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Abstract 

Biomolecule detection is a powerful tool for medical diagnostics. For many 

biomarkers, however, their abundance levels could be below the detection threshold 

of many labeling reagents, particularly in the early stage of the diseases. As a general 

route to improving the detection sensitivity, enzymes are widely applied as the 

amplifying agents in various platforms. These natural enzymes, however, have the 

drawbacks of laborious, time-consuming, and expensive production. To address 

these issues, recent focus has been directed towards the exploration of synthetic 

materials with intrinsic enzyme-like activities. Compared with their natural 

counterparts, enzyme mimetics have the advantages of simple and low-cost 

production as well as high stability. However, the present enzyme mimetics-based 

platforms still have severe limitations. For deoxyribonucleic acid (DNA) detection, 

although nanomaterial-based enzyme-mimetic labels were demonstrated superior 

catalytic performance, limit attempt has been made to explore their applicability for 

DNA detection using simple and cost-effective salt-induced aggregation approach. 

Moreover, a great potential has been shown to couple enzyme-mimetic labels with 

DNA amplification techniques, so that ultrasensitive DNA detection with simple 

colorimetric readout can be achieved. However, due to the lack of effective detection 

strategies, only few related work was reported. For small molecule and protein 

detection, compared with conventional sandwich-like enzyme-linked immunosorbent 

assay (ELISA) format, target-recycling amplification has been shown the advantages 

of cost effectiveness, ease of handling, and homogeneous assay format. However, the 

use of nuclease mimetics for triggering target-recycling in aptamer-bound graphene 

oxide (GO) platforms remains unexplored. To provide possible solutions for these 

challenges, this work compromises three individual studies. 
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In the first study, we developed a simple and sensitive colorimetric assay for 

specific DNA sequence by using peroxidase mimetics of platinum nanoparticles on 

reduced graphene oxide (PtNPs/rGO). PtNPs/rGO possessed the combined 

advantages of PtNPs which had superior peroxidase-like activity and rGO which 

showed preferential binding with single-stranded DNA and the resulting stabilization 

effect on salt-induced aggregation. For DNA detection, the linear range and limit of 

detection of this assay platform were 0.5–10 nM and 0.4 nM, respectively. Moreover, 

this platform featured high specificity that 3-base-mismatched sequence could be 

distinguished with the naked eye and 1-base-mismatched sequence with absorbance 

measurement. Furthermore, the applicability for real sample detection was 

demonstrated with PCR product analysis. 

In the second study, we developed a simple and ultrasensitive colorimetric 

detection platform for loop-mediated isothermal amplification (LAMP) reaction 

using PtNPs/rGO. PtNPs/rGO possessed a pH-dependent peroxidase-like activity, 

with the threshold for turning on/off found between pH 6 and 7. On the other hand, 

by reducing the buffering capacity of LAMP reaction mixture, LAMP amplification 

resulted in a decrease of solution pH from ~8.5 to below 6. Taken together, a new 

platform for colorimetric detection of LAMP reaction using pH-sensitive enzyme 

mimetics was developed. Notably, a detection limit down to attomolar range was 

achieved by using this new platform. 

In the last study, we discovered that redox-active metal ions together with 

ascorbic acid and hydrogen peroxide (H2O2) served as nuclease mimetics, which was 

capable of triggering target regeneration in aptamer-bound GO platform. We 

developed an amplified assay for insulin based on Cu2+-mediated target-recycling. 

With the nuclease mimetics, the detection limit was improved by almost 150-fold 
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compared with the unamplified method. Furthermore, we demonstrated the capability 

of target-recycling amplification with different aptamer–target systems or redox-

active metal ions. 
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Chapter 1 

Introduction 

Biomolecule detection is a powerful tool for medical diagnostics. For many 

biomarkers, however, their abundance levels could be below the detection threshold 

of many labeling reagents, particularly in the early stage of the diseases. On the other 

hand, the detection of diseases in early stage has shown great benefits such as 

increased survival rate and enhanced quality of life to those patients who are 

suffering from various diseases including cancer, cardiovascular disorders, and many 

pathological conditions [1–4]. Thus, it is not surprising that tremendous attempts 

have been made to improve the sensitivity of biomolecule detection platforms. In fact, 

this field has become an active area of both academic research and industrial product 

development.  

