 

to DNA solution first, followed by exposure to MCH solution. A primary advantage of using this 

two-step process is that not only nonspecifically adsorbed DNA is largely removed from the 

surface, but also remove some of the chemically attached DNA from the surface by controlling 

the exposure time to the diluent solution or varying the diluent concentration. Thus, almost all of 

the surface-bound probes are available for specific hybridization with DNA targets. 

The objective of this chapter is to evaluate the DNA surface coverage accurately on the 

AuNPs surface, develop a simple method to control the DNA surface coverage, test the surface 

coverage effect on the DNA and small molecule detection. First, we evaluated the commercially 

available OliGreen dye on the characterization of the DNA surface coverage. Second, we 

developed a simple and rapid assay to regulate the surface coverage after one-pot synthesis of 

DNA-modified AuNP by backfilling the oligonucleotides immobilized on the AuNP surface with 

two small thiolated molecules - MCH and DTT - and then tested surface coverage effect on the 

DNA detection using the enzyme-assisted target recycling (EATR) method.
70

 In order to 

demonstrate how the DNA surface coverage also affects small molecule detection, the cocaine 

aptamer was chosen as a model and we developed a colorimetric detection for cocaine based on 

Exo III inhibition on the target-aptamer complex. 

5.2 Materials and methods 

Chemicals and materials All DNA strands were purchased from Integrated DNA 

Technologies (USA) and purified by HPLC. Tris (2-carboxyethyl) phosphine hydrochloride 

(TCEP), 6-mercapto-1-hexanol (MCH), Dithiothreitol (DTT), cocaine hydrochloride, NaCl, 

MgCl2, Trizma preset crystal, Tris-EDTA buffer were purchased from Sigma-Aldrich. 

Exonuclease III was purchased from New England Biolabs (NEB). Water was purified by an 

Ultrapure Milli-Q water system and used to prepare all solutions. SYBR® Gold Nucleic Acid Gel 
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Stain (10,000X Concentrate in DMSO) and Quant-iT™ OliGreen® ssDNA Reagent were 

purchased from Thermo Fisher Scientific. Amicon Ultra-4 Centrifugal Filter columns (100KD) 

were purchased from Millipore. 

Modification of DNA on AuNPs All glasswares were incubated in aqua regia solution for 

overnight and rinsed thoroughly with tap water followed by deionized water. The AuNPs (13nm) 

were prepared using the method described in chapter 4. The DNA-modified AuNPs were 

prepared by gold-sulfur covalent chemistry.
5,72

 The thiolated oligonucleotide (7.95 nmoles) was 

first mixed with freshly prepared TCEP (601.8 nmoles) for 2 hours at room temperature to reduce 

the disulfide bond. The reduced DNAs were then added into 3 mL freshly synthesized AuNP 

solution (9.6 nM). The mixture was incubated at room temperature for 12 hours, followed by the 

slow addition of 4 M NaCl (50 µL). The salt-aged mixture was incubated at room temperature for 

another 12 hours and aged with another 100 µL of 4 M NaCl. The resulting solution was 

incubated at room temperature for another 6 hours before addition of 100 µL of 4 M NaCl. After 

incubating the mixture at room temperature for another 12 hours, the solution was centrifuged at 

1500 rcf for 10 minutes at 4 °C using Amicon Ultra-4 Centrifugal Filter column (Millipore 

100KD) to remove the free unconjugated DNA and an excess amount of NaCl. The resultant 

AuNP pellet was washed with 10mM Trizma buffer (pH 7.4) 6 times. Finally, the DNA-modified 

AuNPs were suspended in the same buffer to obtain a particle concentration about 100 nM. 

Characterization of DTT-displaced, FAM-labeled DNA in solution and on gel The 

surface coverage of the FAM-labeled DNA modified AuNP was first characterized using the 

DTT-displacement assay.
169

 To do so, 5 μL of DNA-modified AuNPs solution was diluted with 

45 μL of 10 mM Tris buffer (pH 7.4), and then mixed with 50 μL of 1.0 M DTT (prepared in 10 

mM Tris, pH 7.4) thoroughly. After incubation at room temperature for 16 hours, the solution 

was centrifuged at 21,130 rcf for 30 minutes to remove the AuNP precipitate, and 80 μL of 

supernatant was transferred into a 96-well microplate to record the fluorescence spectra from 505 
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nm to 850 nm (λex=495 nm). To establish the standard calibration curve, 5 μL of 10 mM Tris 

buffer containing known concentrations of unconjugated SH-probe was diluted with 45 μL of 10 

mM Tris buffer and mixed with 50 μL of 1.0 M DTT (prepared in 10 mM Tris buffer, pH 7.4). 

The samples used for the calibration underwent a 16-hour incubation and the same centrifugation 

process as the DNA-modified AuNP samples.  

The DTT-displaced, FAM-labeled DNA samples were also characterized by denaturing 

PAGE. A 5 µL of DTT-displaced DNA samples or standard unconjugated DNA solutions with 

different concentrations were mixed with 10 µL formamide loading buffer (71.25% formamide, 

10% glycerol, 0.125% SDS, 25 mM EDTA, and 0.15% (w/v) bromophenol blue and xylene 

cyanol). The prepared samples and standards DNA solution were loaded into each well of a 15% 

denaturing PAGE gel. Separation was carried out at 20 V/cm for 1 hour in 0.5× TBE (44.5 mM 

Tris base, 44.5 mM boric acid, 1 mM EDTA) running buffer. After the gel electrophoresis assay 

was complete, the DNA was imaged directly using a ChemiDoc MP imaging system (Bio-Rad) or 

stained with 0.5× SYBR Gold for 25 minutes before the gel imaging. Comparing band intensity 

using a known concentration of DNA sample allowed us to generate a calibration curve and 

calculate DNA concentration of the DTT-displaced samples. Since FAM emits a fluorescence 

signal under UV light, we directly imaged the gel after DNA separation. We plotted the band 

intensity versus the standard concentrations of FAM-labeled, unconjugated DNA to form a 

calibration curve. The amount of DNA modified on AuNP was then calculated using this 

generated calibration curve. The resultant gel was also stained with 0.5× SYBR Gold. After the 

staining, the band intensity was re-analyzed and re-plotted with the standard concentrations of 

FAM-labeled, unconjugated DNA.  

Characterization of DTT-displaced unlabeled DNA stained with either SYBR Gold on 

gel or OliGreen in solution The unlabeled, DNA-modified AuNP were treated with an equal 

volume of 1.0 M DTT to release the DNA into the solution. After the separation of AuNPs from 
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the DNA supernatant, the DTT-displaced, unlabeled DNA solution was first characterized by 

denaturing PAGE. A 5 µL of standard unlabeled and unconjugated DNA solution at different 

concentrations or the DTT-displaced DNA samples were mixed with 10 µL formamide loading 

buffer. The prepared standards and sample were then loaded into each well of the 15% denature 

PAGE gel. Separation was carried out at 20 V/cm for 1 hour in 0.5× TBE running buffer. After 

the separation was complete, the gel was stained with 0.5× SYBR Gold for 25 minutes and 

imaged using a ChemiDoc MP imaging system (Bio-Rad). The calibration curve generated by the 

band intensity of known concentrations of standards allowed us to calculate the DNA surface 

coverage of unlabeled DNA on AuNPs. 

The amount of unlabeled DNA on AuNPs was also determined using a commercially 

available single-stranded oligonucleotide quantification kit (OliGreen; Invitrogen). The stock 

concentration of OliGreen dye is 200×. To perform the measurements, 20 µL of the DTT-

displaced DNA supernatant was diluted with 80 µL of 1× TE buffer (10mM Tris-HCl, 1mM 

EDTA, pH 8.0), and then mixed with 100 µL of 1× OliGreen prepared with 1× TE buffer for 5 

minutes in the dark. The mixture was then loaded into a 96-well plate. The OliGreen dye 

specifically binds with ssDNA, emitting a strong fluorescence at 525 nm. Fluorescence intensities 

were recorded at 525 nm using a Tecan Infinite M1000 PRO with an excitation wavelength of 

500 nm. To calculate DNA surface coverage, we established a standard curve by mixing different 

concentrations of unlabeled, unconjugated DNA with 1× OliGreen prepared with 1× TE buffer.  

Effect of Exo III activity on the MCH (or DTT)-regulated DNA surface coverage MCH 

(or DTT) displacement was carried out to reduce the DNA surface coverage on AuNPs via ligand 

exchange reaction. The displacement was performed by mixing 50 µL DNA-modified AuNPs 

with 20 µL of different concentrations of MCH (or DTT) in 10 mM Tris buffer (pH 7.4) for 30 

minutes. The excess MCH (or DTT) and displaced DNA were then removed from the solution by 

centrifugation. To test the effect of MCH (or DTT)-regulated surface coverage on Exo III 
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activity, the modified DNAs were dispersed in 10 mM Tris buffer solution containing 20 mM 

NaCl and 6 mM MgCl2. The time course of Exo III digestion was monitored in the presence and 

absence of 100 nM DNA target upon addition of 1U of Exo III, with the absorbance ratio at 650 

to 520 nm (A650/A520) serving as an indicator of AuNP aggregation.  

