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Abstract 

Deoxyribonucleic acid (DNA) testing is currently one of the most powerful methods 

for a wide range of applications, including medical diagnostics, food safety testing, and 

environmental surveillance. The gold standard technique is real-time polymerase chain 

reaction, which features simultaneous amplification and detection. These assays are 

carried out almost exclusively in resource-rich central laboratories due to the use of 

sophisticated, bulky, and expensive instrument. Besides, sample transportation to and 

queuing in central laboratories delay treatment/response decision. Hence, there is a huge 

demand for achieving decentralized (point-of-care/field) testing with new assay platform 

that is simple, portable, and low cost. For amplification, isothermal technique is a 

promising alternative to thermocycling-based polymerase chain reaction. For detection, 

nanomaterials have proved to be superior to traditional reporter molecules (organic 

fluorophores). Nevertheless, simultaneous isothermal amplification and nanomaterial-

based detection has not been demonstrated to date. The main challenges are that 

previously reported nanomaterial probes (functionalized with oligonucleotides) were not 

compatible with amplification reactions, resulting in a loss of detection property of the 

nanomaterial probes and/or enzyme inhibition. In this thesis, two real-time loop-

mediated isothermal amplification (real-time LAMP) assay platforms were developed 

based on gold nanoparticles (AuNPs) and quantum dots (QDs) with facile surface 

functionalization (not with oligonucleotides). 

The first assay platform with AuNPs enabled visual readout of the LAMP reaction. 

LAMP operates at a constant temperature of 60–65 °C, generating a billion copies of a 

specific DNA sequence within 1 hour. Another favorable feature of LAMP is the release 
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of pyrophosphate ion (P2O7
4−

) as a reaction byproduct, which complexes with 

magnesium ion (Mg
2+

; enzyme cofactor) to form a precipitate (but visible to the naked 

eye only under special lighting conditions). It was found that AuNPs co-modified with 

thiolated poly(ethylene glycol) and 11-mercaptoundecanoic acid (PEG/MUA–AuNPs) 

were dispersed as a red solution in Mg
2+

 but appeared as a red precipitate in Mg2P2O7. 

Steric hindrance by PEG effectively stabilized the particles against Mg
2+

-induced 

aggregation (complexation of MUA's carboxyl group with free Mg
2+

). On the other hand, 

PEG did not hinder the binding between PEG/MUA–AuNPs and Mg2P2O7 crystals. 

When PEG/MUA–AuNPs were incorporated into a LAMP reaction mixture, as expected, 

a negative sample (without target DNA) appeared as a red dispersion whereas a positive 

sample (with target DNA) appeared as a red precipitate. This assay scheme could detect 

down to 500 copies of target DNA (~40 aM; reaction volume of 20 µL; the most 

sensitive among all the reported AuNP-based colorimetric DNA detection platforms). It 

should be emphasized that PEG/MUA–AuNPs did not have any inhibition effect on 

LAMP. Real-time LAMP was performed with a homemade simple, palm-sized, low-cost 

prototype device (temperature control and 520 nm transmittance measurement of the 

supernatant). 

 The second assay platform with QDs enabled fluorescence readout of the LAMP 

reaction. It was hypothesized that the dispersion/precipitation behavior of PEG/MUA–

AuNPs in LAMP could be observed with other types of nanomaterials. Remarkably, 

CdSeS/ZnS QDs modified with cysteamine (Cys–QDs) exhibited similar 

dispersion/precipitation behavior, i.e., dispersion in Mg
2+

 and precipitation in Mg2P2O7. 

The binding mechanism underlying the precipitation phenomenon was found to be 

electrostatic in nature. Specifically, cysteamine's positively charged amine group was 
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bound to negatively charged P2O7
4−

, thereby entrapping Cys–QDs inside Mg2P2O7 

crystals. When Cys–QDs were incorporated into a LAMP reaction mixture, a negative 

sample (without target DNA) exhibited uniform fluorescence throughout the solution 

whereas a positive sample (with target DNA) exhibited fluorescence only at the bottom 

of the solution (supernatant was clear). This assay scheme could detect down to 200 

copies of target DNA. 

To conclude, the two assay platforms developed in this thesis possessed the 

advantages of high sensitivity and specificity, simplicity, short turnaround time, worry-

free carryover contamination control, and low cost. Therefore, they are readily 

applicable to numerous applications such as infectious disease detection. Effort is being 

made to validate the new platforms for avian influenza detection in field samples. 
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1. Introduction 

The ability to perform nucleic acid testing, deoxyribonucleic acid (DNA) or 

ribonucleic acid (RNA), in decentralized settings would bring huge benefits to medical 

diagnostics, food safety control, and environmental surveillance. By eliminating sample 

transportation to and queuing in the central laboratories, timely treatment/response 

decision can be made. The gold standard technique for DNA/RNA testing is real-time 

polymerase chain reaction (real-time PCR)/real-time reverse transcription-polymerase 

chain reaction (real-time RT-PCR), which features simultaneous target sequence 

amplification and fluorescence measurement [1-2]. PCR (real-time PCR and real-time 

RT-PCR) requires sophisticated, bulky, and expensive thermocycler (repeated heating 

and cooling), which is not ideal for decentralized (point-of-care/field) testing. In this 

regard, isothermal amplification holds great promise for point-of-care/field nucleic acid 

testing [3], e.g., loop-mediated isothermal amplification (LAMP) operates at a constant 

temperature 65 °C.  

Nanomaterials have been extensively used for nucleic acid detection in the past two 

decades thanks to their extraordinary physical and chemical properties. Among them, 

gold nanoparticles (AuNPs) and quantum dots (QDs) have proved to be superior 

colorimetric and fluorescent reporters, respectively [4-12]. AuNPs exhibit an intense 

red/purple color at low nanomolar level and interparticle distance-dependent color 

property (red when dispersed and purple when aggregated) [7-10]. QDs are 

semiconductor nanocrystals, having excellent photostability, broad absorption spectra, 

large extinction coefficient, and tunable emission wavelengths [11-13]. For DNA/RNA 
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detection, AuNPs and QDs were typically functionalized with oligonucleotides. It 

should be pointed out that the preparation methods were time-consuming and expensive.  

This thesis presents two new ultrasensitive DNA detection platforms for real-time 

LAMP assay based on AuNPs and QDs with facile surface functionalization (not with 

oligonucleotides). In a positive LAMP reaction, magnesium pyrophosphate crystals 

(Mg2P2O7) are formed as a reaction byproduct. The essence of the two platforms is the 

development of new easy-to-prepare AuNP and QD probes that feature co-precipitation 

with Mg2P2O7 crystals. The first assay platform is based on AuNPs modified with 

thiolated polyethylene glycol and 11-mercaptoundecanoic acid (PEG/MUA–AuNPs) and 

the second assay platform is based on  QDs modified with cysteamine (Cys–QDs), 

details are presented in Section 2 and Section 3, respectively. 

Background information including properties of DNA, importance of DNA detection, 

and DNA amplification methods is presented in Section 1.1. Next, the synthesis methods 

and properties of AuNPs together with their applications for colorimetric DNA detection 

are introduced in Section 1.2. Then, the synthesis methods and properties of QDs 

together with their applications for fluorescent DNA detection are introduced in Section 

1.3. Afterward, the limitations of the existing technologies are described in Section 1.4. 

Finally, the objectives of this thesis are listed in Section 1.5.  

 

1.1. DNA  

1.1.1. Properties of DNA 

DNA carries the genetic information of all living organisms, comprising four bases 

adenine (A), cytosine (C), guanine (G), and thymine (T), the sequence of which provides 

the information to build and maintain a certain organism. Human DNA is made of nearly 



3 

 

3 billion bases, 99% of which are the same in all people. Every base is attached to a 

sugar–phosphate moiety (together termed as a nucleotide). Two strands of single-

stranded DNA (ssDNA) hybridize to form a double-stranded DNA (dsDNA) with a 

double-helix structure through Watson–Crick base-pairing (A with T and C with G), as 

shown in Figure 1.1.   

 

 

Figure 1.1. Structure of DNA (Adapted from http://ghr.nlm.nih.gov/handbook/basics/ 

dna). 

 

1.1.2. Importance of DNA Detection 

A lot of research has been done in the sequencing of living organism genomes such 

as the human genome project. It is important to design simple, fast, cost-effective, and 

sensitive detection platforms for specific DNA sequences to identify disease-causing 

pathogens and genetic diseases, which are very useful in various applications, including 

clinical diagnostics, environmental monitoring, food safety control, biological warfare 
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agent detection, and forensic testing. A typical nucleic acid testing protocol is shown in 

Figure 1.2, which includes DNA isolation, amplification, and detection [3].  

 

 

Figure 1.2. Typical nucleic acid testing protocol (Adapted from [3]).  

 

1.1.3. DNA Amplification Methods 

Early and accurate disease diagnosis typically requires the amplification of specific 

DNA sequence(s). There are two main types of DNA amplification methods: 

thermocycling and isothermal techniques, which are described in detail below. 

 

1.1.3.1. Thermocycling Amplification 

Polymerase chain reaction (PCR) is the most widely employed thermocycling 

amplification method [14], which involves repeated denaturation, annealing, and 

elongation steps (Figure 1.3). During the denaturation step, the temperature is set to 94–

98 °C for 20–30 seconds, disrupting the hydrogen bonding between the complementary 

bases of the DNA template and resulting in ssDNA template. During the annealing step, 

the temperature is set to 50–65 °C for 20–40 seconds, permitting a pair of primers to 

hybridize with the ssDNA template. During the elongation step, the temperature is set to 
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72 °C (the elongation time is dependent on the length of the target amplified sequence; 1 

minute per 1,000 base pairs), allowing optimum incorporation of deoxynucleoside 

triphosphates (dNTPs) by Taq DNA polymerase. The amount of target amplified 

sequence doubles after each thermocycle. Standard PCR amplification involves 30 

cycles, thereby a billion amplicons are produced from a single DNA template. 

 

 

Figure 1.3. Schematic illustration of PCR (Adapted from 

http://en.wikipedia.org/wiki/Polymerase_chain_reaction). 

 

Another well-known thermocycling DNA amplification method is ligation chain 

reaction (LCR).  As shown in Figure 1.4, a dsDNA target is first heat-denatured into two 

pieces of ssDNA, and then four complementary oligonucleotides are hybridized to the 

two pieces of ssDNA at a temperature close to the melting temperature of them. Next, 

two adjacent oligonucleotides are ligated together by thermostable ligase. The ligated 

product can act as a template for the next LCR cycle. The amount of ligated product 

increases exponentially with the number of thermocycle [15].  
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Figure 1.4. Schematic illustration of LCR (Adapted from [15]).   

 

1.1.3.2. Isothermal Amplification 

There have been many isothermal amplification methods developed so far. Strand 

displacement amplification (SDA) was firstly developed in 1992. Rolling circle 

amplification (RCA), loop-mediated isothermal amplification (LAMP), helicase-

dependent amplification (HDA), and recombinase polymerase amplification (RPA) were 

invented later [3].  

Figure 1.5 depicts the initial steps of SDA: (1) both forward primer (red color; 

containing restriction site in the unhybridized region) and forward bumper primer (green 

color) hybridize to ssDNA; (2) the extended forward primer is displaced by the 

extending forward bumper primer; (3) both reverse primer and reverse bumper primer 

hybridize to the extended forward primer; (4) the extended reverse primer is displaced 
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by the extending reverse bumper primer; (5) forward primer hybridizes to the extended 

reverse primer (the unhybridized region in Step (1) is now hybridized) and is extended; 

and (6) the extended forward and reverse primers are nicked (restriction sites). The 

nicked site is then extended. Further rounds of nicking and extension result in 

exponential amplification [16].  

 

 

Figure 1.5. Schematic illustration of SDA. Forward primer and reverse primer are 

shown in red color; forward bumper primer and reverse bumper primer are shown in 

green color; target ssDNA is the shown in blue color (Adapted from [16]). 

 

RCA can amplify circularized oligonucleotide probes. It generates more than 10
9 

copies of a circularized oligonucleotide probe within 90 minutes. There are three steps 

for the detection of a target ssDNA sequence by RCA (Figure 1.6). First, a 

phosphorylated oligonucleotide padlock probe is circularized in the presence of the 

target ssDNA sequence through ligation. Second, a primer is hybridized to the 
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circularized padlock probe. Third, the primer is extended to generate a long ssDNA 

amplicon with repeated complementary sequence of the circularized padlock probe [17].  

 

 

Figure 1.6. Schematic illustration of RCA (Adapted from [17]). 

 

LAMP is one of the most efficient isothermal DNA amplification methods with 

exponential amplification. It should be pointed out that a lot of pyrophosphate ions are 

produced as a reaction byproduct, which can be used to track the extent of the 

amplification process by means of turbidimetric measurement [18-21]. Two sets of 

primers and a DNA polymerase with strand displacement activity are employed in 

LAMP to amplify a target DNA sequence one billion times within an hour at about 

65 °C. The four primers recognize six regions of the target (Figure 1.7), which makes 

the amplification extraordinarily specific. The four primers are forward inner primer 

(FIP), backward inner primer (BIP), forward outer primer (F3), and backward outer 

primer (B3). FIP and BIP give rise to a stem–loop structure during the amplification 
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process, which enables self-priming to generate a long repeating amplicon of the target 

sequence (region flanked by the primers).  

 

    

Figure 1.7. Schematic illustration of LAMP (Adapted from [21]). 
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HDA comprises three steps (Figure 1.8) [16, 22-23]. In the first step, dsDNA is 

separated by a DNA helicase in the presence of ssDNA-binding proteins. In the second 

step, two primers anneal to the two ssDNA templates. In the third step, DNA polymerase 

extends the annealed primers two dsDNA amplicons. These three steps are repeated, 

leading to exponential amplification. 

 

 

Figure 1.8. Schematic illustration of HDA. DNA helicase: ; ssDNA-binding proteins: 

SSB; binding protein: ; DNA polymerase:  (Adapted from [22]). 
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        RPA employs recombinase–primer complex to facilitate strand exchange at a 

dsDNA target site (Figure 1.9). The extension of the primer displaces one of the two 

template strand, which is stabilized by ssDNA-binding protein. As a result of repeated 

primer binding through recombinase-assisted strand exchange and extension, 

exponential amplification can be achieved [3, 24]. 

 

 

Figure 1.9. Schematic illustration of RPA. Recombinase/primer filament: ; 

homologous sequences in red/blue color; gp32 in green color; Bsu polymerase in blue 

color (Adapted from [24]). 

 

1.2. Gold Nanoparticles  

Bulk gold has a familiar yellow color, resulting from a reduction in reflectivity at the 

end of the light spectrum. When bulk gold is subdivided into particles smaller than the 

wavelength the light, these particles suspended in aqueous form appear in red-to-

purple/blue color (color is particle size-dependent). The most widely used 13 nm AuNPs 
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appear red in color due to the characteristic surface plasmon resonance (SPR) absorption 

peak at 520 nm. AuNPs have attracted considerable attention because of their interesting 

properties and potential technological applications in the past decades [25].  

 

1.2.1. Synthesis Methods  

1.2.1.1. Citrate Reduction Method  

AuNP solution was first reported by Faraday in 1857 through the reduction of 

chloroaurate with phosphorus in a two-phase system [26]. In 1951, Turkevitch et al. 

introduced one of the most popular synthesis methods for AuNPs, which was based on 

the reduction of gold(III) derivatives (chloroauric acid, HAuCl4), forming AuNPs with a 

diameter of about 20 nm. After adding sodium citrate to boiling HAuCl4 under stirring, 

the solution color changed from clear to pink within several seconds and became wine 

red within 10 minutes. In 1973, Frens synthesized AuNPs of different sizes (between 16 

and 147 nm) by varying the reducing agent-to-gold ratio (citrate-to-gold ratio) [26-28]. 

The AuNPs formation process includes nucleation, fast random attachment, intra-

particle ripening, and slow grow (Figure 1.10) [28]. 

 

Figure 1.10. Schematic illustration of the two reaction pathways for the formation of 

AuNPs by citrate reduction (Adapted from [28]).  
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1.2.1.2. The Brust–Schiffrin Method: Two-Phase Synthesis and Stabilization by 

Thiols 

The Brust–Schiffrin method for AuNP synthesis published for the first time in 1994 

realized the facile synthesis of AuNPs, which were thermally stable, air-stable, and had 

reduced dispersity and controlled size (1.5 to 5.2 nm in diameter). Inspired by Faraday's 

two-phase system, they transferred AuCl
4− 

to toluene with tetraoctylammonium bromide 

as the phase transfer agent and NaBH4 as the reducing agent in the presence of 

dodecanethiol. Upon addition of NaBH4, the color of the organic phase changed from 

orange to deep brown within a few seconds (Figure 1.11) [27]. These synthesized 

AuNPs can be dissolved in organic solvents without aggregation or decomposition and 

can be functionalized with many organic molecules.  

 

 

Figure 1.11. Formation of AuNPs by reduction of Au
III

 compounds in the presence of 

thiols (Adapted from [27]). 

 

1.2.1.3. Seeding Growth Method  

Seeding growth is another approach to obtain AuNPs with controllable size. AuNP 

seeds can be prepared based on the two-phase method by Brust. There are two routes for 

the seeding growth process (Figure 1.12) [25]. For the first route, AuNP seeds are 
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redispersed in toluene and mixed with the growth solution. The color of the colloidal 

solution changed from red to deep red, demonstrating that AuNPs with larger diameters 

were formed during the heating process. The AuNPs were stabilized by adding excess 

dodecanethiol and then purified by ethanol precipitation. Further growth was continued 

by using these nanoparticles as seeds. For the second route, further growth was 

continued directly without the stabilization and purification steps of the first route.   

 

 

Figure 1.12. Schematic illustration of AuNPs synthesis by the seeding growth process 

(Adapted from [25]).  