As a general route to develop sensitive detection platforms, enzyme-based 

amplifications are widely used in biosensing applications. These natural enzymes, 

however, have the drawbacks of laborious, time-consuming, and expensive 

production. Another serious drawback is their high susceptibility to denaturation 

when the storage and operating conditions are not optimum, resulting in loss of 

catalytic activity. To address these issues, recent focus has been directed towards the 

exploration of synthetic materials which possess intrinsic enzyme-like activities. 

Compared with their natural counterparts, enzyme mimetics have advantages of 

simple and low-cost production as well as high stability over wide temperature and 

pH ranges. These features offer enzyme mimetics a promising potential in biosensing 

applications, particularly for the low-cost platform and on-site testing. 
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In this chapter, the principle of biomolecule detection is presented in Section 

1.1. The strategies of enzymatic amplification are reviewed in Section 1.2. The 

research progress of enzyme mimetics for biosensing applications is described in 

Section 1.3. The limitations of current enzyme mimetic-based detection platforms are 

discussed in Section 1.4. Finally, the objectives of this study are presented in Section 

1.5. 

 

1.1. Biomolecule Detection 

Biomolecule detection plays major roles in healthcare applications including 

fundamental studies of biological interactions, drug discovery, food safety detection, 

and medical diagnostics. For medical diagnostics, current technologies rely on the 

identification of biomarkers which are the indicators of particular diseases or some 

other physiological states. There is a board range of biomolecules being used as 

biomarkers, including deoxyribonucleic acid (DNA), messenger ribonucleic acid 

(mRNA), proteins, specific cells, enzymes, and hormones, of which DNA and 

proteins are the most common biomarkers in medical diagnostics. 

In most cases, the biomolecule of interest is not directly detectable due to its 

tiny size and invisible nature. Instead, specially designed detection platforms are 

required to achieve the specific recognition of biomolecule, followed by displaying 

the result in a user-friendly way. Detection platforms can be broadly classified into 

labeled and label-free approaches based on their detection technology. However, in 

the following review, we will only narrowly focus on labeled methods due to the 

reason of relevancy. Figure 1.1 shows a schematic diagram of the fundamental 

elements in a generic labeled detection platform. This kind of platforms consists of 
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two main components: a recognition molecule and a reporting label, in addition to 

the association of a detector used for recording the result. 

 

 

Figure 1.1. Schematic illustration of the fundamental working principle in labeled 

detection platform. 

 

To ensure detection specificity, recognition molecule is chosen to interact 

with only the target analyte. For DNA detection, specific recognition is achieved by 

the matching of complementary base pairs. For protein and cell detection, antibody is 

widely utilized for this purpose because of its high target affinity, specific antibody–

antigen interaction, and diversified recognition pairs being identified [5]. However, 

the antibody-based platforms have the drawbacks of high cost as well as stability 

issues associated with the use of protein antibodies. As a substitute of antibody, 

aptamer has gained increasing attentions in biomolecule detection. Aptamer is 

oligonucleotide artificially designed via in vitro selection, which binds tightly and 

specifically to biomolecule targets such as small molecule and protein [6–8]. 

Compared with antibody, aptamer has a list of desirable properties including the 
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cost-effectiveness in production, better stability, easily to be functionalized, and 

straightforward modular design rules. These advantages have greatly facilitated the 

applications of aptamer in biorecognition purpose. A rapid progress has been made in 

developing a wide variety of aptamer-based detection platforms [9]. Apart from 

antibody-antigen and aptamer-target, some other recognition systems are also 

commonly employed to biomolecule detection. For example, the hybridization 

between complementary oligonucleotide sequences or the cancer cells targeting 

effect of folic acid [10]. 

Once the target analyte is identified by the recognition molecule, particular 

mechanisms are triggered to activate (or deactivate, in “turning off” approaches) the 

reporting labels. Reporting label can be either compounds or materials hold intrinsic 

physical or chemical properties which are detectable in a user-friendly way. In earlier 

years, bioassays heavily relied on radioactive approaches to tag samples [11]. 