To characterize the resulting surface coverage on AuNPs after MCH (or DTT) treatment, the 

concentration of AuNPs and the concentration of fluorescent DNA in each sample were measured 

according to a previously reported method.
169

 Specifically, the AuNP pellet was re-suspended in 

10 mM Tris buffer and mixed with an equal volume of 1.0 M DTT. The mixture was incubated 

overnight at room temperature to displace all DNA strands from the AuNP surface. The 

supernatant was collected after centrifugation, and the fluorescence was measured after 

incubation with 1× OliGreen dye for 5 minutes in the dark. Standard DNA samples were prepared 

under the same salt and buffer conditions and mixed with 1× OliGreen dye to generate a 

calibration curve. Fluorescence intensities were recorded at 525 nm with an excitation 

wavelength of 500 nm. The concentration of AuNPs was calculated by using Beer’s Law and ε = 

2.7 x 10
8
·mol

-1
·cm

-1
.  

Characterize Exo III inhibition effect on the cocaine split aptamer on gel To test Exo III 

inhibition on the target-aptamer complex, a cocaine split aptamer (38-GC) containing a single-

binding domain or a newly engineered cocaine split aptamer – cooperative binding split aptamer 

(5325-AT or 5325-XT) – containing dual binding domains was incubated with 10 U Exo III in 

Tris buffer (pH 7.4) including 125 mM NaCl and 0.1 mM MgCl2 in the absence or presence of 

250 µM cocaine. The reaction was stopped at each selected reaction time by mixing the sample 

with formamide loading buffer. A 3 µL of each mixture was loaded into the well and the digested 

products from different reaction times were characterized by 15% denaturing PAGE gel. 

Separation was carried out at 20 V/cm for 3 hours in 0.5 × TBE running buffer. The gel was 

stained with 100 mL of 0.5× SYBR Gold solution for 25 minutes and imaged using a ChemiDoc 
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MP imaging system (Bio-Rad). Both 38-GC split aptamer and CBSA-5325 were tested under the 

same buffer condition, but challenged with different concentrations of Exo III.  

AuNP-based colorimetric detection of cocaine based on Exo III inhibition on target-

aptamer complex Based on Exo III inhibition on the cocaine-bound CBSA, we have used 

CBSA-5325-XT to develop an AuNP-reported colorimetric detection of cocaine. We modified 

the CBSA short fragment (SH-5325-5T-SF) onto AuNP via thiol-gold chemistry as described 

above. To test the effect of DNA surface coverage on cocaine detection, the SF-modified AuNPs 

were treated with different concentration of DTT (0-600 µM) or MCH (0-1200 µM) to reduce the 

DNA surface coverage. The DTT (or MCH) treated DNA-modified AuNPs were then redispersed 

in 10 mM Tris buffer (pH 7.4) solution containing 125 mM NaCl and 0.1 mM MgCl2, and 

incubated with 1 µM long fragment (named 5A-LF), 250 µM cocaine or DI for 1 hour at room 

temperature. Upon addition of 10 U of Exo III, the absorbance change of the samples were 

recorded. To determine the effect of thermodynamic stability of cocaine-aptamer complexes on 

Exo III digestion, CBSA long fragments modified with different poly A linker on the 3' end (3A-

LF, 4A-LF, 5A-LF and 6A-LF) were tested (Sequences list in Table 4). The DTT-treated DNA-

modified AuNPs were redispersed in 10 mM Tris buffer solution containing 125 mM NaCl and 

0.1 mM MgCl2 and 1 µM different long fragment. 10 U of Exo III was then added into the sample 

containing 250 µM cocaine or DI and the time course was monitored. To test the effect of CBSA-

LF concentration on the sensor performance, different concentrations of CBSA 5A-LF (0.1 µM - 

8 µM) were added into the DTT-treated, DNA-modified AuNPs and the time course was 

recorded. The effect of cations including Na
+
 and Mg

2+
 were also tested in the similar fashion. 
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5.3 Results and discussions 

5.3.1 Evaluation of OliGreen fluorescence assay for the characterization of DNA surface 

coverage on AuNPs 

We have validated the method that characterized the surface coverage of unlabeled DNA on 

the AuNPs using OliGreen fluorescence dye. We first used a “gold standard” DTT-displacement 

method to characterize the surface coverage of three different FAM-labeled DNA sequences on 

AuNPs by measuring the fluorescence intensity of the displaced DNA strands in solution. We 

then compared the identified surface coverage with the results obtained with a common lab 

technique - gel electrophoresis. We found that the DNA surface coverage quantified with both 

methods were similar. Based on the fact that DNA surface coverage on AuNPs can be accurately 

measured by gel electrophoresis, the DNA surface coverage of another two non-FAM-labeled 

DNA sequences were further characterized with gel electrophoresis and OliGreen-based 

fluorescence measurement in solution. The results obtained from both methods were consistent, 

proving that the OliGreen-based method enabled accurate measurement of surface coverage of 

unlabeled DNA on AuNPs. 

5.3.1.1 Characterization of DTT-displaced, FAM-labeled DNA in solution and on the gel 

 

Table 2. Three FAM-labeled thiolated DNA sequences employed in this work (from 5' to 

3'). 

NoX-FAM: 

HS-TTT TTT ACC ACA TCA TCC ATAT AAC TGA AAG CCA AAC AG-FAM 

1X-FAM:   

HS-TTT TTT ACC ACA TCA TCC /X/TAT AAC TGA AAG CCA AAC AGT TTT TTT 

T -FAM 

2X-FAM: 

TTT TTT ACC ACA TCA TCC /X/TAT AAC TGA AA/X/ C CAA ACA GTT TTT TTT -

FAM 
*
/X/ denotes the abasic site (a propyl residue, Spacer-C3), 1X = one abasic site and 2X = two 

abasic sites).    
*
/FAM/ denotes fluorescein. 
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We first modified three different FAM-modified DNA strands (Table 2, NoX-FAM; 1X-

FAM and 2X-FAM) on AuNPs via thiol-gold chemistry. To accurately determine DNA surface 

coverage on AuNPs, the concentrations of AuNPs and DNA in each sample were measured. The 

UV-Vis measurement of AuNP solution was performed in the range of 300 to 800 nm and the 

concentration of AuNPs was calculated using Beer’s Law with maximum wavelength located at 

520 nm. Fluorophore-labeled DNA is strongly quenched when bound to AuNPs (Figure 53, left), 

but the fluorescence of the labeled DNA is recovered once it is detached from the surface (Figure 

53, right). Thus, DTT assay, a gold standard method to detach DNA from the particle, was used 

to obtain the amount of DNA immobilized on the AuNPs.  

 

Figure 53. Scheme of DTT displacement of AuNP-conjugated fluorescein-labeled DNA strands. 

 

DTT, a highly water-soluble solid agent that can effectively bind to gold surface via two thiol 

groups - was used to directly displace the immobilized DNA from AuNP surfaces via ligand-

exchange reaction. Specifically, the fluorescence of AuNP-conjugated 6-FAM labeled DNA was 

efficiently quenched as a result of fluorescence resonance energy transfer (FRET) to AuNP. After 

adding equal volumes of 1.0 M DTT into the FAM-labeled DNA-functionalized AuNPs for an 

overnight incubation, the FAM-DNA was completely removed from the AuNP surface, which led 

to fluorescence recovery. To accurately determine DNA surface coverage on AuNPs, the DTT-

displaced, FAM-labeled DNA strands have been characterized by the calibration curves generated 

in solution (solution assay), or on the gel without SYBR Gold staining (gel electrophoresis assay 

Remove

DTT displacement

FAM

Labeled DNA Fluorescence on
Fluorescence off
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without staining) or with (gel electrophoresis assay with staining). After overnight incubation at 

room temperature, the displaced DNA was separated from the AuNPs via centrifugation and the 

surface coverage of the NoX-FAM probe modified AuNP was determined as ~48 (± 5) DNA 

strands per particle using the solution assay based on the generated calibration curve of the 

unconjugated NoX-FAM probe in solution with the excitation at 495 nm and the emission at 520 

nm (Figure 54A).  

 

 

Figure 54. Characterization of the surface coverage of NoX-FAM DNA on AuNPs. (A) 

Calibration curve of the fluorescence intensity of NoX-FAM DNA (0 – 400 nM) in solution assay. 