 

1.2.2. Characteristic Properties           

AuNPs have characteristic SPR absorption band in the visible light spectrum. The 

origin of SPR is due to the coherent interaction of electrons in the conduction band with 
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light (Figure 1.13) [29]. As the size of AuNP increases, light cannot polarize the 

nanoparticles homogeneously anymore and thus higher order modes at lower energies 

dominate, which lead to a red shift and broadening of the SPR absorption band. Figure 

1.14 shows that small AuNPs (e.g., 13 nm) appear red while large AuNPs (e.g., 100 nm) 

appear purple. Apart from particle size, the SPR absorption band is dependent on 

interparticle distance. When 13 nm AuNPs are aggregated, the SPR absorption band is 

red shifted and broadened (SPR absorption peaks at 520 nm and 600 nm for dispersed 

and aggregated 13 nm AuNPs, respectively), leading to a concomitant red-to-purple 

color change (Figure 1.15) [30]. AuNP-based colorimetric assays show high sensitivity 

because of their extremely high extinction coefficient. The color change or aggregation 

process can be quantitatively analyzed through monitoring the absorption spectrum by a 

standard spectrophotometer.  

 

 

Figure 1.13. Origin of SPR caused by coherent interaction between electrons in the 

conduction band and light (Adapted from [29]). 
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Figure 1.14. Colors of AuNPs of different sizes (Adapted from 

https://en.wikipedia.org/wiki/Colloidal_ gold). 

 

                

Figure 1.15. Interparticle-distance-dependent optical property of AuNPs (Adapted from 

[30]). 

 

AuNPs can be modified with thiol/mercapto/sulfhydryl and amine ligands by 

chemisorption. The affinity of gold−thiol (Au−S) linkage is higher than that of 

gold−amine (Au−N) linkage. Therefore, thiol modification is often applied as the 

attachment chemistry for functionalizing the surface of AuNPs with stabilizing/capping 

agent and/or biorecognition molecules (e.g., oligonucleotide and antibody). Furthermore, 

A)  

B)  
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the stability of AuNPs can be controlled through electrostatic stabilization based on 

small charged molecules on the surface, steric stabilization based on surface-grafted 

polymers, and electrosteric stabilization based on surface-grafted charged polymers 

(Figure 1.16) [31].  

 

 

 

 

 

 

         

Figure 1.16. Schematic representation of colloidal stabilization (Adapted from [31]). 

 

1.2.3. Applications of Gold Nanoparticles   

Surface chemistry of AuNPs plays an important role in chemical or biological 

sensing [32-37]. Both organic (e.g., surfactants and biomolecules) and inorganic 

materials (e.g., silica and metal oxides) have been used to coat the surfaces of AuNPs. 

For AuNPs, attachment through thiol chemisorption is by far the mostly used method, 

which works quite well if the native adsorbed ions or molecules present during the 

AuNPs synthesis can be substituted by Au–S bonds. Analyte-mediated AuNPs 

aggregation has been applied for DNA, protein, saccharide, small molecule, and ion 

detection [38-44]. The key to the design of AuNP-based colorimetric detection platforms 

is to control the dispersion and aggregation of AuNPs through analytes of interest 

(Figure 1.17) [45]. The balance between interparticle attractive and repulsive forces, 

A) Electrostatic stabilization B) Steric stabilization C) Electrosteric stabilization 
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which determines the aggregation/dispersion of AuNPs and the solution color, plays a 

key role in the design of the detection platforms. Mirkin and co-workers functionalized 

AuNPs with oligonucleotides, thereby the presence of a complementary target sequence 

cross-linked the nanoparticles and resulted in aggregation.  

 

 

Figure 1.17. Schematic illustration of colorimetric AuNPs sensors (Adapted from [45]). 

 

Aptamer-functionalized AuNPs were used to detect the platelet-derived growth 

factor (PDGF) and cancer cells. Direct colorimetric detection of cancer cells can be 

realized based on cancer cell aptamer and AuNPs (Figure 1.18) [5]. A colorimetric assay 

was developed by Ray and co-workers for the detection of breast cancer SK-BR-3 cell 

line with a multifunctional (antibody and aptamer) oval-shaped AuNP probe (Figure 

1.19) [46]. The super-quenching properties of AuNPs enabled the sensitive and selective 

detection of metal ions through ‘turn on’ and ‘turn off’ fluorescence approaches. 
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Detection schemes were designed based on absorbance changes due to metal ion-

induced aggregation of AuNPs or direct metal ion deposition onto AuNPs (Figure 1.20) 

[47].   

 

 

Figure 1.18. The design of the colorimetric detection platform for cancer cells based on 

aptamer-functionalized AuNPs (Adapted from [5]).  

 

 

Figure 1.19. Absorption spectra and photograph showing the detection of breast cancer 

cells (SK-BR-3 cell line) with AuNPs (Adapted from [46]).  
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Figure 1.20. Schematic representations of Hg
2+

 nanosensors on the basis of fluorescence 

quenching (Adapted from [47]).  

 

1.2.4. Colorimetric DNA Detection with Gold Nanoparticles  

AuNP-based DNA detection platforms have been researched for many years. There 

are many factors influencing the SPR phenomenon of AuNPs, including shape, size, 

interparticle distance, and the wave frequency of electromagnetic field. A red shift in the 

absorption spectrum can be induced by AuNPs aggregation, resulting in a solution color 

change from red to purple, which has been applied as the main mechanism for 
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colorimetric DNA detection. AuNP-based colorimetric DNA detection can be designed 

by controlling the stability and aggregation of AuNPs through interparticle cross-linking 

or non-cross-linking aggregation mechanisms [48-51]. The key is to control the 

aggregation and dispersion of AuNPs by balancing the interparticle attractive and 

repulsive forces. Parameters of particles, including surface charges and surface grafted 

polymers, also play an important role in both interparticle cross-linking and non-cross-

linking aggregation mechanisms.    

 

1.2.4.1. Cross-Linking Aggregation Method 

        As shown in Figure 1.21, AuNPs can be cross-linked through molecules containing 

multiple reaction sites for the receptors of interest on AuNPs (Pathway A). Such 

aggregation can be reversed (deaggregation) by processes that remove the cross-linking 

molecules (Pathway B). The aggregation and deaggregation of AuNPs can be indirectly 

controlled by processes that modify the cross-linking molecules (Pathway C) or 

receptors on AuNPs (Pathway D). On the other hand, AuNPs aggregation can be caused 

by direct recognition (without cross-linkers) of receptor-modified AuNPs and 

complementary (or anti-receptor) AuNPs. Processes that break the receptor–anti-

receptor interaction (Pathway E) or modify the receptor (Pathway F) can lead to AuNPs 

deaggregation. Based on these pathways, a number of DNA detection platforms were 

developed [30].  
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Figure 1.21. Interparticle cross-linking aggregation of AuNPs (Adapted from [30]).  

 

Mercaptoalkyl oligonucleotide-modified AuNP probes have been widely used for the 

detection of target DNA sequences. Upon the addition of a target DNA sequence into a 

solution containing two sets of oligonucleotide-modified AuNP probes (each being 

A)  

B)  
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complementary to half of the target DNA sequence), cross-linking occurred and thus the 

solution color changed from red to purple (Figure 1.22) [50]. Hybridization could be 

accelerated by a freeze–thaw step. These cross-linked aggregates had a narrow melting 

curve, allowing the differentiation of sequences with a few mismatches (even single-

base mismatch). The detection limit of this system was about 10 femtomoles (nanomolar 

concentration level). 

 

 

Figure 1.22. Formation of aggregates with oligonucleotide-modified AuNP probes in 

the presence of complementary target sequence (Adapted from [50]). 

 

As shown in Figure 1.23, AuNPs were separately modified with two 

noncomplementary oligonucleotides (Sequences a and b), the mixture of which showed 

a red color and had a strong absorbance at a wavelength of 520 nm. If a complementary 

DNA (a′b′) was added, these oligonucleotide-modified AuNPs were aggregated and the 

solution color turned purple [48]. The aggregated AuNPs in purple could return to red 
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after being heated to a temperature above its melting temperature. Compared with 

unmodified DNA (i.e., without AuNPs), this melting transition was extraordinarily sharp.  

 

 

Figure 1.23. Colorimetric DNA detection using oligonucleotide-functionalized AuNPs 

along with melting curve analysis (Adapted from [48]). 

 

Storhoff and co-workers developed a DNA detection platform by dropping DNA-

modified AuNP probes onto an illuminated glass waveguide [51]. As shown in Figure 

1.24, when DNA-modified AuNP probes (both A and B) were spotted onto a glass slide 

illuminated with white light, the scattered light appeared green in color. On the other 
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hand, when the probes were hybridized with a complementary target, the scattered light 

appeared yellow-to-orange in color. With a proper hybridization method to facilitate the 

binding between the probes and target homogeneously, zeptomole quantities of the 

target was detected without target or signal amplification. This method was used to 

detect mecA gene from methicillin-resistant Staphylococcus aureus.  

 

 

Figure 1.24. Colorimetric scatter-based DNA detection using oligonucleotide-

functionalized AuNPs  (Adapted from [51]).  

 

1.2.4.2. Non-Cross-Linking Aggregation Method 

Interparticle repulsive forces between AuNPs can be significantly reduced by three 

common mechanisms, as shown in Figure 1.25 [30]. First, the electrostatic stabilization 

of AuNPs by small charged molecule gets lost, e.g., charge neutralization by salt or 

oppositely charged molecule and displacement of small charged molecule by uncharged 

molecule. Second, the steric/electrosteric stabilization by macromolecule (with/without 

charges) gets lost, e.g., DNA removed by enzyme cleavage. Third, aggregation can be 
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induced by a change in the conformation of the macromolecules (with/without charges), 

e.g., the folding of an aptamer upon target binding. 

 

 

Figure 1.25. Non-cross-linking aggregation mechanisms (Adapted from [30]). 

 

Kanjanawarut and co-workers demonstrated non-cross-linking aggregation of 

AuNPs for DNA detection using peptide nucleic acid (PNA) probe [35]. As shown in 

Figure 1.26, PNA could induce the aggregation of AuNPs upon adsorption 

(chemisorption of nucleobases; negatively charged citrate was shielded). When the PNA 

probe was hybridized with a complementary DNA, the PNA–DNA duplex could still 

bind to AuNPs (through PNA backbone) and the negatively charged DNA rendered 

AuNPs dispersed. 

 

A)  

B)  

C)  
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Figure 1.26. Schematic illustration of the effects of peptide nucleic acid (PNA) and 

PNA–DNA hybrid on the aggregation/dispersion of AuNPs (Adapted from [35]). 

 

AuNPs exhibit strong affinity to ssDNA but not to dsDNA, and the adsorbed ssDNA 

stabilizes AuNPs against aggregation in high salt concentration (ssDNA is highly 

negatively charged). This different propensity of ssDNA and dsDNA to adsorb onto 

AuNPs makes it possible to design a colorimetric platform for DNA detection (Figure 

1.27) [49]. It should be noted that the hybridization step is separated from the detection 
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step, and the entire process can be completed within 5 minutes. The limit of detection of 

this detection platform is about 100 femtomoles of a target sequence.  

 

 

Figure 1.27. Schematic illustration of the differentiation between ssDNA and dsDNA 

using AuNPs based on non-cross-linking aggregation method (Adapted from [49]).  

 

1.2.5. Colorimetric DNA Detection with Gold Nanoparticles and DNA 

Amplification 

1.2.5.1. Thermocycling Amplification with Gold Nanoparticles 

Kato and Oishi developed an ultrasensitive colorimetric DNA platform by 

combining enzyme-free click chemical ligation chain reaction (CCLCR) on the surface 

of AuNPs [52]. They used azide-containing DNA-modified AuNPs and 

dibenzocyclooctyne-containing biotinyl DNA as probes, and the click chemical ligation 
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between these probes were formed by the hybridization with a target DNA to produce 

biotinyl-ligated AuNPs (Figure 1.28). With thermocycling, both the biotinyl-ligated 

AuNPs and target DNA were amplified in an exponential manner. Then, the biotinyl-

ligated AuNPs separated by streptavidin-modified magnetic beads, followed by 

absorbance measurement at 525 nm. The limit of detection of this assay was 50 zM 

(several copies).  

 

 

Figure 1.28. Schematic illustration of CCLCR (Adapted from [52]). 

 

Wang and co-workers performed PCR with primer-modified AuNPs [53]. As shown 

in Figure 1.29, a target DNA sequence was first hybridized to one of the two primer-

modified AuNPs. Then, the hybridized primer was extended by a DNA polymerase. The 

extended primer (remained bound to AuNP) was separated from the target by thermal 

denaturation. Next, the extended primer served as a template for the other primer-
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modified AuNPs. This process was repeated, resulting in cross-linking/aggregation of 

AuNPs and a red-to-purple solution color change.  

 

 

Figure 1.29. Schematic illustration of AuNP-based DNA detection with PCR (Adapted 

from [53]). 

 

Gao and co-workers reported the coupling between AuNP probes and LCR (Figure 

1.30) [54]. Through a fluorosurfactant-assisted procedure, trithiolated oligonucleotide 

capture probes were immobilized onto citrate-stabilized AuNPs (20 nm). Two sets of 

AuNP probes were prepared (each being complementary to half of a target DNA 

sequence). In the presence of the target, with repeated ligation (by ligase) and heat 

denaturation, the AuNP probes were cross-linked/aggregated and thus the solution color 

changed from red to purple. The limit of detection of this assay was 20 aM. It should be 

pointed out that the amplification reaction could be monitored in a real-time manner.  
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Figure 1.30. Schematic illustration of AuNP-based DNA detection with LCR  (Adapted 

from [54]). 

 

Park and co-workers developed a simple colorimetric approach to detect the PCR-

amplified DNA [55]. They used a thiolated PCR primer in a PCR reaction mixture 

(Figure 1.31). After PCR, bare AuNPs and salt (NaCl) were added. In the presence of a 

target DNA sequence, a thiolated PCR product was generated. When bound to AuNPs, 

the highly negatively charged PCR product stabilized AuNPs against salt-induced 

aggregation through electrosteric repulsion and the solution color appeared red. In the 

absence of the target, the thiolated primer was bound to AuNPs, the charge of which was 

insufficient to prevent salt-induced aggregation and the solution color appeared purple. 
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Figure 1.31. Schematic illustration of colorimetric detection of PCR products with a 

thiolated primer and AuNPs (Adapted from [55]). 

 

Lee and co-workers demonstrated the use of a silica-reinforced oligonucleotide-

modified AuNP probe to detect PCR in a closed-tube format (i.e., the AuNP probe was 

present in the reaction mixture during thermocycling; postamplification open-tube 

operation poses a high risk of carryover contamination) [56]. Typical oligonucleotide-

modified AuNP probe was incompatible with PCR conditions (thermal and chemical 
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desorption of the oligonucleotide and thus aggregation of AuNPs). The silica coating 

entrapped the Au–S linkage, significantly enhanced its stability in PCR. The 

oligonucleotide bound to AuNPs was complementary to one of the two PCR primers 

(Figure 1.32). In a negative sample (without target), hybridization between the AuNP 

probe and primer occurred, and the solution appeared purple due to aggregation. In a 

positive sample (with target), the primers were extended and the AuNP probe remained 

intact, thus the solution appeared red.  

 

 

Figure 1.32. Schematic illustration of colorimetric PCR detection in a closed-tube 

manner with silica-reinforced oligonucleotide-modified AuNPs (Adapted from [56]). 
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1.2.5.2. Isothermal Amplification with Gold Nanoparticles 

Lee and co-workers reported the use of 11-mercaptoundecanoic acid-modified AuNP 

probe for LAMP result readout in a closed-tube manner (Figure 1.33) [57]. In a negative 

sample (with target DNA sequence), the AuNP probe was aggregated due to the 

complexation between carboxyl group and magnesium ion, thus a purple precipitate was 

observed after the LAMP reaction. In a positive sample (with target), the AuNP probe 

was kind of redispersed (red precipitate) due to the formation of magnesium 

pyrophosphate (LAMP reaction byproduct), which extracted magnesium ion originally 

complexed with the AuNP probe. The limit of detection of this platform was 17 aM. 

 

 

Figure 1.33. Schematic illustration of closed-tube colorimetric LAMP assay using 11-

mercaptoundecanoic acid-modified AuNPs (Adapted from [57]). 

 



35 

 

1.3. Quantum Dots 

QDs are colloidal semiconductor nanocrystals and their dimensions are about 1–10 

nm. Upon the absorption of light, excitons are produced in the nanocrystals and the 

recombination of electron and hole results in luminescence [58-60]. Every nanocrystal 

contains hundreds to thousands of atoms, 10% of which are situated at the surface of 

nanocrystal, leading to a high surface area to volume ratio. Most QDs have core/shell 

structures (such as CdSe/ZnS) for improved optical properties [61]. QDs have been 

widely explored for biomedical applications [62-64].  

 

1.3.1. Synthesis Methods  

Although convenient air-stable precursors are used to synthesize QDs in aqueous 

media, QDs with high monodispersity (narrow full width at half maximum, FWHM) and 

quantum yield (the ratio of emitted to absorbed photons) can be obtained by using 

organometallic precursors and nonpolar organic solvents through solvothermal methods 

at high temperature and under inert atmosphere. One exception is the aqueous synthesis 

of CdTe QDs (FWHM of 30–60 nm and quantum yield close to 40%). QDs can be 

classified into magic-sized and regular QDs [28]. Magic-sized QDs are particles that are 

of a well-defined size such as (CdSe)34. The reaction mechanism is shown in Figure 1.34 

[28]. They have unique nucleation and growth routes during the synthesis process. It was 

suggested that magic-sized QDs only undergo a nucleation step without any further 

growth. Regular QDs have a 4-stage growth process: nucleation, growth of compact 

aggregates, growth of fractal aggregates, and secondary nucleation and fractal 

aggregates growth (Figure 1.35) [28]. 
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Figure 1.34. Reaction mechanism for the synthesis of magic-sized QDs (Adapted from 

[28]). 

 

 

Figure 1.35. Four-stage growth of regular QDs (Adapted from [28]). 