(B) Calibration curve of the gel image of NoX-FAM DNA (0 – 400 nM) without staining. (C) 

Calibration curve of the gel image of NoX-FAM DNA (0 – 400 nM) with 0.5× SYBR Gold (SGD) 

staining. (D) Comparison of the surface coverage using different assays. 
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The samples were then loaded into the denatured PAGE with prepared standard calibration 

samples. Since 6-FAM emits fluorescence at 520 nm under UV light, we directly imaged the 

sample-loaded gel after the separation. Using the calibration curve generated with the standard 

concentrations of unconjugated FAM-labeled DNA on the gel, we obtained that the surface 

coverage of the NoX-FAM probe modified AuNP was ~32 (± 3) DNA strands per particle 

without staining (Figure 54B), which was slightly lower than the value obtained in the solution 

assay (~48 (± 5) DNA per particle). The resultant gel was then stained with 0.5× SYBR Gold and 

the calculated surface coverage of the NoX-FAM probe modified AuNP was ~41 (± 3) DNA per 

particle with staining (Figure 54C), which is close to the values obtained from the solution assay.  

 

Figure 55. Characterization of the surface coverage of 1X-FAM DNA on AuNPs. (A) Calibration 

curve of the fluorescence intensity of 1X-FAM DNA (0 – 400 nM) in the solution assay. (B) 

Calibration curve of the gel image of 1X-FAM DNA (0 – 400 nM) without staining. (C) 
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Calibration curve of the gel image of 1X-FAM DNA (0 – 400 nM) with 0.5× SYBR Gold (SGD) 

staining. (D) Comparison of the surface coverage using different assays. 

 

 

 

Figure 56. Characterization of the surface coverage of 2X-FAM DNA probe. (A) Calibration 

curve of the fluorescence intensity of 2X-FAM DNA (0 – 400 nM) in the solution assay. (B) 

Calibration curve of the gel image of 2X-FAM DNA (0 – 400 nM) without staining. (C) 

Calibration curve of the gel image of 2X-FAM DNA (0 – 400 nM) with 0.5× SYBR Gold (SGD) 

staining. (D) Comparison of the surface coverage using different assays. 
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electrophoresis assay described above. Two calibration curves were respectively formed using the 

fluorescence intensity of the standard concentrations of unconjugated FAM-labeled DNA in 

solution (Figures 55A and 56A), the gel band intensity without (Figures 55B and 56B) or with 

SYBR Gold staining (Figures 55C and 56C). The results demonstrated that the DNA surface 

coverage obtained with SYBR Gold staining was consistent with the values determined by the 

solution assay. However, the surface coverage determined by the FAM fluorescence on the gel 

was lower for both DNA sequences (Figures 55D and 56D). 

5.3.1.2 Characterization of DTT-displaced, unlabeled DNA stained with either SYBR Gold 

stained gel electrophoresis assay or OliGreen-based solution assay  

The SYBR Gold stained gel electrophoresis assay was validated by the standard DTT 

displacement assay for the accurate determination of surface coverage of three FAM-labeled 

oligonucleotides on AuNPs. We further used the validated SYBR Gold stained gel 

electrophoresis assay to evaluate the performance of OliGreen based solution assay on measuring 

surface coverage of unlabeled DNA strands on AuNPs. Our experimental results demonstrated 

that the OliGreen based solution assay allowed an accurate determination of DNA surface 

coverage on AuNPs. 

 

Table 3. The sequences of two unlabeled thiolated DNAs employed (from 5' to 3'). 

NoX No-T8: HS-TTT TTT ACC ACA TCA TCC ATA TAA CTG AAA GCC AAA CAG 

1-X No-T8:  HS-TTT TTT ACC ACA TCA TCC /X/TAT AAC TGA AAG CCA AAC AG 

*
/X/ denotes the abasic site (a propyl residue, Spacer-C3) 

 

Two unlabeled thiolated DNA strands (Table 3, NoX No-T8 and 1-X No-T8) were used to 

modify AuNPs and identify the surface coverage of each DNA strand on AuNPs using the SYBR 

Gold stained gel electrophoresis assay as well as the OliGreen-based solution assay. The SYBR 
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Gold stained gel electrophoresis assay started with DTT displacement by mixing the unlabeled 

DNA-modified AuNPs with the equal volume of 1.0 M DTT solution for 16 hours at room 

temperature. The displaced DNA was separated from the AuNPs via centrifugation and loaded 

into the denatured PAGE with the prepared standard calibration samples. After the gel 

electrophoresis was complete, the gel was stained with 0.5× SYBR Gold for 25 minutes and 

imaged using a ChemiDoc MP imaging system. The calibration curve generated with known 

concentrations of standards on the same gel allowed us to calculate DNA surface coverage of 

NoX-No-T8 and 1-X No-T8 on AuNPs. The surface coverage of NoX-No-T8 strand and 1-X-No-

T8 was 46 (± 3) and 91 (± 5), respectively (Figures 57A and 57B).  

 

Figure 57. Characterization of the DNA surface coverage of NoX No-T8 DNA and 1-X No-T8 

DNA. (A) Calibration curve of NoX No-T8 DNA (0 – 400 nM) imaged with 0.5× SYBR Gold 
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(SGD) staining. (B) Calibration curve of 1X No-T8 DNA (0 – 400 nM) imaged with 0.5× SYBR 

Gold (SGD) staining. (C) Calibration curve of NoX No-T8 DNA and 1-X No-T8 DNA (0 – 400 

nM) in the solution phase detected using OliGreen dye. (D) Comparison of the surface coverage 

using OliGreen based solution assay and SYBR Gold stained gel electrophoresis assay. 

The displaced unlabeled DNA samples were also determined using a commercially available 

OliGreen-based, single-stranded oligonucleotide quantification kit. OliGreen dye is an 

ultrasensitive, fluorescent nucleic acid stain that is used for quantitating single-stranded DNA 

(ssDNA) in solution. OliGreen itself gives a very low fluorescence in solution. When it binds to 

nucleic acids, the fluorescence of OliGreen is significantly enhanced (Figure 58). Usually, the 

OliGreen fluorescent assay for ssDNA offers ultra-high sensitivity: a 1000-fold improvement in 

sensitivity over traditional absorbance methods. We used OliGreen to stain the displaced DNA 

and determined that AuNPs modified with No-X-No-T8 strand and 1X-No-T8 displayed 49(± 3) 

and 87(± 5) oligonucleotides per particle, respectively (Figure 57C). We observed that the values 

obtained with OliGreen-based solution assay are highly consistent with the values from the 

SYBR Gold stained gel electrophoresis assay (Figure 57D). 

 

 

Figure 58. Scheme of DTT displacement of AuNP-unlabeled DNA strands and the 

characterization of surface coverage of released DNA using OliGreen dye. 

 

5.3.2 Development of a simple assay based on ligand-exchange strategy to rapidly alter DNA 

surface coverage on AuNPs  

We recently developed an AuNP-based, Exo III-assisted target-recycled (EATR) colorimetric 

assay for DNA detection in a single tube with one set of DNA probe-modified AuNPs, a single 
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exonuclease (Exo III), and the target DNA in question (Figure 59).
70

 The capture probe DNA 

which featured two propyl abasic sites were attached on AuNP via a thiol-gold bond at its 5' end. 

In the absence of perfectly matched (PM) target DNA, Exo III could not digest the surface-

attached single-stranded probe DNA and the solution remained red. In the presence of the target, 

the PM target formed a duplex with the immobilized probe DNA on the AuNP surface, with the 

3' poly(T8) sequence of CP forming a sticky end. Exo III was inactive at this 3' sticky end,
285

 and 

instead preferentially cleaved the match-flanked abasic sites through its apurinic endonucleolytic 

activity, converting the probe DNA into three nicked duplex fragments. The Exo III then 

recognized the newly-formed 3'-hydroxyl termini on the nicked ends of the probe fragments and 

rapidly catalyzed the stepwise removal of 5'-mononucleotides through its exonucleolytic 

activity.
270, 286

 This ultimately sheared the probe fragments from the particle but released the PM 

strand intact. The released PM target was then recycled and hybridized with another probe DNA 

on the same or a different AuNP to begin the cycle anew. Ultimately, all of the probe DNAs were 

sheared from the AuNPs, leaving only short poly(T6) linkers behind on the particles. The sheared 

AuNPs become unstable and undergo salt-induced aggregation in the reaction buffer, giving rise 

to a red-to-blue color change (Figure 59). Since a single DNA target can be recycled for many 

probe DNA-modified AuNPs, the signal was rapidly amplified with visible AuNP aggregation 

within 15 minutes under the optimized condition.  

We found that the DNA surface coverage on the AuNP played a significant role in 

determining the reaction time required to achieve a clear red-to-blue change with maximum 

signal gain in the EATR-based colorimetric assay described above. To demonstrate the effect of 

DNA surface coverage on the reaction time, we designed a 5' thiolated 45-nt probe DNA (Table 

3, named 1X No-T8 probe) containing an abasic site without any fluorophore label at the 3' end. 