 

Core/shell structures are usually prepared in two steps: core nanocrystal synthesis 

with purification followed by shell growth. The core is coated by depositing a controlled 

number of monolayers (typically 1–5) of the shell material (Figure 1.36) [65]. The shell 

growth is usually performed at a temperature lower than that of the core synthesis so as 

to reduce shell nucleation and core ripening. The core nanocrystals can be characterized 

by a number of techniques such as ultraviolet–visible (UV–vis) spectroscopy, 
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photoluminescence spectroscopy, powder X-ray diffraction, and transmission electron 

microscopy (TEM) (Figure 1.37) [65].  

 

 

Figure 1.36. Two-step synthesis of core/shell nanocrystals (Adapted from [65]). 

 

 

Figure 1.37. TEM images of ZnTe/CdSe nanocrystals (Adapted from [65]). 

 

1.3.2. Characteristic Properties  

Different-sized QDs give rise to a bright rainbow of photoluminescence photograph 

under ultraviolet (UV) illumination. Quantum confinement induces the size-dependent 
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photoluminescence of QDs. High quantum yield (0.1–0.9) and large molar extinction 

coefficient (10
5
–10

7
 M

−1
cm

−1
) are the key factors to cause the strong photoluminescence. 

The absorption spectra of QDs in the near-UV region is very broad, increasing in 

magnitude from their first exciton peak to shorter wavelengths continuously (Figure 1.38) 

[66]. Compared with the first exciton absorption peak, photoluminescence spectra of 

QDs are usually of longer wavelengths.  

 

 

Figure 1.38. Size-tunable photoluminescence of CdSe QDs (Adapted from [66]).  

 

1.3.2.1. Core/Shell Structure 

Surface defects in a crystal structure temporarily trap the electron or hole, and the 

radiative recombination is prevented. Trapping and untrapping events are alternated, 

leading to intermittent fluorescence (blinking) visible at the single-molecule level and 

reduction in the overall quantum yield. It is possible to protect surface atoms from 
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oxidation and other chemical reactions by growing a shell of a few layers of atoms with 

a larger band gap than that of the nanocrystal core, resulting in high quantum yields of 

up to 90%. The shell can enhance the photostability of QDs by several orders of 

magnitude relative to the conventional dyes. Just like the widely used core/shell 

structures of CdSe/ZnS and CdTe/ZnS QDs, a few structurally similar layers of a 

semiconductor with a higher band gap energy are used to coat the core nanocrystal so as 

to improve the efficiency of photoluminescence. Highly crystalline cores of CdSe QDs 

can be synthesized by means of organometallic precursors pyrolysis at high temperature 

with trioctyl phosphine/trioctyl phosphine oxide (TOP/TOPO) mixture as a coordinating 

solvent. This reaction is combined with appropriate organometallic precursors to 

overcoat the CdSe core with a layer of wider bandgap semiconducting material (such as 

ZnS and CdS). The ZnS layer is usually used to protect the core surface of QDs from 

oxidation and Cd/Se leaching, and to improve the quantum yield substantially. The 

protection against oxidation and harsh conditions of 4–6 monolayers of ZnS shell is 

better than that of 1–2 monolayers.  

The electron and hole localization, and the exciton recombination are determined by 

the relative energy between the core and shell (i.e., conduction and valence band edge 

states), giving an additional method to optimize the optical properties of QDs (Figures 

1.39 and 1.40) [65-66]. For Type I heterostructures (such as CdSe/ZnS), the band edge 

states of the core are both within those of the shell. This configuration is the most 

common due to its best exciton confinement and radiative recombination with highest 

rates. For Type II heterostructures (such as CdTe/CdSe and CdS/ZnSe), the electrons are 

located in the shell while the holes are located in the core, or vice versa. For 
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Inverse/Reverse Type I heterostructures (such as ZnSe/CdSe), the holes and electrons 

are located in the shell. 

       

 

Figure 1.39. Schematic illustration of band gap engineering by the selection of core and 

shell materials (Adapted from [66]).  

 

 

Figure 1.40. Core/shell systems with different energy-level alignments (Adapted from 

[65]). 
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1.3.2.2. Ligand Exchange of Quantum Dots  

 Surface functionalization of QDs can be performed by various strategies (Figure 

1.41) [67]. Hydrophobic ligands are usually attached on the surfaces of QDs such as 

hexadecylamine and TOPO. Water-dispersible QDs can be prepared by ligand exchange 

strategies, which can be further functionalized with biomolecules.  

 

 

Figure 1.41. Methods to prepare water-dispersible QDs (Adapted from [67]). 
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1.3.2.3. Bioconjugation of Quantum Dots  

A variety of methods can be used to conjugate QDs with biomolecules, including 

bifunctional linkage followed by covalent linkage, hydrophobic interaction followed by 

covalent linkage, silanization followed by covalent linkage, and electrostatic interaction 

(Figures 1.42 and 1.43) [68-69]. 

 

 

Figure 1.42. Biofunctionalization of QDs (Adapted from [68]). 

 

 

Figure 1.43. Schematic illustration of QD bioconjugation methods (Adapted from [69]). 
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1.3.3. Applications of Quantum Dots  

Conventional organic fluorophores suffer from disadvantages of poor photostability, 

narrow absorption spectra, and broad emission spectra. QDs, on the other hand, have 

excellent photostability, broad absorption spectra, and narrow emission spectra. In 

addition, QDs have tunable emission spectra, bright fluorescence (large extinction 

coefficient and high quantum yield), and long fluorescence lifetimes (Figure 1.44) [67]. 

Because of these attractive properties, a lot of efforts have been made in utilizing QDs 

for biosensing and bioimaging applications [70-81].  

 

 

Figure 1.44. Fluorescence decay behavior of CdSe/ZnS QDs and typical organic dyes 

(Adapted from [67]).  

 

Zhang and co-workers developed a sensitive and selective electrochemical sensing 

platform for Pb
2+

 based on QDs (Figure 1.45) [72]. Magnetic beads were modified with 

Pb
2+

-specific DNAzyme. In the presence of Pb
2+

, the substrate strand was cleaved into 

two halves and release from the catalytic strand. Then, the catalytic strand was extended 

by RCA. This was followed by the hybridization of complementary oligonucleotide-
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modified CdS QDs. Unbound QDs were removed by magnetic separation and washing. 

The bound QDs were dissolved to Cd
2+

 and quantified by electrochemical measurement. 

Ultralow level (7.8 pM) of Pb
2+

 could be detected.  

 

 

Figure 1.45. Schematic illustration of Pb
2+

 detection based on QDs (Adapted from [72]).  

 

1.3.4. Fluorescent DNA Detection with Quantum Dots 

The main mechanism of using QDs for DNA detection is based on quenching and 

restoration of QD emission. As shown in Figure 1.46, the emission of QDs is quenched 

by AuNPs via fluorescence resonance energy transfer (FRET) [83]. It should be noted 

that one QD donor can bind with multiple quenchers/acceptors, which substantially 

improves the efficiency of FRET.  

 

 

Figure 1.46. Schematic illustration of FRET-based DNA detection using QDs and 

AuNPs (Adapted from [83]). 
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Wang and co-workers reported the use of QDs for DNA/RNA detection [84]. Ligand 

exchange method was used to prepare the highly water-dispersible oligonucleotide-

modified QDs (the oligonucleotide was thiolated) (Figure 1.47). In the presence of a 

target DNA/RNA sequence, an organic quencher (BHQ2)-labeled oligonucleotide was 

brought close to QDs and the fluorescence was quenched. The limit of detection of this 

platform was 1 fM.  

 

 

Figure 1.47. Schematic illustration of DNA/miRNA detection based on QDs (Adapted 

from [84]). 

 

Lu and co-workers detected HIV-1 and HIV-2 sequences based on oligonucleotide-

modified QDs assembled on polystyrene microsphere [85]. The linkage between QDs 

and polystyrene microsphere was achieved by streptavidin–biotin interaction (Figure 

1.48). Reporter oligonucleotide that was complementary to half of a target sequence was 

immobilized onto QDs by streptavidin–biotin interaction (two sets of reporter conjugates 

were separately prepared for HIV-1 and HIV-2). Capture oligonucleotides that were 

complementary to the other half of the target sequences (both HIV-1 and HIV-2) were 
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immobilized onto a solid support (i.e., 96-well plate) (Figure 1.49). In the presence of 

the target sequence(s), the corresponding reporter conjugate(s) remained bound on the 

solid support and the fluorescence spectrum was measured. 

 

 

Figure 1.48. Schematic illustration of the preparation of QD-based reporter conjugates 

for HIV-1 and HIV-2 detection (Adapted from [85]). 

 

 

Figure 1.49. Schematic illustration of QD-based reporter conjugates for HIV-1 and 

HIV-2 detection  (Adapted from [85]). 
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Wang and co-workers reported an ultrasensitive DNA detection platform by means 

of FRET between oligonucleotide-modified QDs (donor) and Cy5-labeled reporter 

oligonucleotide (acceptor) (Figure 1.50) [86]. The donor and acceptor were brought into 

close proximity through sandwich hybridization for efficient FRET in the presence of a 

complementary target DNA sequence. Single QD analysis was achieved by using 

continuous-flow microcapillary and confocal fluorescence spectroscopy. There was no 

need to separate unhybridized QDs from hybridized QDs because the former one 

produced near-zero background fluorescence. The limit of detection of this platform was 

50 copies of the target. 

 

 

Figure 1.50. Schematic illustration of DNA detection by means of single QD analysis 

(Adapted from [86]). 
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He and Ma developed a new DNA detection platform based on QD doping 

photoluminescence (Figure 1.51) [13]. In the absence of a target DNA sequence, Hg
2+

 

ions were bound to an oligonucleotide probe (hairpin structure was formed) and ZnSe 

QD was not fluorescent without Hg
2+

 doping. In the presence of the target, Hg
2+

 ions 

were released and the doping of ZnSe QDs with  Hg
2+

 gave rise to a strong fluorescence. 

 

 

Figure 1.51. Schematic illustration of DNA detection based on QD doping (Adapted 

from [13]). 

 

Wu and co-workers developed an ultrasensitive DNA detection platform based on 

CdS QDs assembled on silica microsphere (Figure 1.52) [87]. Solid-phase sandwich 

hybridization (capture oligonucleotide probe–target–reporter oligonucleotide probe) was 

employed to recognize the target DNA sequence. The CdS QDs assembled on silica 

microsphere were bound to the reporter oligonucleotide probe via streptavidin–biotin 

linkage. CdS QDs were dissolved by nitric acid and the resultant Cd
2+

 ions were 

measured by hydride generation atomic fluorescence spectrometry. The limit of 

detection of this platform was 0.8 aM. 
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Figure 1.52. Schematic illustration of DNA detection with CdS QDs assembled on silica 

microsphere (Adapted from [87]). 

 

Ikonomopoulos and co-workers made use of magnetic beads and CdSe QDs to detect 

a target DNA sequence (Figure 1.53) [88-89]. Magnetic beads were functionalized with 

a capture oligonucleotide probe. The presence of the target sequence, through sandwich 

hybridization, linked CdSe QD-labeled reporter oligonucleotide to the magnetics beads. 

Magnetic separation and washing were performed to remove the unbound QDs. As a 

result, the positive sample (with the target) could be easily distinguished from the 

negative sample (without the target) by colorimetric or fluorescent readout (Figures 1.54 

and 1.55). 
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Figure 1.53. Schematic illustration of fluorescent DNA detection based on QDs and 

magnetic beads (Adapted from [88]). 

 

 

Figure 1.54. DNA detection results (colorimetric) based on QDs and magnetic beads 

(Adapted from [88]). 

 

 

Figure 1.55. DNA detection results (fluorescent) based on QDs and magnetic beads 

(Adapted from [89]). 
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Willner and co-workers reported a chemiluminescence resonance energy transfer 

(CRET) DNA detection platform based on horseradish peroxidase-like DNAzyme and 

CdSe/ZnS QDs  [90]. As shown in Figure 1.56, the surface of QDs was functionalized 

with a hairpin (stem–loop) DNA sequence, which contained DNAzyme sequence in the 

stem and complementary target DNA sequence in the loop. In the absence of the target 

DNA sequence, DNAzyme (hybridized in the stem) could not bind with hemin and thus 

no chemiluminescence was generated. In the presence of the target, DNAzyme was 

freed and activated to generate chemiluminescence (formation of G-quadruplex structure 

upon the binding with hemin). Then, CRET to QD enabled multiplexed detection, i.e., 

different hairpin sequences for different sized QDs (different emission wavelengths).  

 

  

Figure 1.56. Schematic illustration of CRET detection of DNA using hemin–G-

quadruplex DNAzyme and QD (Adapted from [90]). 

 

Zhang and co-workers reported a DNA detection platform based on QDs embedded 

with liposome (Figure 1.57) [91]. The liposome–QDs complex was surface modified 

with a reporter oligonucleotide probe (complementary to half of a target DNA sequence). 

Besides, the detection platform involved the use of magnetic beads functionalized with a 

capture oligonucleotide probe (complementary to another half of the target DNA 
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sequence). The presence of the target sequence, through sandwich hybridization, linked 

the liposome–QDs complex to the magnetics beads. Magnetic separation and washing 

were performed to remove the unbound liposome–QDs complex. The bound complex 

was disrupted to release QDs and single-particle counting was performed. 

 

 

Figure 1.57. Schematic illustration of DNA detection with QDs embedded within 

liposome  (Adapted from [91]). 

 

1.3.5. Fluorescent DNA Detection with Quantum Dots and DNA Amplification 

1.3.5.1. Thermocycling Amplification with Quantum Dots  

Pang, Li, and co-workers reported the extension of primer-modified QDs in PCR 

[92]. The primer-modified QDs were prepared by carbodiimide coupling of amine-

modified primer to octylamine-modified polyacrylic acid-coated QDs (Figure 1.58). 

When added to a PCR mixture, the QD-bound primer was extended to a long dsDNA. 

By gel electrophoresis and atomic force microscopy, it was found that each QD had only 
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one long dsDNA. The long dsDNA-modified QDs were then applied for fluorescence in 

situ hybridization.   

 

 

Figure 1.58. Schematic illustration of the extension of primer-modified QDs in PCR 

(Adapted from [92]). 

 

        Li and co-workers reported that the addition of appropriate concentrations of 

mercaptoacetic acid- or streptavidin-modified CdSeQDs into PCR mixture greatly 

improved specificity (suppression of nonspecific bands/smearing) and yield [93]. 

Besides, it was found that the specificity improvement by mercaptoacetic acid-modified 

QDs was nullified in the presence of bovine serum albumin. This indicated that the 



54 

 

specificity improvement was caused by the interaction between Taq polymerase and 

mercaptoacetic acid- or streptavidin-modified CdSeQDs. Zhang and co-workers also 

reported that CdTe QDs improved the specificity and efficiency of real-time PCR 

(SYBR Green I or EvaGreen as reporter fluorescent dye) [94]. As shown in Figures 1.59 

and Figure 1.60, in the presence of QDs, a specific single PCR product band was 

obtained even the reaction mixture was preincubated at different temperatures and times. 

 

 

Figure 1.59. Specificity improvement by QDs in PCR at different preincubation 

temperatures (Adapted from [94]). 

 

 

Figure 1.60. Specificity improvement by QDs in PCR at different preincubation times 

(Adapted from [94]). 
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Xiao and co-workers also reported that CdTe QDs could improve the specificity in 

multiplex PCR [95]. Chen, Xu, and co-workers reported that thioglycolic acid-modified 

CdTe QDs could improve the specificity but not efficiency of PCR [96]. Chang and co-

workers showed that coating and conjugation procedures would not change the 

properties of QDs (Figure 1.61) [97].   

 

 

Figure 1.61. Coating and conjugation procedures of QDs for PCR compatibility study 

(Adapted from [97]). 

 

Zhang and co-workers reported that QDs could accelerate the speed of PCR. In the 

presence of CdTe QDs, the reaction time could be reduced from 143 to 46 min without 

affecting the PCR efficiency [98]. Guan and co-workers addressed the compatibility 

(thermal and Mg
2+

 stability as well as amplification efficiency) of QDs in PCR by 

polymer coating (Figure 1.62) [99].  With amphiphilic copolymer and poly(ethylene 
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glycol) surface modification, QDs remained well dispersed and brightly fluorescent after 

40 PCR cycles. 

 

 

Figure 1.62. PCR compatibility of amphiphilic copolymer and poly(ethylene glycol)-

modified QDs (Adapted from [99]). 

 

Zhang and co-workers showed that mercaptopropionic acid-stabilized CdTe QDs 

provided hot-start (HS) effects in Pfu-based PCR (Figure 1.63) [100]. In the control 

experiments with 1-hour preincubation at different temperatures (35–56 °C), nonspecific 

products (smearing) were observed. When CdTe QDs were added to the reaction 

mixture, specific products were observed (similar to the results with hot-start 

polymerase). 
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Figure 1.63. Hot-start effects for Pfu-based PCR by mercaptopropionic acid-stabilized 

CdTe QDs (Adapted from [100]). 

 

1.3.5.2. Isothermal Amplification with Quantum Dots  

Krull and co-workers developed a DNA detection platform based on QDs and HDA 

(Figure 1.64) [101]. Capture oligonucleotide probe-modified QDs (green-emitting) were 

first immobilized onto cellulose chromatography paper (4 by 8 array defined by wax 

printing). A target sequence was amplified by HDA, followed by ssDNA generation. 

This HDA-amplified ssDNA product together with a Cy3-labeled reporter 

oligonucleotide probe were then hybridized to the capture oligonucleotide probe-

modified QDs in a sandwich format. As a result, FRET between green-emitting QDs and 

Cy3 occurred (UV illumination; image signal acquisition and analysis by iPad).  
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Figure 1.64. Schematic illustration of a DNA detection platform based on QDs, HDA, 

paper substrate, and iPad image signal acquisition and analysis (Adapted from [101]).  

 

Ju and co-workers reported a DNA detection platform with CdTe QDs-

functionalized silica nanospheres and circular strand-replacement polymerization 

(Figure 1.65) [102]. A molecular beacon (stem–loop structure) probe was immobilized 

onto a microwell plate. The presence of a target DNA sequence (complementary to the 

loop) linearized the molecular beacon probe, which permitted a primer to hybridize to 

the 3′-end of the linearized molecular beacon probe. This was followed by the extension 

of the primer, displacing the target for binding another molecular beacon. Meanwhile, 

the extended primer contained a nicking site to amplify the target. After the enzymatic 

amplification, CdTe QDs-functionalized silica nanospheres were bound to the linearized 

molecular beacon probe via streptavidin–biotin linkage. Next, QDs were dissolved to 

Cd
2+

, which sensitized the fluorescent emission of Rhod-5N. The limit of detection of 

this detection platform was 50 copies of the target DNA sequence.   
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Figure 1.65. Schematic illustration of a DNA detection platform based on molecular 

beacon, circular strand-replacement polymerization, and CdTe QDs-functionalized silica 

nanospheres (Adapted from [102]). 

 

1.4. Challenges of Current DNA Detection Platforms Based on Gold Nanoparticles 

and Quantum Dots with Amplification 

Despite the enormous efforts to couple AuNPs and QDs with DNA amplification, 

the vast majority adopted an open-tube format (i.e., postamplification open-tube addition 

of AuNPs or QDs), posing a high risk of carryover contamination. The incompatibility 

of AuNP and QD probes with enzymatic amplification reactions is mainly due to 

thermal desorption and/or ligand exchange of functional molecules (e.g., oligonucleotide 

probe) from the surfaces of AuNPs and QDs, as well as enzyme inhibition. Among the 

very few closed-tube platforms, except one previously developed by our research group 

(11-mercaptoundecanoic acid-modified AuNPs for end-point LAMP assay), almost all 
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required complicated and costly strategies to enhance the compatibility of the 

oligonucleotide-functionalized nanoprobes and were based on thermocycling 

amplification. To date, no attempt has been made to achieve simultaneous isothermal 

amplification and nanomaterial-based detection. 

 

1.5. Objectives of the Study  

The main objective of this thesis is to develop new AuNP and QD probes with facile 

surface functionalization (not with oligonucleotide) for real-time isothermal 

amplification assays. Specifically, thiolated polyethylene glycol and 11-

mercaptoundecanoic acid co-modified AuNPs (PEG/MUA–AuNPs) and cysteamine-

modified QDs (Cys–QDs) are explored. The mechanisms underlying their extraordinary 

dispersion and precipitation behaviors in negative (without target DNA sequence) and 

positive (with target DNA sequence) LAMP samples are studied. Moreover, the assay 

performances in terms of specificity and limit of detection are evaluated. 
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2. Gold Nanoparticles for Real-Time Loop-Mediated Isothermal 

Amplification 

This chapter aims to develop a new visual DNA detection platform based on real-time 

LAMP with thiolated polyethylene glycol and 11-mercaptoundecanoic acid co-modified 

AuNPs (PEG/MUA–AuNPs). A brief introduction, which includes previous work and our 

new platform, is given in Section 2.1. Experimental details are given in Section 2.2. Results 

and discussion are presented in Section 2.3. A summary is provided in Section 2.4.  

 

2.1. Introduction 

AuNPs are among the most popular nanomaterials used for biosensing applications, 

including DNA, protein, small molecule, ion, and whole cell detection. Surface 

modification is an essential part in the preparation of functional nanoprobes, which can 

be achieved through physical interaction (i.e., electrostatic and hydrophobic), covalent 

coupling (e.g., Au–S linkage), or affinity binding (e.g., antibody–antigen and avidin–

biotin) [103-104]. Various signal transduction methods such as optical absorption, 

fluorescence, Raman scattering, and electrical conductivity have been employed [105-

109]. The colorimetric properties of AuNPs are associated with the SPR phenomenon 

[110]. 

 

2.1.1. Previous Work 

Until now, only a few closed-tube DNA amplification platforms with AuNP 

detection probes have been reported. The first platform was reported by Wang and co-

workers in 2010 [53]. The two primers (with 5′-monothiol modification) for PCR were 
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separately immobilized onto two sets of AuNPs by means of Au–S linkage. A 

complementary short synthetic target sequence first hybridized to one of the AuNP-

bound primers (annealing step; 55 °C) and was then extended (extension step; 72 °C). 

After that, the extended AuNP-bound primer was released from the target (denaturation 

step; 94 °C), followed by the hybridization and extension of the second AuNP-bound 

primer. The process was repeated, resulting in particle cross-linking and thus 

aggregation (the solution color changed from red to purple). The limits of detection of 

this platform determined by absorbance measurement and visual readout were 5 pM and 

0.5 nM, respectively. 

In 2012, our research group reported another closed-tube PCR platform [56]. A 

simple method to enhance the thermal stability and PCR amplification compatibility of 

oligonucleotide-modified AuNPs was developed. Conventional chemisorbed 

oligonucleotide (Au–S linkage) is heat labile. Upon the significant desorption of 

oligonucleotide from the AuNP surface at PCR's denaturation step, the target-induced 

color change property is lost. Moreover, the exposed AuNP surface nonspecifically 

adsorbs the PCR enzyme and thus PCR is inhibited. Our research group treated the 

oligonucleotide-modified AuNPs with (3-mercaptopropyl)trimethoxysilane (MPTMS). 

The mercapto groups of MPTMS molecules chemisorbed onto AuNP vacant surface 

sites (i.e., sites without oligonucleotide), followed by hydrolysis and polycondensation 

of the trimethoxysilyl groups. Thus, an ultrathin silica layer was formed, entrapping and 

reinforcing the Au–S linkage of the chemisorbed oligonucleotide. In addition, the silica 

layer was found to have negligible PCR inhibition effect. Taken together, these silica-

reinforced oligonucleotide-modified AuNPs were PCR compatible. The detection 

scheme comprised one set of silica-reinforced oligonucleotide-modified AuNPs (non-
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cross-link approach and the AuNP-bound oligonucleotide was complementary to one of 

the two primers). In the presence of a target, the primers were extended. After PCR, the 

oligonucleotide-modified AuNPs remained in the unhybridized state (did not bind with 

the double-stranded amplicon) and were stabilized against salt-induced aggregation (a 

red solution was observed). In the absence of the target, the oligonucleotide-modified 

AuNPs hybridized with the complementary primer and underwent salt-induced 

aggregation (a purple solution was observed). The limit of detection of this platform 

determined by visual readout was 83 fM (i.e., 10
6
 copies in a 20 μL reaction mixture). 

Also in 2012, Gao and co-workers reported a closed-tube LCR platform [54]. Their 

scheme included two sets of oligonucleotide-modified AuNP probes (complementary to 

a target) as well as a pair of oligonucleotide probes (synthetic target fragments). The two 

oligonucleotide-modified AuNP probes were aligned side-by-side by hybridizing with 

the target (50 °C), thereby triggering the ligation of the two oligonucleotide-modified 

AuNP probes (also 50 °C). At the denaturation step (90 °C), the target was released from 

the ligated probe (linked to two AuNPs at the two ends). The ligated probe then served 

as a new template for the ligation of the two synthetic target fragments. The 

amplification reaction proceeded exponentially and the oligonucleotide-modified AuNP 

probes were cross-linked (the solution color changed from red to purple). The limit of 

detection of this platform determined by absorbance measurement was 20 aM (i.e., 

1,200 copies in a 100 μL reaction mixture). It should be pointed out that the 

oligonucleotide-modified AuNP probes were prepared using a trithiol linkage or a 

complicated covalent linkage in order to improve their thermal and chemical stabilities. 

Even so, it was mentioned that 60% of the immobilized oligonucleotides desorbed from 
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the AuNPs between 30 and 50 thermal cycles. Therefore, the number of thermal cycles 

was limited to 30.  

Considering the limitations of the above-mentioned platforms (i.e., thermocycling 

amplification and complicated and costly preparation of oligonucleotide-modified 

AuNPs with), in 2014, our research group developed the first-of-its-kind closed-tube 

isothermal platform based on LAMP and 11-mercaptoundecanoic acid-modified AuNPs 

(MUA–AuNPs) [57]. The detection mechanism was based on magnesium ion (Mg
2+

)- 

and pyrophosphate ion (P2O7
4−

)-controlled aggregation and deaggregation of MUA–

AuNPs, respectively. Mg
2+

, which plays an indispensable role in LAMP reaction as an 

enzyme cofactor, complexed with the carboxyl groups between neighboring particles, 

resulting in aggregation. In the absence of a target sequence, a purple precipitate was 

observed. In the presence of the target, the LAMP reaction occurred and P2O7
4−

 was 

generated as a reaction byproduct. The complexed Mg
2+

was then extracted by P2O7
4−

, 

leading to the deaggregation of MUA–AuNPs (the color of the precipitate turned red). 

The limit of detection of this platform determined by absorbance measurement and 

visual readout was 17 aM (200 copies in a 20 μL reaction mixture). Compared with 

oligonucleotide-modified AuNP probes, the synthesis of MUA–AuNPs was much easier 

and cheaper. Regarding the compatibility of MUA–AuNPs with LAMP, the gel results 

proved that the amplification efficiency and specificity were not affected by the presence 

of MUA–AuNPs. It is noteworthy that it was possible to use the contents of disposable 

air-activated hand warmer for the temperature control. Nevertheless, this platform 

suffered from one limitation that a sonication step was needed to redisperse the 

precipitated particles for better readout. This means that real-time analysis was not 

feasible and thus the dynamic range was quite narrow (less than 2 orders of magnitude). 
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2.1.2. Our New Platform 

Herein, we report a new type of AuNP probe (co-modified with thiolated 

poly(ethylene glycol) and MUA, PEG/MUA–AuNPs) which exhibits totally different 

behaviors in Mg
2+

 and Mg2P2O7 than MUA–AuNPs, enabling real-time LAMP 

monitoring. PEG stabilizes the particles against Mg
2+

-induced aggregation due to steric 

hindrance [111] and therefore PEG/MUA–AuNPs (red color) remain dispersed in a 

negative LAMP sample. Remarkably, PEG/MUA–AuNPs bind effectively with 

Mg2P2O7 in a positive LAMP sample, the co-precipitation of which results in a red 

precipitate. The progress of the LAMP reaction can then be monitored by measuring the 

absorbance of the supernatant. Such behaviors are not unique to PEG/MUA–AuNPs. 

The essence resides in the surface functional groups, i.e., PEG and COO
−
. In this regard, 

we show that PEG-modified graphene oxide (PEG–GO; GO contains COO
−
) behaves 

almost identically to PEG/MUA–AuNPs. Another endeavor of this work is to develop a 

simple, hand-held, and low-cost prototype device for carrying out the real-time LAMP 

assay. The device is made up of three core modules: (1) heating by means of disposable 

air-activated hand warmer powder; (2) absorbance measurement by using a 520 nm laser 

diode, a photodiode, and supporting electronics (microcontroller board and battery); (3) 

wireless signal transmission (Bluetooth), signal processing and result display 

(smartphone). 
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2.2. Materials and Methods  

2.2.1. Materials and Instrumentation 

Hydrochloric acid, nitric acid, hydrogen tetrachloroaurate(III), sodium citrate tribasic 

dihydrate, 11-mercaptoundecanoic acid (MUA), potassium pyrophosphate, and 

magnesium chloride were purchased from Sigma-Aldrich. UltraPure DNase/RNase-free 

distilled water was purchased from Invitrogen. Thiolated poly(ethylene glycol) (SH–

PEG; MW of 2,000 Da) was purchased from Laysan Bio. GO (carboxyl graphene water 

dispersion) was purchased from ACS Material. Pyrene–PEG (MW of 2,000 Da) was 

purchased from Creative PEGWorks. Bst 2.0 DNA polymerase, dNTPs, and 10 

isothermal buffer were purchased from New England Biolabs. All oligonucleotides were 

purchased from Integrated DNA Technologies and were HPLC-purified. Copper grids 

(300 mesh) for transmission electron microscopy (TEM) were purchased from Sigma-

Aldrich. All reagents were used as received. All solutions were prepared with ultrapure 

water (18.2 MΩ⋅cm) from a Milli-Q Advantage A10 System (Millipore).  

UV−vis spectra were performed on an Ultrospec
TM

 2100 pro UV/visible 

spectrophotometer (GE Healthcare). TEM images were taken using a JEOL JEM-2010F 

TEM with field emission source (JEOL). Centrifugation was carried out with an 

Eppendorf Microcentrifuge 5415 D (Eppendorf). Shaking was performed with a 

Thermomixer Compact (Eppendorf). Sonication was operated on a WiseClean WUC-

A01H ultrasonic cleaner (Daihan Scientific). Isothermal DNA amplification was carried 

out using a GeneAmp PCR System 9700 (Applied Biosystems).  
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2.2.2. AuNPs Synthesis 

The synthesis of 15 nm AuNPs was based on a previously reported method by our 

research group [56] based on the standard citrate reduction method [112]. All glassware 

and magnetic stir bar used in the AuNPs synthesis were washed with aqua regia (mixture 

of concentrated hydrochloric acid and nitric acid in a volume ratio of 3:1; aqua regia is 

harmful and highly corrosive, and must be handled with care in a fume hood), rinsed 

with water, and dried in an oven. A solution of hydrogen tetrachloroaurate(III) (50 mL, 

0.01 wt%) was boiled under reflux with vigorous stirring. Then, sodium citrate (5 mL, 1 

wt%) was added quickly. The solution color changed from pale yellow to deep red 

within several minutes. Heating and stirring were continued for 10 min, followed by 

cooling to room temperature under stirring. The size and concentration of AuNPs were 

calculated according to the UV–visible absorption at wavelengths of the SPR peak (ASPR; 

~520 nm) and 450 nm [113]. Based on the ratio of ASPR to the absorbance at 450 nm 

(A450), the size of AuNPs was determined to be ~15 nm. The concentration of the 

AuNPs solution (cAuNPs, in M) was determined by:   

cAuNPs = A450/ ε450 

where ε450 is the molar extinction coefficient of 15 nm AuNPs at 450 nm (i.e., 2.18  10
8
 

M
−1

 cm
−1

). The as-synthesized AuNPs solution was stored at 4 °C until use. 

 

2.2.3. Preparation of MUA–AuNPs 

MUA–AuNPs were prepared according to the protocol by Hupp and co-workers with 

minor modifications [36]. The preparation of MUA–AuNPs is schematically shown in 
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Figure 2.1. The as-synthesized AuNPs solution was concentrated by centrifugating at 

5,800 rpm for 45 min, removing the supernatant, and redispersing the red oily precipitate 

in UltraPure DNase/RNase-free distilled water (one-tenth of the original volume). Stock 

solutions of MUA (10 mM) in dimethyl sulfoxide, phosphate buffer (0.1 M, pH 7.4) and 

Tween 20 (1 mg/mL) in UltraPure DNase/RNase-free distilled water were freshly 

prepared. Then, AuNPs (20 nM), MUA (50 µM), phosphate buffer (5 mM), and Tween 

20 (10 µg/mL) were mixed (total volume 400 µL) and incubated for 24 h under shaking 

at 1,400 rpm. The concentration of MUA–AuNPs was based on the original 

concentration of the as-synthesized AuNPs (20 nM).     

 

 

Figure 2.1. Schematic illustration of the preparation of MUA–AuNPs.  

 

2.2.4. Preparation of PEG–AuNPs  

Stock solutions of SH‒PEG (10 mM), phosphate buffer (0.1 M, pH 7.4), and Tween 

20 (1 mg/mL) in water were freshly prepared in UltraPure DNase/RNase-free distilled 

water. Then, AuNPs (20 nM), SH‒PEG (0.1 mM), phosphate buffer (5 mM), and Tween 

20 (10 µg/mL) were mixed (total volume 400 µL) and incubated for 24 h under shaking 

at 1,400 rpm. The concentration of PEG–AuNPs was based on the original concentration 

of the as-synthesized AuNPs (20 nM).   
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2.2.5. Preparation of PEG/MUA–AuNPs  

The preparation of PEG/MUA–AuNPs is schematically shown in Figure 2.2. Stock 

solutions of MUA (10 mM) in dimethyl sulfoxide, SH–PEG (10 mM), phosphate buffer 

(0.1 M, pH 7.4), and Tween 20 (1 mg/mL) in UltraPure DNase/RNase-free distilled 

water were freshly prepared. Then, AuNPs (20 nM), MUA (50 µM), SH–PEG (0.1 mM), 

phosphate buffer (5 mM), and Tween 20 (10 µg/mL) were mixed (total volume 400 µL) 

and incubated for 24 h under shaking at 1,400 rpm. The concentration of PEG/MUA–

AuNPs was based on the original concentration of the as-synthesized AuNPs (20 nM).  

UV–visible spectrum of the as-synthesized PEG/MUA–AuNPs was recorded. 

 

 

Figure 2.2. Schematic illustration of the preparation of PEG/MUA–AuNPs. 
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2.2.6. AuNPs Precipitation Test with Preformed Mg2P2O7 Crystals 

A mixture comprising 1 isothermal amplification buffer (20 mM Tris-HCl, 10 mM 

(NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween 20, pH 8.8), MgCl2 (2 mM; 4 mM 

total Mg
2+

 with 2 mM in 1 buffer; unless otherwise specified), and K4P2O7 (0 or 1.4 

mM) was incubated at 65 °C for 30 min and then cooled to room temperature. Next, 

MUA–AuNPs, PEG/MUA–AuNPs, or PEG–AuNPs (6 nM) were added to the mixture 

(with preformed Mg2P2O7 crystals in case of 1.4 mM K4P2O7). Precipitation results were 

recorded by taking photos before and after 1 h incubation at room temperature. 