We first modified AuNPs that achieve a maximized DNA surface coverage. To do so, we 

prepared the DNA-modified AuNPs by incubating 15.8 nmole of tris (2-carboxyethyl) phosphine 
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(TCEP)-reduced probe DNA with freshly prepared, citrate-coated AuNPs (59.2 picomoles) at 

room temperature with a DNA to AuNP ratio of 267:1. During the DNA modification, NaCl was 

gradually added into the solution (final concentration ~ 0.3M) to weaken the electrostatic 

interaction between the oligonucleotides in order to obtain a higher surface coverage.
169

 After the 

modification, we found that 25% DNA was unconjugated and the unbound DNA was further 

removed via centrifugation. The DNA-modified AuNPs were washed with 10 mM Tris buffer 

(pH 7.4). The surface coverage of the 1X No-T8 probe DNA-modified AuNPs was characterized 

by OliGreen-based solution assay, yielding a high surface density with 120 strands/particle. 

 

 

Figure 59. The AuNP-based, Exo III-assisted target recycling (EATR)-based colorimetric 

detection of DNA. 

 

5.3.2.1 Using MCH to alter DNA surface coverage on AuNPs and testing Exo III activity on the 

MCH-treated DNA-modified AuNPs. 

We then used the prepared 1X No-T8 probe DNA-modified AuNPs and a thiolated molecule 

– mercaptohexanol (MCH) to develop a simple and rapid assay based on a ligand-exchange 

strategy to control the surface coverage of DNA-modified AuNPs. Based on the fact that MCH 

can reactively displace the immobilized probe DNAs from the gold surface (Figure 60), we 

incubated the 1X No-T8 probe DNA-modified AuNPs loaded with a maximal DNA surface 
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coverage of 120 strands/particle with various concentrations of MCH (0-200 µM) for 30 minutes 

at room temperature to prepare seven batches of DNA-modified AuNPs with different surface 

coverage. After separating the MCH-treated AuNPs from the supernatant, the AuNP pellets were 

re-suspended in 10 mM Tris buffer (pH 7.4). We then mixed these seven batches of MCH-treated 

AuNPs with an equal volume of 1.0 M DTT and incubated the mixture at room temperature for 

16 hours at room temperature to completely remove 1X No-T8 probe DNAs from the surface, 

after which the samples were centrifuged. The supernatant was collected and the fluorescence 

was measured after mixing with 1× OliGreen dye. We then established a calibration curve by 

recording the fluorescence intensity of mixtures containing different concentrations of unlabeled, 

unconjugated 1X No-T8 probe DNA and 1× OliGreen dye prepared with the same buffer 

condition (Figure 61A). We determined that the DNA-modified AuNPs adjusted with the MCH 

concentration of 0, 10, 25, 50, 75, 100 and 200 µM displayed 120 (± 6), 60 (± 4), 50 (± 4), 40 (± 

3), 36 (± 3) 30 (± 3) and 25(± 2) oligonucleotides per particle, equivalent to surface coverage of 

37.5 (± 1.9), 18.8 (± 1.3), 15.6 (± 1.3), 12.5 (± 1), 11.3 (± 1), 9.4 (± 1) and 7.8 (± 0.6) pmole/cm
2
, 

respectively (Figure 61B). 

 

Figure 60. Scheme of regulating DNA surface coverage on AuNP by using mercaptohexanol 

(MCH). 

 

We found that MCH can effectively regulate DNA surface coverage on AuNPs, and it was 

found as the MCH concentration increases, the DNA surface coverage on the AuNPs decreases. 
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When the MCH concentration was higher than 200 µM, the MCH-treated AuNPs were not stable 

in the reaction buffer due to a poor protection from very few probe DNAs retained on the surface. 

 

 
 

Figure 61. Effect of MCH concentration on the adjusted DNA surface coverage. (A) Calibration 

curve with 1X No-T8 standard. (B) DNA surface coverage regulated by different concentrations 

of MCH.  

 

 

 

Figure 62. Effect of Exo III activity on the MCH-regulated DNA surface coverage. The Exo III 

digestion on AuNP-DNA was performed with or without of 100 nM perfectly matched DNA 

target in 10 mM Tris buffer solution containing 20 mM NaCl and 6 mM MgCl2 and 1U of Exo 

III. 
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These MCH-treated, DNA-modified AuNPs were stable in the reaction buffer and the 

solution was red in color. However, when the immobilized probe DNAs were hybridized with its 

PM target, Exo III facilitated the digestion on the formed duplexes and rapidly sheared the DNA 

probes from the particles. The sheared AuNPs became unstable in the reaction buffer and 

underwent salt-induced aggregation, giving rise to a red-to-blue color change. We observed that 

the MCH-regulated, DNA-modified AuNPs perform a much faster Exo III-assisted AuNP 

aggregation than these non-treated, DNA-modified AuNPs (Figure 62). Specifically, we re-

suspend the MCH-displaced AuNPs in 10 mM Tris buffer containing 20 mM NaCl and 6 mM 

MgCl2. We collected the time-dependent UV-vis measurements of these MCH-treated AuNP 

samples in the presence of 1U Exo III and 100 nM PM target (Figure 62), and used the ratio of 

absorbance at 650 nm to 522 nm (A650nm/A522nm) as an indicator to measure the aggregation 

degree of AuNPs. The colorimetric result confirmed that the DNA surface coverage gave a 

significant effect on the Exo III-assisted aggregation rate of the DNA-modified AuNPs. Clearly, 

the reaction rate of the surface-based enzymatic reaction was increased by MCH-reduced surface 

coverage and the DNA-modified AuNPs with a lower surface coverage produced the fastest 

aggregation rate (Figure 62). We believe that the DNA-modified AuNPs with a lower surface 

coverage provided more space and less charge repulsion to facilitate target DNA hybridization 

and Exo III digestion on the particle surface, resulting in a much shorter reaction time. In contrast, 

the high DNA surface coverage usually had a steric effect and charge repulsion on target DNA 

hybridization and salt-accumulated inhibition on enzyme activity, producing a slow reaction or no 

reaction within a fixed measurement time. 

5.3.2.2 Using DTT to alter DNA surface coverage on the DNA-modified AuNPs and testing Exo 

III activity on the DTT- treated DNA-modified AuNPs 

Alternatively, we employed another thiolated molecule, dithiothreitol (DTT), to adjust the 

DNA surface coverage on the AuNPs through ligand-exchange reaction. DTT is much more 
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reactive toward the gold surface and can bind AuNPs via two thiol groups to effectively displace 

the immobilized DNA strands from the gold surface (Figure 63).  

 

Figure 63. Scheme of adjusting DNA surface coverage on AuNP by using dithiothreitol (DTT). 

 

DTT displacement was carried out in 10 mM Tris buffer (pH 7.4) using different 

concentrations of DTT (0-200 µM) for 30 minutes at room temperature. The displaced DNA and 

excess DTT were separated from the DNA-modified AuNPs via centrifugation. To characterize 

the surface coverage, the DTT-adjusted AuNPs were re-suspended in 10 mM Tris buffer (pH 7.4) 

and then mixed with an equal volume of 1.0 M DTT for 16 hours at room temperature to 

completely displace all DNA strands immobilized on the AuNP. The supernatant was collected, 

and the fluorescence was measured after mixing with 1× OliGreen dye. The calibration curve was 

generated by using the known concentrations of unconjugated 1X No-T8 DNA and 1× OliGreen 

dye under the same buffer conditions (Figure 64A). We determined that the DNA-modified 

AuNPs adjusted with the DTT concentration of 0, 10, 25, 50, 75, 100 and 200 µM displayed 120 

(±8), 70 (±7), 60 (±5), 50 (± 6), 40 (±3), 38 (±4) and 30 (±4) oligonucleotides per particle, 

equivalent to surface coverage of 37.5 (±2.5), 21.9 (±2.2), 18.8 (±1.6), 15.6 (±1.9), 12.5 (±0.9), 

11.9 (±1.2) and 9.4 (±1.2) pmole/cm
2
, respectively (Figure 64B). We found that the DTT-treated 

AuNPs were not stable in the reaction buffer due to poor protection from very few probe DNAs 

retained on the surface when the DTT concentration was higher than 200 µM. The calculated 
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surface coverage indicated that the surface coverage on the DTT-adjusted, DNA-modified AuNPs 

decreased as the DTT concentration increased (Figure 64B).  

 

Figure 64. Effect of DTT concentration on the regulated DNA surface coverage. (A) Calibration 

curve with 1X No-T8 standard. (B) DNA surface coverage regulated by different concentrations 

of DTT.  