 

2.2.7. AuNPs Precipitation Test with in Situ-Formed Mg2P2O7 Crystals  

A mixture comprising 1 isothermal amplification buffer, MgCl2 (2 mM; 4 mM total 

Mg
2+

 with 2 mM in 1 buffer; unless otherwise specified), K4P2O7 (0 or 1.4 mM; or 0.35 

mM each dNTP), and MUA–AuNPs, PEG/MUA–AuNPs, or PEG–AuNPs (6 nM) was 

incubated at 65 °C for 1 h and then cooled to room temperature. One set of experiments 

was carried out with additional ethylenediaminetetraacetic acid (EDTA; same amount as 

Mg
2+

). Precipitation results were recorded by taking photos before and after the 

incubation. 

 

2.2.8. GO Precipitation Test with Mg2P2O7 Crystals   

Stock solutions of GO (5 mg/mL), pyrene‒PEG (100 mg/mL), and NaCl (9 wt%) in 

UltraPure DNase/RNase-free distilled water were freshly prepared. A mixture of 700 μL 

water, 100 μL GO, 100 μL pyrene‒PEG, and 100 μL NaCl stock solutions was 

incubated for 1 h at room temperature so as to form pyrene‒PEG-stabilized GO (PEG–
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GO) through π–π stacking [114-128]. The mixture was centrifuged at 13,200 rpm for 1 h 

to separate PEG–GO from the excess pyrene‒PEG. The pellet thus obtained was 

redispersed in UltraPure DNase/RNase-free distilled water. After that, PEG‒GO or GO 

(50 μg/mL), 1 isothermal amplification buffer, and K4P2O7 (0 or 1.4 mM) were mixed 

and incubated at 65 °C for 1 h. Precipitation results were recorded by taking photos 

before and after the incubation.  

 

2.2.9. SEM Characterization 

PEG/MUA–AuNPs and PEG/MUA–AuNPs with in situ-formed Mg2P2O7 (washed 

by centrifugation at 5,800 rpm for 10 min and redispersed in water) (20 μL) were 

dropped onto a piece of silicon wafer, dried, and coated with 10 nm-thick gold for 

scanning electron microscopy (SEM) characterization. 

 

2.2.10. FTIR Characterization  

Samples of MUA–AuNPs and PEG/MUA–AuNPs in the precipitation test with 

preformed Mg2P2O7 (Section 2.2.6) were dried in a vacuum oven overnight. Fourier 

transform infrared (FTIR) spectra were acquired in transmission mode using the KBr 

pellet method (Nicolet iS 50 FT-IR spectrometer, Thermo Scientific). Spectra were 

recorded at room temperature in the range of 400–4000 cm
−1

 with a resolution of 0.5 

cm
−1

 and 64 scans (corrected for background and atmosphere using OMNIC software 

provided with the spectrometer).  

 

2.2.11. LAMP Assay 

The LAMP reaction design was based on the work by Notomi and co-workers [16] 
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with minor modifications. Six primers were used for amplifying lambda DNA (HPLC-

purified, Integrated DNA Technologies), including FIP: 5′-CAGCCAGCCGCAGCACG 

TTCGCTCATAGGAGATATGGTAGAGCCGC-3′; BIP: 5′-GAGAGAATTTGTACCA 

CCTCCCACCGGGCACATAGCAGTCCTAGGGACAGT-3′; F3: 5′-GGCTTGGCTCT 

GCTAACACGTT-3′; B3: 5′-GGACGTTTGTAATGTCCGCTCC-3′; loop F: 5′-CTGC 

ATACGACGTGTCT-3′; and loop B: 5′-ACCATCTATGACTGTACGCC-3′. A 20 µL 

mixture comprising 1 isothermal amplification buffer (20 mM Tris-HCl, 10 mM 

(NH4)2SO4, 50 mM KCl, 2 mM MgSO4,  0.1% Tween 20, pH 8.8), FIP (0.8 µM), BIP 

(0.8 µM), F3 (0.2 µM), B3 (0.2 µM), loop F (0.4 µM), loop B (0.4 µM), lambda DNA 

(100,000 copies for a positive sample and 0 copies for a negative sample), dNTPs (1.4 

mM total or 0.35 mM each unless otherwise specified), Bst 2.0 DNA polymerase (0.32 

units/µL), betaine (1 M; Sigma-Aldrich), and PEG/MUA–AuNPs (6 nM) was incubated 

at 65 °C for 1 h (GeneAmp PCR System 9700). Parallel experiments were carried out 

without PEG/MUA–AuNPs, with MUA–AuNPs, or with PEG–AuNPs. The samples 

with MUA–AuNPs were subjected to mild sonication for 10 s after the LAMP reaction. 

For specificity evaluation, four different template combinations of lambda DNA 

(specific template) and pBR322 DNA (nonspecific template) were included. For limit of 

detection determination, different amounts of the lambda DNA template were tested (0–

100,000 copies). 

 

2.2.12. TEM Characterization 

The negative and positive LAMP samples without AuNPs, with MUA–AuNPs, 

PEG/MUA–AuNPs, or PEG–AuNPs (washed by centrifugation at 5,800 rpm for 10 min 
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and redispersed in water) (2 μL) were dropped onto carbon-coated copper grids, dried, 

and examined by TEM.  

 

2.2.13. Gel Electrophoresis  

The LAMP reaction products (8 μL product plus gel loading buffer) were loaded into 

wells of an agarose gel (2 wt %) in 0.5 TBE buffer (45 mM Tris, 45 mM boric acid, 1 

mM EDTA, pH 8.0) and subjected to electrophoresis at 120 V for 1.5 h. Then, the gel 

was stained with ethidium bromide (0.5 μg mL
−1

) for 10 min and visualized by UV 

transillumination.  

 

2.2.14. Absorbance Quantification 

Quantification of the LAMP assay with PEG/MUA–AuNPs by absorbance 

measurement was performed at 10 min intervals. The samples were centrifuged at 4,000 

rpm for 30 s, the supernatants (14 µL) were collected and diluted with water (56 µL), 

and the absorbance at 520 nm was measured using an Ultrospec 2100 pro UV/visible 

spectrophotometer. 

 

2.2.15. Homemade Prototype Device for Real-Time LAMP Assay 

Holders for the sample tubes together with heating powder, two laser diodes, two 

photodiodes, and alignment were drawn by using SOLIDWORKS 3D CAD software. 

They were fabricated by a Fortus 400mc 3D printer (Stratasys) using acrylonitrile 

butadiene styrene. Two 520 nm lasers (HH-520-5) were purchased from 1688 web store 

and two photodiodes (TSL250R-LF) were purchased from RS Components. Two 

Arduino Uno boards were purchased from Arduino and one Bluetooth module (HC-05) 
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was purchased from Taobao web store. Simple output control was encoded into the 

Arduino boards with Arduino software platform. All the device components were 

housed within an acrylic case. An Android application was developed with Android 

Studio and installed in a smartphone to receive, process, and display the signals from the 

photodiodes via the Bluetooth module.  

To perform real-time LAMP assay with the homemade device, LAMP reaction 

mixtures were prepared identically as those mentioned in the previous section (Section 

2.2.11), except that 15 μL of silicone oil was added to prevent evaporation. Heating 

powder was prepared by mixing fresh (5.5 g) and used (20 g) powders (Nukupon, 

Kokubo). The mixed powder was immediately loaded into the sample tubes and heating 

powder holder and it took ~20 min to reach 65 °C. Then, the sample tubes were inserted 

into the holder. The device was turned on and paired to the smartphone to start the 

measurement. 

 

2.3. Results and Discussion 

2.3.1. Properties of PEG/MUA–AuNPs 

2.3.1.1. Size Characterization 

As shown in Figure 2.3, the average sizes of bare AuNPs, unwashed PEG/MUA–

AuNPs, and washed PEG/MUA–AuNPs determined by dynamic light scattering (DLS) 

were around 21 nm, 50 nm, and 27 nm, respectively. The larger size of the unwashed 

PEG/MUA–AuNPs compared with the washed PEG/MUA–AuNPs was possibly due to 

entanglement of the unwashed PEG on PEG/MUA–AuNPs and/or some weak 

interparticle interactions by the excess PEG and MUA. 
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Figure 2.3. Size distribution of AuNPs, unwashed PEG/MUA–AuNPs, and washed 

PEG/MUA–AuNPs. 

 

2.3.1.2. UV–Vis Absorption 

The UV–vis absorption spectra of AuNPs, unwashed PEG/MUA–AuNPs, and 

washed PEG/MUA–AuNPs are shown in Figure 2.4. The absorption peak of AuNPs was 

at 522 nm, while that of both unwashed and washed PEG/MUA–AuNPs was at 524 nm. 

There was a 2 nm red shift in SPR due to the surface modification of AuNPs with a thin 

self-assembled layer of PEG and MUA. It should be note that, although unwashed and 

washed PEG/MUA–AuNPs had very different DLS sizes, their UV–vis absorption 

spectra were almost identical. With regard to the possible explanations of the larger size 

of unwashed PEG/MUA–AuNPs in the previous section (Section 2.3.1.1), it is suggested 

that the entangled PEG on PEG/MUA–AuNPs had no effect on SPR or the interparticle 
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distance (interparticle interactions by the excess PEG and MUA) was larger than the 

AuNP size and thus no effect on SPR.  

 

 

Figure 2.4. UV–vis absorption spectra of AuNPs, unwashed PEG/MUA–AuNPs, and 

washed PEG/MUA–AuNPs. 

 

2.3.1.3. Morphology Characterization 

The SEM images of unwashed PEG/MUA–AuNPs are shown in Figure 2.5. Large 

aggregates were observed, which can be attributed to the PEG entanglement and/or 

hydrogen bond between etheric oxygen of PEG and carboxyl group of MUA formed 

during the SEM sample drying process. 
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Figure 2.5. SEM images of unwashed PEG/MUA–AuNPs ((a), (b), (c), and (d) were 

images of the same sample). 

 

The TEM images of washed PEG/MUA–AuNPs are shown in Figure 2.6. Washed 

PEG/MUA–AuNPs were well dispersed. During the TEM sample drying process, some 

PEG/MUA–AuNPs small aggregates were formed (Figure 2.6b) due to the PEG 

entanglement and/or hydrogen bond. Small gaps were observed between PEG/MUA–

AuNPs in the small aggregates, which were caused by the self-assembled monolayer of 

PEG and MUA. 
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Figure 2.6. TEM images of washed PEG/MUA–AuNPs ((a) and (b) were images of the 

same sample). 

 

2.3.1.4. Room Temperature Precipitation Test with Mg2P2O7 

Figure 2.7 shows that PEG/MUA–AuNPs were precipitated in the presence of 

Mg2P2O7 (6 mM Mg
2+

 and 1.4 mM K4P2O7). It should be pointed out that this 

experiment was conducted at room temperature. After 1 h incubation, a red precipitate 

was observed while the supernatant was less red than that before incubation (i.e., partial 

precipitation). With a longer incubation time (48 h), almost all PEG/MUA–AuNPs were 

precipitated and the supernatant was clear. 

                                                                            

 

Figure 2.7. Precipitation of PEG/MUA–AuNPs with Mg2P2O7 (6 nM PEG/MUA–

AuNPs, 6 mM Mg
2+

, and 1.4 mM K4P2O7) at room temperature for different incubation 

times. 

                                                                              

                                0 h incubation                      1 h incubation                     48 h incubation 

(a) (b) (c) 
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2.3.1.5. High Temperature Precipitation Test with Mg2P2O7 and Effects of Mg
2+

, 

EDTA, and PEG/MUA–AuNPs Concentrations  

It was found that a higher incubation temperature resulted in a faster precipitation of 

PEG/MUA–AuNPs with Mg2P2O7. With an incubation temperature of 65 °C (standard 

LAMP reaction temperature), PEG/MUA–AuNPs were almost completely precipitated 

within 1 h (Figure 2.8b; 6 mM Mg
2+

 and 1.4 mM K4P2O7; versus partial precipitation at 

room temperature, Figure 2.7b).  It was also found that the concentration of Mg
2+

 played 

an important role in the precipitation of PEG/MUA–AuNPs with Mg2P2O7 (Figure 2.8). 

When the concentration of Mg
2+

 was reduced from 6 mM to 2 mM (with the 

concentration of K4P2O7 kept at 1.4 mM), PEG/MUA–AuNPs remained as a red 

dispersion (no noticeable precipitation was observed) after incubation at 65 °C. There 

are two possible reasons: (1) the amount of Mg2P2O7 formed with 2 mM Mg
2+

 and 1.4 

mM K4P2O7 (1 mM Mg2P2O7) was less than that with 6 mM Mg
2+

 and 1.4 mM K4P2O7 

as well as 4 mM Mg
2+

 and 1.4 mM K4P2O7 (1.4 mM Mg2P2O7); (2) no free Mg
2+

 in case 

of 2 mM Mg
2+

 and 1.4 mM K4P2O7. Besides, the precipitation of PEG/MUA–AuNPs 

was inhibited in the presence of EDTA (Figure 2.8). This can be explained by the fact 

that EDTA is a stronger complexation agent with Mg
2+

 than P2O7
4−

, which prevented the 

formation of Mg2P2O7. Moreover, the concentration of PEG/MUA–AuNPs played an 

important role in their precipitation with Mg2P2O7. As shown in Figure 2.9, precipitation 

occurred with 6, 4, and 2.5 nM PEG/MUA–AuNPs but not with 1 nM. 
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Figure 2.8.  Effects of Mg
2+

, P2O7
4−

, and EDTA concentrations on 

precipitation/dispersion of PEG/MUA–AuNPs with 1 h incubation at 65 °C. 

 

(a) Before incubation  

2 mM Mg
2+
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           2 mM Mg
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           4 mM Mg
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(b) After 1 h incubation (65 °C)  
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2+
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2+

           2 mM Mg
2+

            4 mM Mg
2+

          4 mM Mg
2+
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                      1.4 mM K4P2O7    1.4 mM K4P2O7    1.4 mM K4P2O7  1.4 mM K4P2O7  1.4 mM K4P2O7  1.4 mM K4P2O7 

                                                        2 mM EDTA                                         4 mM EDTA                             6 mM EDTA 
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Figure 2.9. Effect of PEG/MUA–AuNPs concentration on the particle 

precipitation/dispersion with Mg2P2O7. 

 

2.3.2. Effect of PEG-to-MUA Molar Ratio  

Figure 2.10 shows the effect of PEG-to-MUA molar ratio (during the preparation of 

PEG/MUA–AuNPs) on the precipitation/dispersion behavior of PEG/MUA–AuNPs in 

Mg
2+

 and Mg2P2O7. With an optimum PEG-to-MUA ratio of 2:1, PEG/MUA–AuNPs 

were dispersed red in Mg
2+

 and precipitated red in Mg2P2O7. For a smaller PEG-to-

MUA ratio (1:10), PEG/MUA–AuNPs were precipitated in violet-blue for both Mg
2+

 

and Mg2P2O7 after 1 h incubation at 65 °C. It should be noted that, before the 

 (a) Before incubation (65 °C, 6 mM Mg
2+

, 1.4 mM K4P2O7)          

 
                               6 nM                       4 nM                           2.5 nM                       1 nM          

 

 (b) After incubation (65 °C, 6 mM Mg
2+

, 1.4 mM K4P2O7)           

 
                                6 nM                         4 nM                          2.5 nM                      1 nM           
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incubation, when PEG/MUA–AuNPs were mixed with Mg
2+

 (both Mg
2+

 and Mg
2+

 with 

K4P2O7), the solution color turned from red to violet-blue. This was caused by the 

interparticle complexation between MUA's carboxyl groups and Mg
2+

, thus particle 

aggregation occurred. In this case, PEG was unable to provide sufficient steric hindrance 

against Mg
2+

-induced aggregation. For a larger PEG-to-MUA ratio (40:1), PEG/MUA–

AuNPs were dispersed in red for both Mg
2+

 and Mg2P2O7 after 1 h incubation at 65 °C. 

In this case, PEG was so abundant that PEG/MUA–AuNPs could not precipitate with 

Mg2P2O7. 

 

 

Figure 2.10. Effect of PEG-to-MUA ratio (during the preparation of PEG/MUA–

AuNPs; PEG:MUA of 1:10, 2:1, and 40:1) on the particle precipitation/dispersion. The 

concentrations of PEG/MUA–AuNPs and Mg
2+

 were 6 nM and 4 mM, respectively. For 
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samples with Mg2P2O7, 1.4 mM K4P2O7 was included. The samples were incubated at 

65 °C for 1 h.  

2.3.3. Mechanistic Study of the Precipitation of PEG/MUA–AuNPs with Mg2P2O7 

To understand the mechanisms underlying the dispersion of PEG/MUA‒AuNPs in Mg
2+

 

and precipitation in Mg2P2O7, control experiments with MUA‒AuNPs and PEG‒AuNPs 

were included (Figure 2.11). The solution color of MUA‒AuNPs changed from red to 

violet-blue immediately upon the addition of 4 mM Mg
2+

 (Figure 2.11a, first tube from 

the left) while that of PEG/MUA‒AuNPs and PEG‒AuNPs remained red (Figure 2.11a, 

third and fifth tubes from the left). Identical results were observed with 4 mM Mg
2+

 and 

1.4 mM K4P2O7 (Figure 2.11a, second, fourth, and sixth tubes from the left). After 1 h 

incubation at 65 °C, MUA‒AuNPs appeared as a violet-blue precipitate for the sample 

with 4 mM Mg
2+

 (Figure 2.11b, first tube from the left) while appeared as a red-violet 

precipitate for the sample with 4 mM Mg
2+

 1.4 mM K4P2O7 (1.4 mM Mg2P2O7 was 

formed; Figure 2.11b, second tube from the left). The formation of Mg2P2O7 extracted 

Mg
2+

 from the complexed/aggregated MUA‒AuNPs, resulting in partial deaggregation. 