 

 

Figure 65. Effect of Exo III activity on the DTT-regulated DNA surface coverage. The Exo III 

digestion on AuNP-DNA was performed with or without of 100 nM target DNA in 10 mM Tris 

buffer solution contains 20 mM NaCl and 6 mM MgCl2 and 1U of Exo III. 
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 The DTT-treated, DNA-modified AuNPs also demonstrated a higher activity for Exo III 

digestion than those non-treated, DNA-modified AuNPs. We performed Exo III reaction with 

these seven batches of DTT-treated DNA-modified AuNPs in 10 mM Tris buffer solution 

containing 20 mM NaCl, 6mM MgCl2, 1U of Exo III and 100 nM PM target. The ratio of 

A650nm/A522nm collected during the time course clearly demonstrated that the reaction rate 

increased as the DNA surface coverage of the modified-AuNPs decreased (Figure 65). 

We have developed a simple and rapid assay to adjust the DNA surface coverage of DNA-

modified AuNP by incubating the as-prepared DNA-modified AuNPs loaded with the maximum 

amount of DNA with low concentrations of MCH or DTT for 30 minutes at room temperature. 

The surface-based DNA hybridization and enzyme reaction can be strongly affected by DNA 

surface coverage. The significant effect of DNA surface coverage on the assay performance was 

confirmed by using our AuNP-based, EATR-based colorimetric assay. 

5.3.3 Development of a colorimetric detection of cocaine based on Exo III-inhibited 

digestion on target-aptamer complex 

Table 4. DNA sequences for CBSA (from 5' to 3'). 

38GC: GGG AGA CAA GGA AAA TCC TTC AAC GAA GTG GGT CTC CC 

38GC-LF:  CTC CTT CAA CGA AGT GGG TCT CAA AAA AAA AA 

38GC-SF: TTT TTG AGA CAA GGA G 

5325-10A-LF: CTCCTTCAACGAAGTGGGTTCCTTCAACGAAGTGGGTCTC 

AAAAAAAAAA 

5325-6A-LF: CTCCTTCAACGAAGTGGGTTCCTTCAACGAAGTGGGTCTCAAAAAA 

5325-5A-LF: CTCCTTCAACGAAGTGGGTTCCTTCAACGAAGTGGGTCTCAAAAA 

5325-4A-LF: CTCCTTCAACGAAGTGGGTTCCTTCAACGAAGTGGGTCTCAAAA 

5325-3A-LF: CTCCTTCAACGAAGTGGGTTCCTTCAACGAAGTGGGTCTCAAA 

5325-AT-SF: TTTTTGAGACAAGGAACAAGGAG 

5325-XT-SF: TTTTTGAGACAAGG/iSpC3/ACAAGGAG 

SH-5325-6T-SF: SHTTTTTTGAGACAAGG/iSpC3/ACAAGGAG 

*
/iSpC3/ denotes the abasic site (a propyl residue, Spacer-C3) 
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To test the effect of DNA surface coverage on small molecule detection, we have developed 

an AuNP-reported colorimetric assay for cocaine detection based on Exo III inhibition on the 

target-aptamer complex. We have found that Exo III preferentially digested the unbound folded 

aptamer whereas such digestion was inhibited for target-aptamer complexes. Specifically, the 

digestion of Exo III was performed with a newly engineered cocaine-binding aptamer (38-GC),
287

 

which pre-folded into a three-way junction with a blunt end at 3' end. In the absence of cocaine, 

Exo III catalyzed 3'-to-5' digestion of 38-GC by the stepwise removal of mononucleotides to form 

short, single-stranded products due to its preferentially recognized blunt termini (Figure 66, no 

cocaine). In the presence of cocaine, however, 38-GC underwent a subtle shift of a few 

nucleotides within the three-way junction involved with cocaine binding. We observed that Exo 

III was highly sensitive to this minor reorganization within the binding domain, and was no 

longer capable of digesting the cocaine-bound aptamer (Figure 66, with cocaine). Importantly, 

Exo III’s structure selectivity was sufficiently strong to prevent recognition of aptamer complexes 

formed via weaker interactions with other, non-target interferent molecules.  

 

 

 

Figure 66. Time-course of 38-GC digestion with Exo III in the absence or presence of cocaine. 

(A) PAGE analysis of digested products. (B) Extent of 35-nt product degradation over time in the 

presence or absence of cocaine. [38GC]: 1 μM, [cocaine]: 250 μM, [Exo III]: 0.26 U/μL. 
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Figure 67. Engineering split aptamer 38-GC from its single cocaine aptamer. 

Based on the Exo III inhibition on target-bound single-stranded cocaine-binding 38-GC 

aptamer, we engineered a pair of 38-GC split aptamers (Figure 67) in order to obtain an enhanced 

target-induced signal and test Exo III inhibition on the 38-GC split aptamer. 38-GC contained a 

three-way junction with the target-binding domain located at its center, surrounded by three 

double-stranded stems (stems 1, 2 and 3) and two loops (AAG and AAA loops) (Figure 67A). We 

have determined that stem 3 is essential for cocaine binding, while stem 1 and stem 2 both 

contribute to the stability of the three-way junction structure that forms upon target binding. First, 

the AAA loop of 38-GC (Figure 67A) was removed to form an open end (Figure 67B). Second, 

two G-C base-pairs in the stem 1 were replaced with five A-T base pairs (Figure 67B) in order to 

increase the stability of aptamer-cocaine complex at room temperature.
288

 The 38-GC split 

aptamer included a long fragment (38GC-LF) and a short fragment (38GC-SF). A Poly(A)5 were 

added to the 3' end of the 38GC-LF to prevent nonspecific Exo III digestion.  

We used the 38-GC split aptamer to test the Exo III inhibition on the aptamer-cocaine 

complex. The reaction was performed in 10 mM Tris buffer (pH 7.4) containing 125mM NaCl 

and 0.1mM MgCl2. Exo III (10 U) were added into the 38-GC split aptamer solution with or 

without 250 µM cocaine to perform the digestion and the reaction was stopped by mixing 5 µL 

sample collected at different reaction time with 10 µL formamide loading buffer (71.25% 

formamide, 10% glycerol, 0.125% SDS, 25 mM EDTA, and 0.15% (w/v) bromophenol blue and 
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xylene cyanol). The digested products collected at different reaction times were characterized via 

15% denaturing polyacrylamide gel electrophoresis (PAGE) (Figure 68A), 3 µL of each sample 

mixture was loaded into each well. Separation was carried out at 20 V/cm for 3 hours in 0.5× 

TBE running buffer. The gel was stained with 0.5× SYBR Gold solution for 25 minutes and 

imaged using a ChemiDoc MP imaging system (Bio-Rad).  

 

Figure 68. Exo III digestion on split 38-GC with and without 250 µM cocaine in Tris buffer (pH 

7.4) including 125 mM NaCl and 0.1 mM MgCl2. 

 

We found that most of the 38GC-SF remained intact in the first one hour and a slight cocaine-

resulted inhibition of Exo III was observed after 2 hours (Figure 68B). A very small amount of 

15-nt and 14-nt major products were formed by the Exo III removal of one or two nucleotides 

from the 3' end. We did not observe any further digestion of the newly-formed products due to 

the Exo III inhibition on the aptamer-cocaine complex. More of the 38GC-SF were digested as 

the time increased: after a 5-hour digestion, 42% and 75% of the 38GC-SF remained in the 

absence and presence of 250 µM cocaine, respectively. The calculated ratio of the remained 38-

SF reached a maximum ratio of only two after 5 hours (Figure 68C). Clearly, only a small amount 
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of the 38-GC split aptamer underwent a target-induced assembly to form the preferred duplexed 

substrates for Exo III digestion upon addition of cocaine. 

 To increase the target-binding affinity of the split 38-GC aptamer, we engineered a tandem 

split cocaine-binding aptamer with two target binding domains that can bind two cocaine 

molecules cooperatively (termed as cooperative binding split aptamer, CBSA) (Figure 69). In 

biology, cooperativity comes from the fact that binding of the first molecule changes the binding 

constant of the second molecule, while the term “cooperativity” in our system has been borrowed 

to describe the requirement of two molecules working together to enhance the target-binding 

affinity of the split aptamer. Cooperative target binding of split aptamers requires the 

incorporation of at least two binding domains into a single pair of fragments. We began with our 

previously-reported cocaine-binding aptamer 38-GC (Figure 69A) and generated two different 

pairs of split aptamer fragments based on 38-GC, in which stem 3 remained intact but the 3’ end 

of stem 1 was truncated and the AAA loop of stem 2 was eliminated (Figure 69B). We 

subsequently generated a construct from these two sets of split aptamers, in which stem 1 from 

one set was linked to stem 2 from the second set (Figure 69C). The resulting CBSA consisted of a 

short fragment (CBSA-SF) and a long fragment (CBSA-LF), in which the fragments remain 

separated in the absence of target. We anticipated that these two fragments would form two 

tandem cocaine-binding domains when fully assembled with cocaine (Figure 69D). The resulting 

CBSA-5325 aptamer construct contained four complementary base-paired segments within the 

target/aptamer complex. In the absence of cocaine, the long (5325-10A-LF) and short (5325-AT-

SF) fragments were expected to remain separated (Figure 70A). Upon addition of cocaine, the 

CBSA fragments underwent cooperative target-induced assembly and form aptamer-cocaine 

complex (Figure 70B).  
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Figure 69. The design of cocaine-binding CBSA. The sequence of 38-GC (A) was truncated to 

form two split aptamer pairs (B). Stem 1 of one set of split aptamer was merged with stem 2 of 

the other set of split aptamer (C) to form an engineered CBSA (D) comprising a short fragment 

(SF) and a long fragment (LF). 