With a mild sonication step, the precipitates were redispersed to give violet-blue and 

red-violet solutions for clearer visual readout (Figure 2.11c, first and second tubes from 

the left). For PEG/MUA‒AuNPs, identical to the results in Figures 2.7–2.10, the 

particles were dispersed in red in Mg
2+

 and were precipitated in red in Mg2P2O7 (Figure 

2.11b, third and fourth tubes from the left). For PEG‒AuNPs, in both Mg
2+

 and 

Mg2P2O7, the particles remained dispersed in red after 1 h incubation at 65 °C (Figure 

2.11b, fifth and sixth tubes from the left). 
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Figure 2.11. Photographs showing the effects of Mg
2+

 and Mg2P2O7 on MUA–AuNPs, 

PEG/MUA–AuNPs, and PEG–AuNPs. The concentrations of Mg
2+

, Mg2P2O7, and the 

three types of AuNPs were 4 mM, 1.4 mM (4 mM Mg
2+

 and 1.4 mM K4P2O7), and 6 nM, 

respectively. (a) Before and (b) after 1 h incubation at 65 °C. (c) The two MUA–AuNPs 

samples in (b) were subjected to mild sonication for 10 s.  

 

Figure 2.14 shows that PEG/MUA‒AuNPs remained dispersed in dNTPs (0.35 mM 

each dNTP, 1.4 mM total dNTPs; 4 mM Mg
2+

) after 1 h incubation at 65 °C, contrary to 

the precipitation in K4P2O7. It should be highlighted that dNTPs are the precursors of 

P2O7
4−

 in LAMP reactions. Hence, the inability of dNTPs to induce PEG/MUA‒AuNPs 

precipitation addresses one of the essential prerequisites for later LAMP assays. 
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Figure 2.12. Photographs showing the effect of dNTPs on the dispersion/precipitation 

behavior of PEG/MUA–AuNPs. The concentrations of dNTPs, PEG/MUA–AuNPs, and 

Mg
2+

 were 0.35 mM (each dNTP; total 1.4 mM), 6 nM, and 4 mM, respectively. 

Controls without dNTPs and with dNTPs replaced by K4P2O7 were included. (a) Before 

and (b) after 1 h incubation at 65 °C.  

 

An additional set of experiments was carried out by incubating Mg
2+

 (2 or 4 mM) 

and K4P2O7 (1.4 mM) at 65 °C for 30 min, preforming Mg2P2O7 crystals [129-134] 

before adding MUA‒AuNPs and PEG/MUA‒AuNPs. When MUA‒AuNPs were added 

to the preformed Mg2P2O7 crystals (4 mM Mg
2+

 and 1.4 mM K4P2O7), the solution color 

was red (slightly red-violet; Figure 2.13a, first tube from the left). This is different from 
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the previous result that MUA‒AuNPs turned violet-blue in the sample containing 4 mM 

Mg
2+

 and 1.4 mM K4P2O7 (no preformed Mg2P2O7 crystals; Figure 2.11a, second tube 

from the left). It should be pointed that the sample with preformed Mg2P2O7 crystals 

contained 1.2 mM free Mg
2+

. When MUA‒AuNPs were added to 1.2 mM Mg
2+

, the 

solution color turned violet-blue immediately (Figure 2.14). This suggests that MUA‒

AuNPs no longer underwent Mg
2+

-induced interparticle aggregation in the presence of 

preformed Mg2P2O7 crystals. After 1 h incubation at room temperature, a red precipitate 

was observed. This indicates that MUA‒AuNPs were bound to preformed Mg2P2O7 

crystals. Furthermore, the binding between MUA‒AuNPs and Mg2P2O7 crystals is 

favored over the aggregation between MUA‒AuNPs. 

As discussed earlier (Figure 2.8), the concentration of Mg
2+

 plays a crucial role in 

the precipitation of PEG/MUA‒AuNPs with Mg2P2O7. PEG/MUA‒AuNPs were 

precipitated in 4 mM Mg
2+

 and 1.4 mM K4P2O7 but were dispersed in 2 mM Mg
2+

 and 

1.4 mM K4P2O7 (Figure 2.13b, second and third tubes from the left). It was hypothesized 

that the binding between PEG/MUA‒AuNPs and Mg2P2O7 crystals was based on the 

complexation of free Mg
2+

 with MUA's COO
−
 and Mg2P2O7 crystal's P2O7

4−
. To prove 

this, another preformed Mg2P2O7 crystals experiment was carried out with free Mg
2+

 

removed before adding PEG/MUA‒AuNPs. As shown in Figure 2.15b, PEG/MUA‒

AuNPs remained dispersed in the presence of preformed Mg2P2O7 crystals without free 

Mg
2+

. 
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Figure 2.13. Photographs showing the precipitation/dispersion behavior of MUA–

AuNPs and PEG/MUA–AuNPs with preformed Mg2P2O7 crystals. Mg2P2O7 crystals 

were formed by incubating Mg
2+

 (2 or 4 mM) and K4P2O7 (1.4 mM) at 65 °C for 30 min. 

Then, MUA–AuNPs or PEG/MUA–AuNPs (6 nM) were added. (a) Before (b) after 1 h 

incubation at room temperature.  

 

 

Figure 2.14 Photograph showing MUA–AuNPs without and with Mg
2+

 (1.2 mM).  

 



88 

 

 

 

 

Figure 2.15. Photographs showing PEG/MUA–AuNPs with preformed Mg2P2O7 

crystals (free Mg
2+

 removed by a washing step). Mg2P2O7 crystals were formed by 

incubating Mg
2+

 (4 mM) and K4P2O7 (1.4 mM) at 65 °C for 30 min. Then, the crystals 

were centrifuged to remove free Mg
2+

. After that, PEG/MUA–AuNPs (6 nM) were 

added. (a) Before (b) after 1 h incubation at room temperature.     

 

 Figure 2.16 shows the FTIR spectra of Mg2P2O7, MUA–AuNPs with Mg2P2O7, and 

PEG/MUA–AuNPs with Mg2P2O7. The characteristic bands of Mg2P2O7 were evident 

(P=O stretch: 1,300–1,000 cm
−1

; P–O–P stretch: 975–860 cm
−1

; O–P–O bend: 640–545 

cm
−1

). Interestingly, the binding of MUA–AuNPs had a negligible effect on the 

characteristic bands of Mg2P2O7 whereas the binding of PEG/MUA–AuNPs caused a 

significant diminution in the intensity of the bands. This might be attributed to a certain 

interaction between PEG and P2O7
4−

, which is facilitated only after the binding between 

PEG/MUA–AuNPs and Mg2P2O7 (complexation of COO
−
 and P2O7

4−
 with free Mg

2+
). 

 

 

(a) 

(b) 
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Figure 2.16 FTIR spectra of MUA–AuNPs, PEG/MUA–AuNPs, Mg2P2O7, MUA–

AuNPs with Mg2P2O7, and PEG/MUA–AuNPs with Mg2P2O7. 

    

 Based on the above results, the interactions of MUA–AuNPs and PEG/MUA–

AuNPs with Mg
2+

 and Mg2P2O7 are schematically illustrated in Figure 2.17. For MUA–

AuNPs, with Mg
2+

, interparticle complexation occurred, thereby resulting in particle 

aggregation. The solution color turned from red to violet-blue and the sample eventually 

appeared as a violet-blue precipitate. With Mg2P2O7 (preformed crystals) and free Mg
2+

, 

MUA–AuNPs were bound onto the crystals by means of the complexation of Mg
2+

 with 

MUA's COO
−
 and Mg2P2O7 crystal's P2O7

4−
 (interparticle complexation among MUA–

AuNPs, was hindered), thus the sample eventually appeared as a red precipitate. It 

should be noted that for in situ-formed Mg2P2O7, MUA–AuNPs were initially 

aggregated by Mg
2+

 and appeared as a violet-blue solution. With the formation of 

Mg2P2O7 crystals, MUA–AuNPs were partially deaggregated and bound to the crystals, 

thus the sample eventually appeared as a red-violet precipitate. Without free Mg
2+

, 

MUA–AuNPs could not bind with Mg2P2O7, thus the sample appeared as a red 

dispersion. For PEG/MUA–AuNPs, with Mg
2+

, interparticle complexation was hindered 
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due to steric hindrance by PEG, thereby the particles remained as a red dispersion. With 

Mg2P2O7 (both preformed and in situ-formed crystals) and free Mg
2+

, PEG/MUA–

AuNPs were bound to the crystals by means of the complexation of Mg
2+

 with MUA's 

COO
−
 and Mg2P2O7 crystal's P2O7

4−
 (PEG did not hinder the binding, which was likely 

due to nanotopography of Mg2P2O7 crystals), thus the sample eventually appeared as a 

red precipitate. Without free Mg
2+

, PEG/MUA–AuNPs could not bind with Mg2P2O7, 

thus the sample appeared as a red dispersion. 

 

 

Figure 2.17. Interactions of MUA–AuNPs and PEG/MUA–AuNP with Mg
2+

 and 

Mg2P2O7 crystals (with and without free Mg
2+

).  

 

It should be highlighted that the dispersion of PEG/MUA–AuNPs with Mg
2+

 and the 

co-precipitation with Mg2P2O7 were controlled by PEG, COO
−
, P2O7

4−
, and free Mg

2+
. 

The key function of AuNPs was to enable clear visual readout. We believed that this 
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strategy can be applied to other nanomaterials containing PEG and COO
−
. To prove this, 

GO was selected (brown in color) and modified with PEG (PEG–GO) using pyrene–

PEG (π-stacking interaction between pyrene and GO). Upon the addition of Mg
2+

 as 

well as Mg
2+

 and K4P2O7, PEG–GO was dispersed (Figure 2.18a, third and fourth tubes 

from the left; brown dispersion). After thermal incubation, the sample with Mg
2+

 

remained dispersed while the sample with Mg2P2O7 appeared as a brown precipitate 

(Figure 2.18b, fourth tube from the left), which are consistent with the results of 

PEG/MUA–AuNPs. The behavior of GO was also studied (just like the comparison 

between PEG/MUA–AuNPs and MUA–AuNPs). For GO, the complexation between 

Mg
2+

 and COO
−
 resulted in mild precipitation (Figure 2.18b, first tube from the left). 

This implies that the extent of aggregation was less severe with GO than MUA–AuNPs, 

which depends on the density of COO
−
. One minor point to note is that, unlike AuNPs, 

the aggregation of GO did not involve color change. With Mg2P2O7, GO was well 

precipitated (Figure 2.18b, second tube from the left). 
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Figure 2.18. Photographs showing the effects of Mg
2+

 and Mg2P2O7 on GO and PEG–

GO. The concentrations of Mg
2+

, Mg2P2O7, and GO/PEG–GO were 4 mM, 1.4 mM (4 

mM Mg
2+

 and 1.4 mM K4P2O7), and 50 µg/mL, respectively. (a) Before and (b) after 

incubation at 65 °C for 1 h.      

 

2.3.4. LAMP Assay 

The main task was to demonstrate a complete assay for the differentiation between 

negative (absence of a specific DNA template) and positive (presence of a specific DNA 

template) samples. The specific template used in this work was lambda DNA. Figure 

2.19a shows that the LAMP reaction mixtures containing PEG/MUA–AuNPs appeared 

as red dispersions before thermal incubation (fifth and sixth tubes from the left). After 1 

h incubation at 65 °C, as shown in Figure 2.19b (fifth and sixth tubes from the left), the 

negative sample remained dispersed whereas the positive sample (with 100,000 copies; 

8 fM in a reaction volume of 20 µL) appeared as a red precipitate. It should be noted that 
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the concentration of dNTPs (1.4 mM total or 0.35 mM each) was optimized to achieve 

complete/nearly complete precipitation of PEG/MUA–AuNPs in the positive sample 

(Figure 2.20b, fourth tube from the left). With 2 mM Mg
2+

 (standard concentration in 1 

isothermal amplification buffer), a lower dNTPs concentration (half of the optimum one; 

Figure 2.20b, second tube from the left) resulted in incomplete precipitation (less 

Mg2P2O7 crystals were formed) while a higher dNTPs concentration (double of the 

optimum one; Figure 2.20b, sixth tube from the left) resulted in no precipitation (no free 

Mg
2+

 due to the excess dNTPs). Experiments were also carried out without AuNPs, with 

MUA–AuNPs or PEG–AuNPs to better illustrate the advantage of PEG/MUA–AuNPs 

(Figures 2.19 and 2.21). Without AuNPs, under ambient light condition, it was very 

difficult to discern the white precipitate in the positive sample (Figure 2.19b, second 

tube from the left). With MUA–AuNPs, the negative (violet-blue precipitate; Figure 

2.19b, third tube from the left) and positive (red-violet precipitate; Figure 2.19b, fourth 

tube from the left) samples were distinguishable only after mild sonication (Figure 

2.19c, third and fourth tubes from the left). With PEG–AuNPs, there was no difference 

between the negative and positive samples (red dispersions in both cases; Figure 2.21b). 

These reaction products were further analyzed by TEM (Figures 2.22 and 2.23). In all 

the positive samples, Mg2P2O7 crystals were formed (size of ~1 µm; likely to be clusters 

of platelets and needles; Figures 2.22b, d, f, and 2.23b). Another important aspect was 

the different behavior of the three types of AuNPs: MUA–AuNPs were bound to the 

Mg2P2O7 crystals in a partially aggregated manner (more precisely, partially 

deaggregated as compared with those in the negative sample; Figures 2.22c and d); 
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PEG/MUA–AuNPs were bound to the Mg2P2O7 crystals in a dispersed manner (Figure 

2.22f); and PEG–AuNPs were not bound to the Mg2P2O7 crystals (Figure 2.23b). 

        

 

Figure 2.19 LAMP assay: (two left columns: four tubes) control without AuNPs; (two 

middle columns: six tubes) with MUA–AuNPs; and (two right columns: four tubes) with 

PEG/MUA–AuNPs. Negative samples contained no lambda DNA target whereas 

positive samples contained 100,000 copies of lambda DNA target. (a) Before and (b) 

after incubation at 65 °C for 1 h. (c) The two MUA–AuNPs samples in (b) were 

subjected to mild sonication for 10 s after the incubation step. 
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Figure 2.20. Photographs showing the effects of dNTPs concentration on LAMP assay 

with PEG/MUA–AuNPs. The dNTPs concentrations used were 0.7 mM total (or 0.175 

mM each; two left tubes), 1.4 mM total (or 0.35 mM each; two middle tubes), and 2.8 

mM total (or 0.7 mM each; two right tubes). The concentration of Mg
2+

 was 2 mM. The 

samples, negative (no lambda DNA target) and positive (100,000 copies of lambda DNA 

target), were incubated at 65 °C for 1 h. (a) Before and (b) after the incubation. 
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Figure 2.21. LAMP assay with PEG–AuNPs. Negative sample (“−“) contained no 

lambda DNA target whereas positive sample (“+”) contained 100,000 copies of lambda 

DNA target. (a) Before and (b) after incubation at 65 °C for 1 h.  
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                  ‒                                        +                        
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Figure 2.22. TEM photographs of the LAMP reaction products in Figure 2.19b: (a) 

negative sample without AuNPs; (b) positive sample without AuNPs; (c) negative 

sample with MUA–AuNPs; (d) positive sample with MUA–AuNPs; (e) negative sample 

with PEG/MUA–AuNPs; and (f) positive sample with PEG/MUA–AuNPs. 
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Figure 2.23. TEM photographs of the LAMP reaction products in Figure 2.21b: (a) 

negative sample with PEG–AuNPs; (b) positive sample with PEG–AuNPs. 

 

The performance of the assay in terms of specificity, dynamic range, and limit of 

detection were then assessed. For specificity evaluation, lambda DNA and pBR322 

DNA were used as specific and nonspecific templates, respectively. Figure 2.24 shows 

that the sample containing the nonspecific template (100,000 copies) remained as a red 
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dispersion, just like the sample without both templates. Moreover, the samples 

containing only the specific template as well as both the specific and nonspecific 

templates appeared as red precipitates.  

 

 

Figure 2.24.  Specificity of the LAMP assay with PEG/MUA–AuNPs. Photographs 

showing the four different template combinations of lambda DNA (specific template) 

and pBR322 DNA (nonspecific template): (from left to right) sample without template; 

sample with lambda DNA; sample with pBR322 DNA; and sample with lambda DNA 

and pBR322 DNA. The copy number of both templates was 100,000. (a) Before and (b) 

after incubation at 65 °C for 1 h. 

 

The amplification results were confirmed by agarose gel electrophoresis analysis of 

the reaction products (Figure 2.25). As expected, characteristic ladder-like LAMP 

products were only observed in samples containing the specific templates. It should be 
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pointed out that the results were similar to those of the controls without PEG/MUA–

AuNPs, illustrating the excellent compatibility of PEG/MUA–AuNPs with LAMP. 

 

 

Figure 2.25.  Agarose gel electrophoretogram of the LAMP reaction products in the 

specificity test (Figure 2.24b). Lane Ladder: DNA ladder; lanes 1–4: controls without 

PEG/MUA–AuNPs; lanes 5–8: samples with PEG/MUA–AuNPs; lanes 1 and 5: without 

template; lanes 2 and 6: with specific template (100,000 copies of lambda DNA); lanes 3 

and 7: with nonspecific template (100,000 copies of pBR322 DNA); and lanes 4 and 8: 

with both specific and nonspecific templates (100,000 copies each). 
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For dynamic range and limit of detection determination, different amounts of lambda 

DNA (0–100,000 copies) were tested. Figure 2.26 shows that the samples with 100 

copies or less of lambda DNA appeared as red dispersions whereas the samples with 

1,000 copies or more appeared as red precipitates. The amplification results were again 

confirmed by agarose gel electrophoresis analysis (Figure 2.27).  

 

 

Figure 2.26.  Sensitivity of the LAMP assay with PEG/MUA–AuNPs. Photographs 

showing LAMP assay with different copy numbers of lambda DNA target (0–100,000 

copies) at 1 h reaction time. (a) Before and (b) after incubation at 65 °C for 1 h. 
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Figure 2.27. Agarose gel electrophoretogram of the LAMP reaction products in the 

sensitivity test (Figure 2.26). Lane 1: DNA ladder; lanes 2–7: controls without 

PEG/MUA–AuNPs; lanes 8–13: samples with PEG/MUA–AuNPs; lanes 2–7 as well as 

lanes 8–13: 0, 10
1
, 10

2
, 10

3
, 10

4
, and 10

5
 copies of lambda DNA target. 