 

 

Figure 70. Structure of the cocaine unbound and bound CBSA-5325-AT aptamer. 

We performed Exo III digestion of CBSA-5325 under optimized condition and found that 

40% and 80% 5325-AT-SF DNA respectively remained in the absence and presence of 250 µM 

cocaine after a 5-hour digestion (Figure 71B). We observed the removal of one or two nucleotides 

from the 3' end of 5325-AT-SF and did not observe any further digestion of the formed products 

(Figure 71A), which was possible due to the Exo III inhibition on the aptamer-cocaine complex. 
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The calculated ratio of the remained 38-SF in the absence and presence of cocaine was still small 

even after a 5-hour digestion (Figure 71C). 

 

Figure 71. Exo III digestion on CBSA 5325-AT with and without 250 µM cocaine in Tris buffer 

(pH 7.4) including 125 mM NaCl and 0.1 mM MgCl2. 

To increase the selectivity of Exo III inhibition on aptamer-cocaine complex, we modified the 

5325-AT-SF by replacing the adenosine (at position 9 from 3’) of the short fragment with a C3 

spacer (5325-XT-SF) to form an AP site with a thymine in the opposite position within the long 

fragment upon cocaine binding (Figure 72). The long (5325-10A-LF) and short (5325-XT-SF) 

fragments were used to test Exo III digestion under the same buffer condition, and the digested 

products were characterized by using 15% denature PAGE. Experimental results demonstrated 

that the long CBSA fragment remained intact due to its protected 3' end, and the CBSA short 

fragment was cleaved by Exo III’s apurinic endonucleolytic activity at AP site, forming a 14-nt 

digestion product (Figure 73A). We found the cleavage of Exo III at AP site was greatly inhibited 
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in the presence of cocaine; almost 100% of the short fragment was cleaved in the absence of the 

cocaine after a 20-minute reaction. In contrast, 75% of 5325-XT-SF remained intact in the 

presence of 250 µM cocaine (Figure 73B). Clearly, the incorporation of the abasic site into the 

engineered CBSA increased both target selectivity and enzyme reaction speed (Figure 73C). 

 

Figure 72. Engineering CBSA 5325-XT aptamer (“X” stands for abasic site) from CBSA 5325-

AT. 

 

 

Figure 73. Exo III digestion on CBSA 5325-XT with and without 250 µM cocaine in Tris buffer 

(pH 7.4) including 125 mM NaCl and 0.1 mM MgCl2. 
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Based on the confirmed Exo III inhibition on CBSA aptamer-cocaine complex, we have 

employed CBSA-5325-XT to develop an AuNP-reported, Exo III-inhibited assay for colorimetric 

detection of cocaine (Figure 74). Specifically, thiolated 5325-XT-SF is modified onto freshly 

prepared AuNP via its 5' thiol group (Figure 74A), the 5' poly (T)6 bases locate on 5325-XT-SF 

are used to form several “A-T” base-pairs with the 3’ poly(A)n located on 5325 long fragments to 

extend the recognition of the incorporated AP site away from the AuNP surface to improve 

aptamer fragment assembly and Exo III digestion. The CBSA long fragment is freely dispersed in 

the solution. In the presence of cocaine, AuNP-conjugated CBSA short fragment hybridizes with 

CBSA long fragment to form the aptamer-target complex (Figure 74B), Exo III’s apurinic 

endonucleolytic activity is inhibited on the target-aptamer complex (Figure 74C). These 

undigested CBSA short fragments protect the modified AuNPs against salt-induced aggregation, 

and the solution stays red (Figure 74D).  

 

Figure 74. Working principle of AuNP-reported, Exo III-inhibited colorimetric detection of 

cocaine. 
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In the absence of cocaine, Exo III is active on the duplex formed between the AuNP-

conjugated CBSA short fragment and the free CBSA long fragment (Figure 74E), cleaving the 

duplexed AP site and converting the short fragment into two separated binding domain (14- and 

8-nt).  These duplex fragments are dissociated at room temperature (Figure 74F), releasing the 

long fragment intact and cocaine from the AuNP surface. The released cocaine and long fragment 

are then recycled, and hybridize with another CBSA short fragment on the same or a different 

AuNPs to begin the cycle anew (Figure 74G). Ultimately, all of the CBSA short fragments are 

sheared from the AuNPs. The sheared AuNPs are unstable in the reaction buffer and undergo salt-

induced aggregation, giving rise to a red-to-blue color change in the absence of cocaine (Figure 

74H).  

 

Figure 75. Proof of concept of AuNP-reported, Exo III-inhibited colorimetric detection of 

cocaine.  (A) UV-vis spectra of the CBSA solution in the absence and presence of 250µM 

cocaine. (B) A visible blue color change observed in the presence of cocaine. 

 

We then experimentally confirmed Exo III inhibition on CBSA-cocaine complex via an 

AuNP-aggregated signal. The colorimetric detection of cocaine was performed in 25 µL of 

reaction buffer contains 10 mM Tris buffer (pH 7.4) containing 125 mM NaCl, 0.1 mM MgCl2, 1 

µM CBSA long fragment, 100 nM 5325-XT-SF-modified AuNPs and 10 U Exo III, with or 

without cocaine (250 µM) at room temperature. We observed that the absorbance peak of well 

dispersed, DNA-modified AuNPs at 522 nm did not change when cocaine was presented (Figure 
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75A, with cocaine) and the solution remained red within 2 hours because the formed CBSA-

cocaine complexes were highly resistant to the apurinic endonucleolytic activity of Exo III 

(Figure 75B, with cocaine). In contrast, the absorbance of AuNPs at 522 nm greatly decreased, 

and a broad absorbance peak appeared at 650 nm in the absence of cocaine (Figure 75A, without 

cocaine). We observed a clear red-to-blue color change with naked eye due to the aggregation of 

the AuNPs sheared by rapid Exo III digestion on the target-free CBSA assembly on AuNPs 

(Figure 75B, without cocaine).  

Effect of DNA surface coverage on Exo III- inhibited CBSA digestion 

DNA surface coverage can profoundly influence DNA hybridization efficiency, enzyme 

activity and assay sensitivity.
164, 166, 167

 We have proved that DTT or MCH-treated DNA-modified 

AuNPs can significantly increase DNA hybridization efficiency between surface-bound 

oligonucleotides and DNA target in solution. To obtain optimal surface coverage for cocaine 

detection described above, we first incubated different concentration of the DTT with the 5325-

XT-SF modified AuNPs for 30 minutes to yield different DNA surface coverage on AuNPs. The 

treated AuNPs were then mixed with the CBSA long fragment, cocaine and Exo III to perform 

CBSA digestion with or without cocaine.  

We found that the DNA-modified AuNPs without any DTT treatment resulted in strong 

inhibition of Exo III activity, and the solution was in red regardless of the presence of cocaine. As 

the DTT concentration increased up to 200 µM, we observed the inhibitory effect of Exo III 

reaction with 250 µM cocaine and a rapid Exo III digestion of cocaine-free CBSA assembly and a 

red-to-blue change in solution without cocaine. We believe that the six carbon ring formed by 

DTT displacement on the AuNP surface may provide favorable space to facilitate the typical 3-

way junction structured CBSA assembly. The digestion speed of Exo III greatly increased when 

we further increased the DTT concentration to reduce the DNA surface coverage (Figure 76), 

which is consistent with the results that we observed in the EATR-based DNA detection. 



125 

 

However, the target-free CBSA complexes were also nonspecifically digested for the modified 

AuNPs with a lower surface coverage. We also noticed that DNA-modified AuNPs treated with 

600 µM DTT were not stable in our reaction buffer. Therefore, 500 µM DTT was chosen for 

further optimization. 

 

Figure 76. Effect of the DTT-regulated DNA surface coverage on Exo III activity for cocaine 

detection. The DNA modified AuNPs were first treated with different concentration of DTT (0 - 

600 µM) to obtain different surface coverage. The detection of cocaine were then performed in 25 

µL of reaction buffer containing 10 mM Tris buffer (pH 7.4), 125 mM NaCl, 0.1 mM MgCl2, 

1µM of 5A-L-5325 long DNA fragment, and 10 U Exo III, with or without cocaine (250 µM) at 

room temperature. 