 

The precipitation process was monitored by absorbance measurement of the 

supernatant at 10 min intervals (520 nm; the samples were briefly centrifuged to remove 

the formed Mg2P2O7 crystals along with the bound PEG/MUA–AuNPs). As shown in 

Figure 2.28, for the samples with 1,000 copies or more of lambda DNA, there was a 

sharp change in the absorbance from 20 min to 30 min. A calibration plot of absorbance 

change versus target copy number with a reaction time of 30 min is given in Figure 2.29 

(photograph of the samples is given in Figure 2.30), indicating a dynamic range of more 
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than two orders of magnitude and a limit of detection of 500 copies (~40 aM; reaction 

volume of 20 µL). 

 

 

Figure 2.28.  Sensitivity of the LAMP assay with PEG/MUA–AuNPs. Plots of 

percentage decrease in absorbance versus LAMP reaction time for the samples in Figure 

2.26.  
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Figure 2.29. Sensitivity of the LAMP assay with PEG/MUA–AuNPs. Plot of percentage 

decrease in absorbance versus target copy number at 30 min reaction time 

(corresponding photograph is given in Figure 2.30). The error bars represent the 

standard deviation of three measurements. 

 

 

Figure 2.30.  Sensitivity of the LAMP assay with PEG/MUA–AuNPs. Photographs 

showing LAMP assay with different copy numbers of lambda DNA target (0–100,000 

copies) at 30 min reaction time. Corresponding plot of percentage decrease in 

absorbance versus target copy number is given in Figure 2.29. 
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2.3.5. Homemade Prototype Device for Real-Time LAMP Assay 

To demonstrate the applicability of the developed assay scheme for decentralized DNA 

testing, a simple, palm-sized, and low-cost prototype device was built to provide the two 

essential elements: reaction temperature of 60–65 °C (disposable air-activated hand 

warmer powder) and real-time absorbance measurement (520 nm laser diode, 

photodiode, and supporting electronics). Several plastic parts were specially designed to 

hold two sample tubes together with heating powder, two laser diodes, and two 

photodiodes (Figure 2.31). These parts were fabricated by 3D printing and assembled 

using an alignment holder. The sample tubes and heating powder holder had two 

important features: (1) small channel (cross-sectional area of 1.5 mm
2
) to direct the light 

beam through the sample (at half-height); (2) the bottom portion of the sample tube (i.e., 

up to the height of the LAMP reaction mixture) was in contact with the heating powder 

(except the area occupied by the light beam channel). The two laser diodes were 

controlled by one Arduino Uno microcontroller board and the two photodiodes as well 

as a Bluetooth module were controlled by another Arduino Uno microcontroller board. 

Each board was powered by a 9 V battery. The signals from the photodiodes were sent 

wirelessly via Bluetooth to a smartphone for data processing and result display (self-

developed Android application). Figure 2.32 shows that the temperature of the heating 

powder was maintained between 60 °C and 65 °C for 1 h, providing the optimum 

condition for the LAMP reaction. Figure 2.33 presents the signal–time plots of the 

samples containing 10,000 and 100,000 copies of lambda DNA using the homemade 

prototype device, which are consistent with the results using benchtop dry block heater 

and UV–visible spectrophotometer (end-point detection of the supernatant after 

centrifugation; Figure 2.28).  
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Figure 2.31.  Schematic (top) and photograph (bottom) of the homemade prototype 

device for real-time LAMP assay. 
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Figure 2.32. Plot of temperature versus time of the disposable air-activated hand 

warmer powder used in the homemade prototype device for real-time LAMP assay. 

 

 

Figure 2.33.  Plots of photodiode signal versus LAMP reaction time using the 

homemade prototype device for samples containing 10,000 and 100,000 copies of 

lambda DNA target. 
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2.4. Summary 

PEG/MUA–AuNPs and PEG–GO, both containing PEG and COO
−
, were found to 

be dispersed in Mg
2+

 but precipitated in Mg2P2O7. PEG served as an effective stabilizer 

against Mg
2+

-induced aggregation of COO
−
-containing AuNPs or GO yet permitted their 

binding to Mg2P2O7 crystals (complexation of COO
−
 and P2O7

4−
 with free Mg

2+
). These 

properties were successfully employed to achieve real-time monitoring of LAMP using 

PEG/MUA–AuNPs. This assay platform is highly specific, ultrasensitive (down to 500 

copies, ~40 aM), rapid (30 min), and carryover contamination-free (closed-tube). A 

simple, palm-sized, and low-cost prototype device was also developed to perform the 

assay. Although only purified DNA templates were tested in the present work, LAMP 

has proven highly tolerant of unpurified samples. Taken together, our platform is readily 

applicable to decentralized DNA testing. It is believed that the dispersion/precipitation 

mechanism depicted here can be applied to other types of nanomaterials, thereby 

extending beyond visual/absorbance-based readout, e.g., semiconductor and graphene 

quantum dots with fluorescence readout. Another potential extension of the current 

platform is to replace PEG with alternative stabilizers. 
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3. Quantum Dots for Real-Time Loop-Mediated Isothermal 

Amplification   

This chapter aims to develop a new fluorescent DNA detection platform based on real-

time LAMP with cysteamine-modified QDs (Cys–QDs). Section 3.1 describes the key issues 

associated with the incorporation of QDs into LAMP, as well as the design of the new 

detection platform. Section 3.2 details the experimental methods, Section 3.3 presents the 

results and discussion, and Section 3.4 gives a brief summary.  

 

3.1. Introduction 

There is considerable interest in the application of QDs as inorganic fluorophores 

because of their significant advantages over conventional organic fluorophores [135-

136]. QDs have been researched for a wide range of applications such as biomedical and 

electronic applications [137-139]. Although QDs have proven to be promising 

alternatives to organic fluorophores for biomedical applications, a major challenge is 

that as-prepared QDs is hydrophobic, with stabilizing ligands attached on the surfaces of 

QDs such as hexadecylamine and trioctylphosphine oxide (TOPO). Water dispersible 

QDs can be prepared by ligand exchange (mercapto/thiol/sulfhydryl-containing small 

ligand) or hydrophobic interaction (amphiphilic polymer). Stabilization is achieved by 

electrostatic or steric effect, or a combination of both. Water dispersible QDs can be 

further modified with biorecognition molecules such as oligonucleotide and antibody.  

The surface of QDs can be modified with different ligands according to different 

applications by ligand exchange process. LAMP is one of the methods for isothermal 

DNA amplification, during which Mg2P2O7 is produced as a reaction byproduct in a 
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positive sample (containing a target DNA sequence). To date, real-time monitoring of 

isothermal amplification by QDs has not been demonstrated. In this chapter, Cys–QDs 

were incorporated into the LAMP reaction mixture, allowing easy differentiation 

between negative (not containing a target DNA sequence) and positive (containing a 

target DNA sequence) samples. Analogous to PEG/MUA–AuNPs, Cys–QDs were 

dispersed in Mg2+ (negative sample) while precipitated in Mg2P2O7 (positive sample). 

Nevertheless, the underlying mechanisms were found to be different from that of 

PEG/MUA–AuNPs. For Cys–QDs, Mg2+ did not cause interparticle 

complexation/aggregation and the binding between Cys–QDs and Mg2P2O7 was electrostatic 

in nature. 

 

3.2. Materials and Methods  

3.2.1. Materials and Instrumentation 

Cysteamine hydrochloride, chloroform, methanol, hexane, K4P2O7, MgCl2, 

CdSeS/ZnS QDs were purchased from Sigma-Aldrich. UltraPure DNase/RNase-free 

distilled water was purchased from Invitrogen. Bst 2.0 DNA polymerase, dNTPs, 10 

isothermal buffer were purchased from New England Biolabs. All oligonucleotides were 

purchased from Integrated DNA Technologies and were HPLC-purified. Copper grids 

(300 mesh) for TEM were purchased from Sigma-Aldrich. All reagents were used as 

received. All solutions were prepared with ultrapure water (18.2 MΩ⋅cm) from a Milli-Q 

Advantage A10 System (Millipore).  

        UV−vis spectra were performed on an Ultrospec
TM

 2100 pro UV/visible 

spectrophotometer (GE Healthcare). TEM images were taken using a JEOL JEM-2010F 

TEM with field emission source (JEOL). Centrifugation was carried out with an 



111 

 

Eppendorf Microcentrifuge 5415 D (Eppendorf). Shaking was performed with a 

Thermomixer Compact (Eppendorf). Sonication was operated on a WiseClean WUC-

A01H ultrasonic cleaner (Daihan Scientific). Isothermal DNA amplification was carried 

out using a GeneAmp PCR System 9700 (Applied Biosystems). UV light (EN-280L/FE, 

Spectroline) was used to illuminate Cys–QDs in the precipitation tests and LAMP assays. 

Confocal fluorescence microscopy (Leica Microsystems) was used to image the 

distribution of QDs bound with Mg2P2O7 crystals. 

 

3.2.2. Preparation of Cys−QDs 

The modification of CdSeS/ZnS QDs with cysteamine was based on a previously 

reported method by Jeong's group [140]. QDs were washed according to the following 

steps. 100 µL QDs from the stock, 200 µL chloroform, and 200 µL methanol were 

mixed by vortexing, which was aliquoted into two identical tubes. Then, 1 mL acetone 

was added into each tube, followed by centrifugation for 20 min at 13,200 rpm. After 

that, the supernatant was discarded and the precipitated QDs were resuspended with 300 

µL hexane. The acetone and centrifugation steps were repeated. The precipitated QDs 

were dried in a vacuum oven at room temperature for 1 h. The dried QDs in each tube 

were resuspended with 300 µL chloroform and transferred to a 1.5 mL glass vial. The 

concentration of the cysteamine hydrochloride solution for the QDs modification was 50 

mg/mL (prepared by dissolving 0.1 g cysteamine hydrochloride into 2 mL ultrapure 

water). 1 mL of the as-prepared cysteamine solution was added to the glass vial 

containing the washed QDs, which was then sonicated for 10 min (the bottom layer 

became clear without QDs). After standing for a while, the top layer containing aqueous 

QDs was pipetted out and stored at −4 °C. The excess cysteamine was removed by 
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ultracentrifugation (10,000 Da MWCO).  

 

3.2.3. QDs Precipitation Test with Preformed Mg2P2O7 Crystals 

A reaction mixture comprising 1 isothermal amplification buffer (20 mM Tris-HCl, 

10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween 20, pH 8.8), MgCl2 (2 

mM), and K4P2O7 (1.4 mM) was incubated at 65 °C for 30 min. After cooling to room 

temperature, Cys–QDs (0.2 µM) were added. Photographs were taken (under UV light 

illumination) before and after 1 h incubation at room temperature.  

 

3.2.4. QDs Precipitation Test with in Situ-Formed Mg2P2O7 Crystals 

A reaction mixture comprising 1 isothermal amplification buffer, MgCl2 (2 mM), 

K4P2O7 (1.4 mM) (or 0.35 mM each dNTP, i.e., 1.4 mM total dNTPs), and Cys–QDs 

(0.2 µM) was incubated at 65 °C for 1 h. Photographs were taken (under UV light 

illumination) before and after the incubation.   

 

3.2.5. TEM Characterization 

The samples in the precipitation test (Sections 3.2.3 and 3.2.4) and LAMP assay 

(Section 3.2.7) were centrifuged at 5,800 rpm and redispersed in water. Dispersed 

particles (2 µL) were dropped onto a piece of carbon copper grid. After the sample was 

dried, it was examined by TEM.  
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3.2.6. Confocal Fluorescence Microscopy Characterization 

The samples in the precipitation test (Sections 3.2.3 and 3.2.4) were centrifuged at 

5,800 rpm and redispersed in water. Dispersed particles (10 µL) were dropped onto a 

glass cover slip (No.1.5). After the sample was dried, it was examined by confocal 

fluorescence microscopy.  

 

3.2.7. LAMP Assay 

The LAMP reaction design was based on the work by Notomi and co-workers [16] with 

minor modifications. Six primers were used for amplifying lambda DNA (HPLC-

purified, Integrated DNA Technologies), including FIP: 5′-CAGCCAGCCGCAGCACG 

TTCGCTCATAGGAGATATGGTAGAGCCGC-3′; BIP: 5′-GAGAGAATTTGTACCA 

CCTCCCACCGGGCACATAGCAGTCCTAGGGACAGT-3′; F3: 5′-GGCTTGGCTCT 

GCTAACACGTT-3′; B3: 5′-GGACGTTTGTAATGTCCGCTCC-3′; loop F: 5′-CTGC 

ATACGACGTGTCT-3′; and loop B: 5′-ACCATCTATGACTGTACGCC-3′. A reaction 

mixture comprising UltraPure DNase/RNase-free distilled water, betaine (1 M), 1 

isothermal amplification buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 2 

mM MgSO4,  0.1% Tween 20, pH 8.8), dNTPs, FIP (0.8 µM), BIP (0.8 µM), F3 (0.2 

µM), B3 (0.2 µM), loop F (0.4 µM), loop B (0.4 µM), Cys–QDs (0.2 µM), Bst 2.0 DNA 

polymerase (0.32 units µL
−1

), and specific template of lambda DNA (100,000 copies; or 

no template control or nonspecific template of pBR322 DNA) was incubated at 65 °C 

for 1 h (GeneAmp PCR System 9700, Applied Biosystems). The concentrations of Mg
2+

 

and dNTPs were 2 mM and 0.35 mM (each dNTP), respectively, unless otherwise stated. 

The samples were cooled to room temperature before being taken out of the thermal 

cycler. Photographs were taken (under UV light illumination) before and after the 
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incubation. For specificity evaluation, four different template combinations of lambda 

DNA (specific template) and pBR322 DNA (nonspecific template) were included. For 

limit of detection determination, different amounts of the lambda DNA template were 

tested (0–100,000 copies). 

 

3.2.8. Gel Electrophoresis 

The LAMP reaction products (8 μL product plus gel loading buffer) were loaded into 

wells of an agarose gel (2 wt %) in 0.5 TBE buffer (45 mM Tris, 45 mM boric acid, 1 

mM EDTA, pH 8.0) and subjected to electrophoresis at 120 V for 1.5 h. Then, the gel 

was stained with ethidium bromide (0.5 μg mL
−1

) for 10 min and visualized by UV 

transillumination.  

 

3.3. Results and Discussion 

3.3.1. Properties of Cys–QDs 

Figure 3.1 shows the UV–vis absorption spectrum of the as-prepared Cys–QDs. The 

absorption peak was at 510 nm. Figure 3.2 shows the zeta potential distribution of the 

as-prepared Cys–QDs. The positive charge indicates that cysteamine was successfully 

coated on the surface of QDs.   

 



115 

 

 

Figure 3.1. UV–vis absorption spectrum of Cys–QDs. 

 

 

Figure 3.2. Zeta potential distribution of Cys–QDs. 

 

3.3.2. Effect of Mg
2+

 Concentration on Precipitation of Cys–QDs with Mg2P2O7 

Figure 3.3a shows that, when added to 2 mM Mg
2+

, 2 mM Mg
2+

 and 1.4 mM K4P2O7, 

4 mM Mg
2+

, and 4 mM Mg
2+

 and 1.4 mM K4P2O7, Cys–QDs were dispersed (uniform 
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green fluorescence throughout the solution sample) before 1 h incubation at 65 °C. After 

incubation, as shown in Figure 3.3b, Cys–QDs remained dispersed in the samples 

without K4P2O7 (i.e., 2 mM Mg
2+

 as well as 4 mM Mg
2+

) but were precipitated in the 

samples with K4P2O7 (i.e., 2 mM Mg
2+

 and 1.4 mM K4P2O7 as well as 4 mM Mg
2+

 and 

1.4 mM K4P2O7). In terms of the extent of precipitation, 2 mM Mg
2+

 and 1.4 mM 

K4P2O7 resulted in a more complete precipitation of Cys–QDs (clear supernatant) 

compared with 4 mM Mg
2+

 and 1.4 mM K4P2O7. It should be highlighted the effect of 

Mg
2+

 concentration (with a fixed amount of K4P2O7; 1.4 mM) on Cys–QDs precipitation 

was totally different than that on PEG/MUA–AuNPs precipitation (Figure 2.8), with the 

latter one relying on free Mg
2+

 for the binding/precipitation. 

 

 

Figure 3.3. Effect of Mg
2+

 concentration on the precipitation of Cys–QDs with Mg2P2O7. 
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3.3.3. Effect of dNTPs on Precipitation of Cys–QDs 

Figure 3.4b shows that Cys–QDs remained dispersed in 2 mM Mg
2+

 and 1.4 mM 

dNTPs (0.35 mM each dNTP) after 1 h incubation at 65 °C, similar to that in 2 mM 

Mg
2+

. It should be highlighted that dNTPs are the precursors of P2O7
4−

 in LAMP 

reactions. Hence, the inability of dNTPs to induce Cys–QDs precipitation addresses one 

of the essential prerequisites for later LAMP assays. 

 

 

Figure 3.4. Effect of dNTPs on the precipitation of Cys–QDs. 

 

3.3.4. Effect of K4P2O7 Concentration on Precipitation of Cys–QDs 

The concentration effect of K4P2O7 on the precipitation of Cys–QDs was studied 

(Figure 3.5). The concentrations of Mg
2+

 (2 mM Mg
2+

) and Cys–QDs (0.2 µM Cys–QDs) 

were kept constant. With 0.1 mM K4P2O7 or less, Cys–QDs remained dispersed after 1 h 
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incubation at 65 °C. With 0.25 mM K4P2O7, Cys–QDs were partially precipitated after 1 

h incubation at 65 °C. With 0.5 mM K4P2O7 or more, Cys–QDs were well precipitated 

after 1 h incubation at 65 °C. 