 

 

Figure 77. Effect of the MCH-regulated DNA surface coverage on Exo III activity for cocaine 

detection. The DNA modified AuNPs were first treated with different concentration of MCH (600 
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- 1200 µM) to obtain different surface coverage. The detection of cocaine were then performed in 

25 µL of reaction buffer containing 10 mM Tris buffer (pH 7.4), 125 mM NaCl, 0.1 mM MgCl2, 

1µM of 5A-L-5325 long DNA fragment, and 10 U Exo III, with or without cocaine (250 µM) at 

room temperature. 

 

MCH was also used to reduce the DNA surface coverage on the AuNP as a surface diluent, 

and we have successfully proved MCH displacement on AuNP surface was favorable for DNA 

hybridization and enzyme-digestion resulted in aggregation of AuNPs in our EATR-based DNA 

detection assay. We observed that the reaction speed increased for Exo III-inhibited cocaine 

detection as the MCH concentration increased from 600 µM to 1200 µM (Figure 77). However, 

we could not observe a clear red-to-blue color change even after a 3-hour reaction. The MCH 

treated AuNPs gave a better colorimetric performance for DNA detection. We believe that the 

MCH displacement on the surface can significantly remove nonspecific adsorbed DNA and 

formed a mixed layer of MCH and DNA, which was favorable for DNA duplex formation. 

However, CBSA fragments assemble into two three-way junction domains, which are probably 

sensitive to steric effect and requires a large space to assemble CBSA fragments. We believe that 

MCH displacement is possible to affect CBSA assembly efficiency, Exo III activities or 

aggregation of AuNPs.  

 

Figure 78. Effect of MgCl2 concentration and Exo III unit on the MCH-regulated DNA for 

cocaine detection. The DNA modified AuNPs were first treated with 1200 µM MCH. The 

detection of cocaine were then performed in 25 µL of reaction buffer contain 10 mM Tris buffer 

(pH 7.4), 125 mM NaCl, 1µM of 5A-L-5325 long DNA fragment, different concentration of 

MgCl2 or Exo III, with or without cocaine (250 µM) at room temperature. 
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We also increased the concentration of MgCl2 or Exo III to increase the reaction speed 

(Figure 78). Compared to DTT, the MCH displaced AuNP-DNA require a higher concentration 

of MgCl2 or Exo III to obtain the color change. However, both factors contributed to non-specific 

digestion. In conclusion, the reason that DTT displacement is favorable for the cocaine detection 

may be due to the six-carbon ring formed on the AuNP surface greatly reducing the steric effect. 

Test effect of the dynamic stability of complexes (3A to 6A long DNA) on Exo III-inhibited 

CBSA digestion 

The number of poly(A) linker on the 3' of the long fragment played an important role in the 

dynamic stability of the cocaine-CBSA complex. The 5' poly(T6) acts as a flexible linker 

extending the active recognition portion of the oligonucleotide sequence away from the AuNP 

surface to improve target hybridization.
70

 Thus, polyA linker added to the 3' of the long fragment 

promotes the hybridization between the CBSA fragments due to the hybridization of the poly T 

on the 5' of the short DNA. Here, we modified the long fragment with different lengths of polyA 

linker (named 3A to 6A L-5325). When L-5325 with 3A or 4A linker was used, the reaction was 

very slow, and the solution did not change to blue color even after 2.5 hours, and no clear 

difference observed in the presence and absence of cocaine solution (Figure 79). Clearly, the 3 or 

4 AT base pairs were not strong enough to bring two fragments assembled and the Exo III could 

not effectively perform the AP incision. When we increased the linker to 5A, the binding of the 

short and long fragment were significantly improved. We observed that the solution changed to 

blue color in the absence of the cocaine due to an active endonuclease activity of Exo III incised 

on the AP site and the loss of the stability of the DNA-AuNP. Meanwhile, the cocaine-aptamer 

complex completely inhibited the enzyme activity, the solution remained in red. When we further 

increased the linker to 6A, we observed the inhibition of the Exo III’s activity in the presence of 

cocaine. However, a 140-minute reaction was required in order to obtain a red-to-blue color 

change, which is 1.5 times longer reaction time than that obtained with the 5A linker (Figure 79).  
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Figure 79. Effect of long CBSA aptamer fragment DNA on cocaine detection. The detection of 

cocaine were performed in 25 µL of reaction buffer contains 10 mM Tris buffer (pH 7.4) 

containing 125 mM NaCl, 0.1 mM MgCl2, 100 nM short CBSA fragment-modified AuNPs, 1µM 

of the different long DNA fragment (named 3A to 6A-L-5325), and 10 U Exo III, with or without 

cocaine (250 µM) at room temperature. 

 

Optimize NaCl concentration for Exo III-inhibited CBSA digestion  

Ionic strength is essential for the cocaine-induced split aptamer binding. We then optimized 

the NaCl concentration from 100 mM to 200 mM in the presence of 0.1mM MgCl2. High 

concentration of NaCl is usually recommended for the hybridization since it shields the negative 

charge the DNA. When 100 mM NaCl was applied, the Exo III’s digestion was inhibited in the 

presence of cocaine at the beginning. However, both samples changed from red to blue, 

indicating a small amount of duplex were formed in the presence of cocaine (Figure 80). When 

the NaCl concentration increased to 125 mM, we observed clear inhibition on the cocaine sample, 

while the sample without adding cocaine changed to blue color after 80 minutes (Figure 80). As 

the NaCl concentration increased, the sample with cocaine was in red, which indicated more 

cocaine-induced duplex was formed. When the NaCl concentration increased to 150 mM, we 

noticed 1.6 times slower reaction speed, which may cause by high concentration NaCl (Figure 
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80). When the NaCl concentration increased to 200 mM, no color change in both samples were 

observed due to the total inhibition of Exo III activity.
289

 Therefore, 125 mM NaCl was used for 

further testing. 

 

Figure 80. Effect of NaCl concentration on cocaine detection. The detection of cocaine were 

performed in 25 µL of reaction buffer contains 10 mM Tris buffer (pH 7.4) containing 0.1 mM 

MgCl2, 100 nM short CBSA fragment-modified AuNPs, 1µM of 5A-L-5325 DNA fragment, 

different concentration of NaCl, and 10 U Exo III, with or without cocaine (250 µM) at room 

temperature. 

 

Optimize MgCl2 concentration for Exo III-inhibited CBSA digestion  

Exo III is an enzyme with AP endonuclease and exonuclease activities that are highly 

dependent on divalent cations.
272

 It is known that Mg
2+ 

strongly stimulates the Exo III activity due 

to its proper ionic radius and electronegativity. Thus, the concentration of Mg
2+

 was varied from 

0.1 to 1.0 mM with a fixed concentration of Na
+
 (125 mM). It was found that the activity of Exo 

III increased with the increasing of Mg
2+ 

concentration. We found that the AuNP color changed to 

blue after 30 minutes in the presence of 1.0 mM Mg
2+

, however, the detection window was only 2 

minutes; a maximum detection window of 25 minutes was achieved in the presence of 0.1 mM 

Mg
2+

 after 90 minutes (Figure 81). When the Mg
2+

 concentration decreased to 0.05 mM, 150 

minutes was required to obtain the color change. In order to achieve the faster reaction and better 

detection window, 0.1 mM Mg
2+

 was used in the following experiments. 
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Figure 81. Effect of MgCl2 concentration on the cocaine detection. The detection of cocaine were 

performed in 25 µL of reaction buffer contained 10 mM Tris buffer (pH 7.4) containing 125 mM 

NaCl, 100 nM short CBSA fragment-modified AuNPs, 1µM of 5A-L-5325 DNA fragment, 

different concentration of MgCl2, and 10 U Exo III, with or without cocaine (250 µM) at room 

temperature. 

 

Optimize long CBSA fragment concentration for Exo III-inhibited CBSA digestion  

The target-induced duplex formed between short DNA modified on the AuNP and long 

fragment in the presence of cocaine. Thus, the concentration of the long fragment may play an 

important role in the cocaine detection. To test the inhibitory effect of cocaine on the Exo III 

digestion, we varied the long fragment concentration from 0.1 µM to 8 µM (Figure 82). As the 

long fragment concentration increased from 0.1 µM to 1 µM, we noticed increased inhibitory 

effect on the Exo III’s digestion, which meant the hybridization efficiency increased as the 

concentration of long DNA increased. When we further increased the long fragment to 2 µM, we 

noticed a long detection window and a slower reaction (Figure 82). When the long fragment 

further was increased to 4 µM, we only observed the clear color change after 4 hours. No color 

change was observed when the long fragment concentration increased to 8 µM, due to the excess 

amount of free DNA stabilize the AuNP from aggregation, which was consistent with the 

literature report.
64
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Figure 82. Effect of long CBSA fragment concentration on cocaine detection. The detection of 

cocaine were performed in 25 µL of reaction buffer contained 10 mM Tris buffer (pH 7.4) 

containing 125 mM NaCl, 0.1 mM MgCl2, 100 nM short CBSA fragment-modified AuNPs, 

different concentration of 5A-L-5325 DNA fragment and 10 U Exo III, with or without cocaine 

(250 µM) at room temperature. 