 

 

Figure 3.5. Effect of K4P2O7 concentration on the precipitation of Cys–QDs. 

 

3.3.5. Effect of pH on Precipitation of Cys–QDs with Mg2P2O7 

The LAMP reaction buffer controls the pH of the LAMP reaction mixture. The pH 

of a negative sample (without a target DNA sequence) is 8.8, both before and after the 

LAMP reaction. On the other hand, the pH of a positive sample (with a target DNA 

sequence) is 8.8 before the LAMP reaction but is lowered due to the generation of H
+
 as 

a reaction byproduct. For weakly buffered system, the pH is decreased to ~5. In view of 

this, the effect of pH on the stability of Cys–QDs– Mg2P2O7 precipitate was studied. 
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Cys–QDs– Mg2P2O7 precipitate was first prepared by incubating a mixture of 1 

isothermal buffer (pH 8.8), Mg
2+

 (2 mM), K4P2O7 (1.4 mM), and Cys–QDs (0.2 µM) at 

65 °C for 1 h. Then, the pH was adjusted to 8, 7, 6, and 5 by the addition of HCl. As 

shown in Figure 3.6, the precipitates remained stable at all pHs after overnight 

incubation at room temperature. 

 

 

Figure 3.6. Effect of pH on the stability of Cys–QDs– Mg2P2O7 precipitate. 

 

3.3.6. Precipitation of Cys–QDs with Preformed Mg2P2O7 

Apart from the above precipitation of Cys–QDs with in situ-formed Mg2P2O7 (i.e., a 

mixture containing Cys–QDs, Mg
2+

, and K4P2O7 was incubated at 65 °C for 1 h), 

precipitation of Cys–QDs with preformed Mg2P2O7 (i.e., Mg
2+

 and K4P2O7 were 

incubated at 65 °C for 1 h, followed by the addition of Cys–QDs) was studied. Mg2P2O7 
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was prepared with 2 mM Mg
2+

 and 1.4 mM K4P2O7. As shown in Figure 3.7c (middle 

tube), after overnight incubation at room temperature, Cys–QDs were precipitated. 

Another tube was included to investigate the effect of the excess Mg
2+

, K4P2O7, and 1 

isothermal buffer on the precipitation of Cys–QDs with preformed Mg2P2O7. This was 

achieved by centrifuging the preformed Mg2P2O7 and resuspending in water, followed 

by the addition of Cys–QDs. As shown in Figure 3.7, the precipitation behavior of the 

washed Mg2P2O7 was the same as that of the unwashed Mg2P2O7. This implies that the 

excess Mg
2+

, K4P2O7, and 1 isothermal buffer did not play an important role in the 

interaction between Cys–QDs and Mg2P2O7. In other words, it is very likely that Cys–

QDs interact directly with Mg2P2O7, resulting in co-precipitation.  
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Figure 3.7. Precipitation Cys–QDs with preformed Mg2P2O7. 

 

3.3.7. TEM Characterization of Cys–QDs with Preformed and in Situ-Formed 

Mg2P2O7 

TEM images of Cys–QDs with preformed Mg2P2O7, Cys–QDs with in situ-formed 

Mg2P2O7, and Cys–QDs without Mg2P2O7 are shown in Figure 3.8. For Cys–QDs with  
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Figure 3.8. TEM images of (a) Cys–QDs with preformed Mg2P2O7; (b) Cys–QDs with 

in situ-formed Mg2P2O7; and (c) Cys–QDs without Mg2P2O7. 

(a) 

     

 

                                                                            (b) 

 

 

                                                                            (c) 
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preformed Mg2P2O7, typical Mg2P2O7 crystals were observed (clusters of platelets and 

needles; similar to those in Figures 2.22b, d, f, and 2.23b). It should be pointed out that 

Cys–QDs were difficult to be discerned. For Cys–QDs with in situ-formed Mg2P2O7, the 

morphology of Mg2P2O7 crystals was very different from that of the typical Mg2P2O7 

crystals formed in the absence of Cys–QDs (as well as the preformed Mg2P2O7 crystals), 

with the former one significantly smaller in size. It is evident that the presence of Cys–

QDs influenced the Mg2P2O7 crystals formation process.  

 

3.3.8. Confocal Fluorescence Microscopy Characterization of Cys–QDs with 

Preformed and in Situ-Formed Mg2P2O7 

To confirm the presence of Cys–QDs in the samples of Cys–QDs with preformed 

Mg2P2O7 (Figure 3.8a) and Cys–QDs with in situ-formed Mg2P2O7 (Figure 3.8b), 

confocal fluorescence microscopy examination was performed. For both samples, green 

fluorescence was observed, indicating the presence of Cys–QDs. For Cys–QDs with 

preformed Mg2P2O7 (Figure 3.9a), the fluorescence pattern shows that Cys–QDs were 

bound on the surface of the preformed Mg2P2O7 crystals. For Cys–QDs with in situ-

formed Mg2P2O7 (Figure 3.9b), the fluorescence pattern shows that Cys–QDs were 

embedded within the in situ-formed Mg2P2O7 crystals. 
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Figure 3.9. Confocal microscopy characterization of (a) Cys–QDs with preformed 

Mg2P2O7 and (b) Cys–QDs with in situ-formed Mg2P2O7. 

 

 

  

  

  

  

(a) 

(b) 
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3.3.9. Mechanism Underlying the Precipitation of Cys–QDs with Mg2P2O7 

From the previous results, it can be inferred that Cys–QDs (positively charged) 

interact with P2O7
4−

 (negatively charged) via electrostatic attraction during the Mg2P2O7 

crystal growth process (Figure 3.10). As a result, Cys–QDs are embedded within 

Mg2P2O7 crystals, thereby leading to the co-precipitation of Cys–QDs with Mg2P2O7 

crystals. In the presence of Mg
2+

 alone (without P2O7
4−

), Cys–QDs remain dispersed. It 

should be highlighted that Cys–QDs are readily dispersed in Mg
2+

 while MUA–AuNPs 

are aggregated/precipitated in Mg
2+

 (PEG/MUA–AuNPs are dispersed due to steric 

hindrance). 

 

 

Figure 3.10. Schematic illustration of the mechanism underlying the precipitation of 

Cys–QDs with Mg2P2O7 crystals. 
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3.3.10. LAMP Assay 

The behavior of Cys–QDs in LAMP reaction was examined. As expected, the 

negative sample (without specific DNA target) exhibited a uniform green fluorescent 

solution after 1 h incubation at 65 °C while the positive sample (with specific DNA 

target; 100,000 copies of lambda DNA) exhibited a green fluorescent precipitate and a 

weakly fluorescent supernatant after 1 h incubation at 65 °C (Figure 3.11). The 

precipitation of Cys–QDs in the positive sample was caused by their entrapment with 

Mg2P2O7 crystals (LAMP reaction byproduct). The amplification reaction products were 

analyzed by agarose gel electrophoresis (Figure 3.12). The positive sample exhibited the 

characteristic ladder-like LAMP reaction products. In fact, the reaction products of the 

samples with Cys–QDs were almost identical to those without Cys–QDs. This means 

that Cys–QDs had excellent compatibility with LAMP, i.e., high thermal and chemical 

stabilities as well as negligible enzyme inhibition effect.  

To investigate whether the reaction products (long LAMP DNA amplicons) had any 

effect on the precipitation of Cys–QDs, a positive sample without Cys–QDs (after 

LAMP) was centrifuged to separate the LAMP amplicons (supernatant) and Mg2P2O7 

crystals, followed by the addition of Cys–QDs. As shown in Figure 3.13c, after 

overnight incubation at room temperature, the sample with the LAMP amplicons 

remained dispersed. This means that the LAMP amplicons do not contribute to the 

precipitation of Cys–QDs. 
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Figure 3.11. LAMP assay with Cys–QDs. (Left tube) negative sample without DNA 

template; (right tube) positive sample with DNA template (100,000 copies of lambda 

DNA). (a) Before and (b) after 1 h incubation at 65 °C.  
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Figure 3.12. Agarose gel electrophoresis of the LAMP reaction products without and 

with Cys–QDs. 
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Figure 3.13.  Effect of LAMP amplicons on the precipitation of Cys–QDs. A positive 

LAMP sample without Cys–QDs was centrifuged to separate the LAMP amplicons 

(supernatant) and Mg2P2O7 crystals, followed by the addition of Cys–QDs and 

incubation at room temperature overnight. 
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3.3.11. TEM Characterization of the LAMP Reaction Products with Cys–QDs 

Figure 3.14 shows the TEM images of the LAMP reaction products with and without 

Cys–QDs. Figure 3.14a shows that, in the negative sample with Cys–QDs (without DNA 

target; lambda DNA), only Cys–QDs were present (no Mg2P2O7 crystals). On the other 

hand, in the positive sample with Cys–QDs (Figure 3.14b; with DNA target; lambda 

DNA), both Cys–QDs and Mg2P2O7 crystals were present. Controls without Cys–QDs 

were included for comparison (Figures 3.14c and d). 
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Figure 3.14.  TEM images of the LAMP reaction products. (a) Negative sample with 

Cys–QDs; (b) positive sample with Cys–QDs; (c) negative sample without Cys–QDs; 

and (d) positive sample without Cys–QDs. 

 

(a)                                                                                 

 

(b) 

 

(c)                                                                                 

   

(d) 
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3.3.12. Sensitivity Test 

For dynamic range and limit of detection determination, different amounts of lambda 

DNA (0–100,000 copies) were tested. Figure 3.15 shows that the samples with 100 

copies or less of lambda DNA exhibited a uniform green fluorescent solution whereas 

the samples with 1,000 copies or more of lambda DNA exhibited a green fluorescent 

precipitate and weak fluorescent supernatant. Quantitative analysis was achieved by 

fluorescence measurement of the supernatant. A plot of the fluorescent signal versus 

target copy number is given in Figure 3.16. Therefore, this assay platform had a limit of

   

 

Figure 3.15. Sensitivity of the LAMP assay with Cys–QDs. Photographs showing 

LAMP assay with different copy numbers of lambda DNA target (0–100,000 copies) at 

1 h reaction time. (a) Before and (b) after incubation at 65 °C for 1 h. 
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Figure 3.16.  Sensitivity of the LAMP assay with Cys–QDs. Plot of fluorescence 

intensity of the supernatant versus target copy number at 1 h reaction time. The error 

bars represent the standard deviation of three measurements. 

 

detection of 200 copies (~17 aM; reaction volume of 20 µL). The LAMP reaction 

products were again confirmed by agarose gel electrophoresis. As shown in Figure 3.17, 

characteristic ladder-like LAMP amplicons were produced in samples containing 1,000 

copies or more of the DNA target while no amplification bands were produced in 

samples containing 100 copies or less of the DNA target. This is consistent with the 

results by direct fluorescence observation (Figure 3.15) and supernatant fluorescence 

measurement (Figure 3.16). Similar gel results were obtained for the controls without 

Cys–QDs, confirming their excellent compatibility with LAMP. 
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Figure 3.17. Agarose gel electrophoretogram of the LAMP reaction products in the 

sensitivity test (Figure 3.15). Lane 1: DNA ladder; lanes 2–7: controls without 

PEG/MUA–AuNPs; lanes 8–13: samples with PEG/MUA–AuNPs; lanes 2–7 as well as 

lanes 8–13: 0, 10
1
, 10

2
, 10

3
, 10

4
, and 10

5
 copies of lambda DNA target. 

 

3.3.13. Specificity Test 

For specificity evaluation, lambda DNA and pBR322 DNA were used as specific 

and nonspecific templates, respectively. Figure 3.18 shows that the sample containing 

the nonspecific template (100,000 copies) exhibited a uniform green fluorescent solution, 

just like the sample without both templates. Moreover, the samples containing only the 
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specific template as well as both the specific and nonspecific templates exhibited a green 

fluorescent precipitate and weak fluorescent supernatant. The reaction products were 

further analyzed by fluorescence measurement of the supernatant (Figure 3.19) and 

agarose gel electrophoresis (Figure 3.20).  

 

 

Figure 3.18. Specificity of the LAMP assay with Cys–QDs. Photographs showing the 

four different template combinations of lambda DNA (specific template) and pBR322 

DNA (nonspecific template): (from left to right) sample without template; sample with 

lambda DNA; sample with pBR322 DNA; and sample with lambda DNA and pBR322 

DNA. The copy number of both templates was 100,000. (a) Before and (b) after 

incubation at 65 °C for 1 h. 
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Non-specific template       

 

(a) Before LAMP incubation 

              

(b) Immediately after LAMP incubation 

             

‒                 +                  ‒                   + 
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Figure 3.19. Fluorescence intensities of the LAMP reaction products (supernatants) in 

the specificity test (Figure 3.18).  
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Figure 3.20. Agarose gel electrophoretogram of the LAMP reaction products in the 

specificity test (Figure 3.18). Lane Ladder: DNA ladder; lanes 1–4: controls without 

Cys–QDs; lanes 5–8: samples with Cys–QDs; lanes 1 and 5: without template; lanes 2 

and 6: with specific template (100,000 copies of lambda DNA); lanes 3 and 7: with 

nonspecific template (100,000 copies of pBR322 DNA); and lanes 4 and 8: with both 

specific and nonspecific templates (100,000 copies each). 
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3.4. Summary  

Cys–QDs were found to be dispersed in Mg
2+

 (uniform fluorescent solution) but 

precipitated in Mg2P2O7 (fluorescent precipitate). The mechanism underlying the 

precipitation of Cys–QDs in the presence of Mg2P2O7 involves the electrostatic 

interaction between positively charged Cys–QDs and P2O7
4−

 during the Mg2P2O7 crystal 

growth process, which entraps Cys–QDs inside Mg2P2O7 crystal and results in co-

precipitation of Cys–QDs with Mg2P2O7. These properties were successfully employed 

to achieve closed-tube fluorescent LAMP assay using Cys–QDs. This assay platform is 

highly specific, ultrasensitive (down to 200 copies, ~17 aM), rapid (60 min), and 

carryover contamination-free. It is believed that such cysteamine modification can be 

applied to other types of nanomaterials to achieve similar dispersion/precipitation 

behavior, thereby extending beyond fluorescence readout, e.g., cysteamine-modified 

AuNPs for visual/absorbance readout. Another potential extension of the current 

platform is to replace cysteamine with alternative positively charged molecules. 
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4. Conclusions and Recommendations for Future Work  

4.1. Conclusions 

 In this thesis, two new LAMP assay platforms based on two new types of 

nanomaterial detection probes were developed. The first assay platform was based on 

PEG/MUA–AuNPs for colorimetric/absorbance readout and the second assay platform 

was based on Cys–QDs for fluorescent readout. Compared with previous assay 

platforms involving AuNP-/QD-based detection probe and DNA amplification, our 

approaches possessed three key advantages: (1) facile surface functionalization of 

AuNPs and QDs (versus typical oligonucleotide functionalization which is complicated 

and expensive); (2) isothermal operation (versus thermocycling amplification which 

requires complicated and expensive instrument); and (3) closed-tube format (versus 

postamplification open-tube addition of detection probes which poses a high risk of 

carryover contamination). Both assay platforms took advantage of the LAMP reaction 

byproduct (P2O7
4−

). The two new assay schemes were based on the remarkable 

observations that both PEG/MUA–AuNPs and Cys–QDs were dispersed in Mg
2+

 but 

became precipitated in Mg2P2O7. Nevertheless, the dispersion/precipitation mechanisms 

were different. For PEG/MUA–AuNPs, PEG served as an effective stabilizer against 

Mg
2+

-induced aggregation of COO
−
-containing AuNPs yet permitted their binding to 

(and co-precipitation with) Mg2P2O7 crystals (via complexation of COO
−
 and P2O7

4−
 

with free Mg
2+

). For Cys–QDs, the precipitation of Cys–QDs in the presence of 

Mg2P2O7 involves the electrostatic interaction between positively charged Cys–QDs and 

P2O7
4−

 during the Mg2P2O7 crystal growth process, which entraps Cys–QDs inside 

Mg2P2O7 crystal and results in co-precipitation of Cys–QDs with Mg2P2O7. Both assay 
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platform featured high sensitivity (limits of detection of 500 and 200 copies for 

PEG/MUA–AuNPs and Cys–QDs, respectively; i.e., ~40 and 17 aM in a reaction 

volume of 20 µL) and high speed (within 1 h). A simple, palm-sized, and low-cost 

prototype device was developed to perform the LAMP assay with PEG/MUA–AuNPs. 

Real-time monitoring of the precipitation of PEG/MUA–AuNPs was achieved, enabling 

a more accurate quantification of the copy number of the DNA target in the sample over 

a wide dynamic range. In fact, the dispersion and precipitation behavior was only 

dependent on the surface functional groups/materials (the core nanoparticles only 

controlled the optical properties; i.e., AuNPs rendered the red color and QDs rendered 

the fluorescence). In this regard, PEG–GO (GO had intrinsic carboxyl groups) was 

confirmed to behave in a similar fashion as PEG/MUA–AuNPs in Mg
2+

 and Mg2P2O7. 

   

4.2. Recommendations for Future Work 

First, real/raw samples should be tested. In this thesis, only purified DNA (lambda 

DNA as the specific DNA target) was used. Toward practical applications, it is essential 

to validate the two newly developed assay platforms for real/raw sample analysis. In fact, 

effort is being made to validate the two newly developed assay platforms for avian 

influenza detection in field samples. Second, it would be interesting to explore whether 

PEG and MUA co-modified QDs and cysteamine-modified AuNPs behave in a similar 

fashion as PEG/MUA–AuNPs and Cys–QDs and permit the differentiation of negative 

and positive samples in LAMP. Besides AuNPs and QDs, other types of nanomaterials 

and surface function groups/molecules are worth investigating. Third, another simple, 

palm-sized, and low-cost device should be built to perform real-time fluorescent LAMP 
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assay with Cys–QDs. Fourth, apart from LAMP, other types of isothermal amplification 

reactions are worth investigating, including SDA, RCA, HAD, and RPA. 
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