 

Optimize Exo III concentration for Exo III-inhibited CBSA digestion  

 

Figure 83. Effect of Exo III concentration effect on the cocaine detection. The detection of 

cocaine were performed in 25 µL of reaction buffer contained 10 mM Tris buffer (pH 7.4) 

containing 125 mM NaCl, 0.1 mM MgCl2, 100 nM short CBSA fragment-modified AuNPs,  1µM 

5A-L-5325 DNA fragment and different concentration of Exo III, with or without cocaine (250 

µM) at room temperature. 

 

In order to apply our colorimetric detection of cocaine for fast field test, we need to increase 

the reaction speed. The easiest way is to simply increase the enzyme concentration. It was found 
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that the reaction time decreased to 46 minutes along with the increasing of Exo III from 10 U to 

25 U (Figure 83), which was only half of the detection time when we applied 10 U. However, we 

noticed that the nonspecific digestion increased as the Exo III concentration increased, which 

significantly decreased the detection window. 

Cocaine concentration dependence on Exo III-inhibited CBSA digestion  

Having demonstrated proof-of-concept, we further tested the sensitivity of our Exo III-based 

assay by generating a calibration curve using different concentrations of cocaine. The 

concentration of cocaine can be determined by monitoring with the naked eye or a UV-Vis 

spectrometer at which the blue-to-red color change associated aggregation occurred. The signal 

decreased proportionally to cocaine concentration with a nonlinear range (Figure 84). Our 

detection limit is 1 μM, which is comparable with other colorimetric sensors.  
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Figure 84. Calibration curve of colorimetric detection of cocaine under optimized experimental 

conduction. 

 

In order to achieve fast reaction and better selectivity, we also engineered other CBSA 

aptamers by adding or deleting the base pair above and below the abasic site (Figure 85), and we 

characterized the digestion product in the presence of Exo III. When challenged with same 

concentration of Exo III, we did not observe the digestion product for CBSA 5225; for CBSA 

5425, we did observe the Exo III inhibition in the presence of cocaine; while for CBSA 5335, all 
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of the short fragments were digested, only 14-nt band observed, which may be due to the fast 

reaction. By comparing the result, we found the base pair significantly improve the reaction speed 

and selectivity. Next, we will keep working on selecting the best DNA sequences to achieve 

highest reaction speed. 

 

 

Figure 85. Engineering new CBSA aptamers to achieve a fast reaction with a better selectivity.  

 

5.4 Conclusion 

To conclude this chapter, we first compared the accuracy of three different assays for 

characterization of DNA surface coverage on AuNPs for fluorophore dye labeled DNA and non-

labeled DNA. We found the OliGreen based solution assay allowed an accurate determination of 

non-labeled DNA surface coverage on AuNPs. Second, we developed a simple and rapid assay to 

regulate the surface coverage after one-pot synthesis of DNA-modified AuNP by backfilling the 
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oligonucleotides immobilized on the AuNP surface with small thiolated molecules such as MCH 

and DTT. We then test the surface coverage effect on the assay performance for Exo III-assisted, 

target-recycled DNA detection; we found the surface coverage plays a significant role in DNA 

hybridization and enzyme reaction. With our methods, only single AuNP modification needs to 

be done, the surface coverage of the DNA can be easily controlled by varying the diluent 

concentrations. Third, we proved the effect of DNA surface coverage on Exo III-assisted small 

molecule detection. Using cocaine as the model, we engineered single binding pocket split 

aptamer to dual binding pockets split aptamer and tested the Exo III digestion product, and we 

found the selectivity is significantly improved by incorporating an abasic site. Finally, we 

modified the short fragment onto AuNP surface, and developed an AuNP-reported colorimetric 

detection of cocaine based on Exo III inhibition on the target-aptamer complex.  In the future, we 

will focus on increase the reaction speed and lower the detection limit in complex samples.  
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CHAPTER 6: Summary and future work 

6.1 Summary 

This dissertation describes the application of AuNPs as a colorimetric probe based on their 

distinctive size- and shape-dependent optical properties. The focus of the study is to develop 

highly sensitive colorimetric platforms for small-molecule and DNA detection based on the 

following strategies: i) using unmodified AuNPs as a chemical sensor for colorimetrically 

detecting the dehydrogenase cofactor NADH in an instrument-free manner; ii) using an EATR-

based strategy to achieve amplified detection of SNPs with DNA-modified AuNPs; and iii) 

increasing the sensitivity and speed of AuNP-mediated detection by adjusting DNA surface 

coverage on the AuNPs with small thiolated molecules, and demonstrating the effects of surface 

coverage on DNA and small-molecule detection. 

AuNPs have been directly used for colorimetric detection based on the biocatalytic growth 

process. However, the size of the AuNPs can also be reduced via chemically disintegration 

through the effects of oxidative species and complexation ligands, and several colorimetric 

sensors have been based on this principle. However, only inorganic targets have been detected to 

date, with sophisticated instruments such as UV-Vis spectrometers required to obtain the signal. 

Accordingly, such assays are not suitable for point-of-care diagnostics or on-site measurement. 

One focus of this study was to develop instrument-free detection for biologically important 

molecules. We therefore developed a chemical sensor for NADH detection, based on AuNP-

coated film on a paper substrate. This device achieved rapid, simple and efficient detection of 

NADH in sample volumes as small as 25 µL within 4 minutes at room temperature, with a very 

low detection limit (12.5 µM). We further demonstrated that this paper-based device can also be 

applied for detecting NADH produced by GDH, and for screening for inhibitors of this enzyme.  

AuNPs can be also functionalized with biomolecules such as protein or DNA through a 

covalent bond. For the second component of this study, we demonstrated a colorimetric SNP 
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detection assay that can be performed in a single tube with only one set of DNA probe-modified 

AuNPs, Exo III enzyme, and target DNA. Single-base mismatch detection is achieved through the 

dual activities of Exo III. In the presence of a perfectly matched DNA target, Exo III can 

recognize and cleave the abasic sites within the probe, and subsequently digests the nicked 

duplexes by its exonucleolytic activity. The target strand is subsequently released, hybridizing to 

a new probe for a new cycle of digestion, until complete removal of probe sequences results in a 

visible red-to-blue color change due to AuNP aggregation in the high ionic strength environment. 

This target-recycling also leads to improved sensitivity. In contrast, SNP-containing, mismatched 

targets inhibit endonucleolytic activity and therefore stall exonucleolytic digestion, so that the 

AuNP solution remains red in color. In our assay, AuNP-DNA conjugates serve as a sensitive 

signal reporter due to their extremely large molar extinction coefficient and excellent sequence 

specificity, directly reporting the presence of SNPs based on a red-to-blue color change without 

the need for any additional instruments. 

DNA surface coverage plays an important role in sensor performance. In the third part of the 

dissertation, we first validated a method for characterizing the surface density of unlabeled DNA 

on AuNPs. We then adjusted the surface coverage on the AuNPs using thiolated molecules DTT 

and MCH, and tested the effects of DNA surface coverage on DNA detection using the 

colorimetric detection platform discussed in Chapter 4. We found that DNA surface coverage 

strongly affects the reaction time required to achieve a clear red-to-blue change in our EATR-

based colorimetric assay. In order to demonstrate the effects of surface coverage on small-

molecule detection, we engineered our cocaine aptamer into a split aptamer. After conjugating 

this split aptamer onto AuNPs, we proved that surface coverage also plays an important role in 

small molecule detection. 
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6.2 Future work 

 This dissertation demonstrates the application of AuNPs for the instrument-free, rapid, 

colorimetric detection of small molecules and DNA. The work specifically focused on the 

application of unmodified AuNPs for NADH detection, and tested GDH and its inhibitors as a 

model system. In the future, our paper-based device could offer a valuable and low-cost analytical 

tool for monitoring NAD
+
-associated enzymatic reactions and screening for dehydrogenase 

inhibitors in a variety of testing contexts. DNA functionalized AuNPs, another well-studied 

nanoconjugate, have been demonstrated as an effective tool for detecting both DNA SNPs and 

cocaine. In future studies, we believe our DTT displacement method can work as a general 

method to obtain the optimal surface coverage for the detection of any other target molecules. 

Our colorimetric detection platform can be easily transferred into a multiplexed, paper-based 

device to permit rapid, cheap and immediate screening of SNPs and a variety of non-DNA 

targets, including proteins, small molecules, metal ions and even whole cells. 
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