Nevertheless, due to the safety issues and convenience concerns associated with 

radioactive substances, alternative techniques are more commonly available 

nowadays. Among a range of options, fluorescent labels are intensively employed to 

biosensing applications. These molecules are capable of being excited by a specific 

high-energy light, and subsequently emitting the energy at a different wavelength. 

Traditional fluorescent labels are organic fluorophores including the derivatives of 

fluorescein, rhodamine, and cyanine. Moreover, the use of quantum dot has also 

received considerable attentions for biological labeling, due to its unique attributes of 

tunable emission color, broad absorption spectra, high photostability, and bright 

fluorescence [12]. Apart from fluorescence, the colorimetric analysis is another 

popular approach for reporting signals. In biomolecular assays, color is commonly 

generated through the catalytic oxidation of chromogenic substrates in the presence 
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of catalyzing molecules. Besides, nanomaterials especially gold nanoparticles 

(AuNPs) are widely used as labels in colorimetric detection because of their intense 

colors and unique size-dependent optical properties [13]. In addition to above 

labeling methods, other approaches like chemiluminescence [14] or magnetism [15] 

are also available. 

 The signal generated from reporting label is recorded and quantified by a 

detector, of which the detecting mechanisms rely heavily on the types of reporters 

being used. The detecting devices can be fluorescence/ultraviolet/visible 

spectrophotometer, electrical sensor, magnetometer, digital camera, mobile phone, or 

even our naked eyes.  

 

1.2. Enzyme-Based Amplification in Biomolecule Detection 

1.2.1. Background 

The detection of biomolecule is a vital technique for medical diagnostics. 

Nevertheless, the level of native abundance of biomolecules can vary by many orders 

of magnitude. For many biomarkers such as viral membrane receptors, their 

abundance levels could be even below the detection threshold of many labeling 

reagents, particularly in the early stage of the disease. It is no doubt that the ability to 

detect target biomolecule at ultra-low level is the most important key factor for all 

biosensing applications. In addition, a sensitive assay could shorten the operating 

time of detection, which greatly improved the convenience of use in real applications.  

In the previous section, detection assays based on the recognition between 

labeled probe molecule and the target analyte have been introduced. However, this 

simple probe-to-target recognition puts an intrinsic limitation on the detection 
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sensitivity because each probe molecule can only recognize one target analyte, and 

thus activate only one reporting label. To overcome this limitation and achieve 

higher sensitivity, one possible way is by improving the performance of labeling 

molecule, so that the signal output per unit label can be enhanced. This approach has 

already demonstrated its effectiveness in various detection platforms. Nevertheless, 

the detection sensitivity is still limited by the physical restrictions of labeling 

materials. On the other hand, enzyme, a biological catalyst, has been found 

applications as the amplifying reagent in a board range of biosensing platforms. By 

virtue of its highly specific and efficient catalytic properties, enzymatic amplification 

has considerably improved both the sensitivity and specificity of detection. In some 

enzyme-based assay, the limit of detection can even be decreased down to single 

molecular level.  

In the following parts, we describe a collection of enzymatic amplifications 

that are intensively used to facilitate the detection of biomolecules at low 

concentration. 

1.2.2. Enzyme Label-Based Amplification  

1.2.2.1. Enzyme Labels 

Enzyme has been widely utilized for amplified biosensing application. One 

common use is the labeling of biorecognition molecules. The enzyme horseradish 

peroxidase (HRP) found in the roots of horseradish, is the most commonly used 

enzyme label for biomolecule detection applications primarily for its ability to 

generate signals in the presence of a substrate and hydrogen peroxide (H2O2). HRP is 

a heme-containing oxidoreductase, which catalyzes the reductive cleavage of H2O2, 

yielding two reactive hydroxyl radicals (•OH). The hydroxyl radicals can further 

oxidize the substrates, leading characteristic changes that are detectable by 
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spectrophotometric methods. HRP catalyzes the oxidation of chromogenic substrates 

(e.g., 3,3',5,5'-tetramethylbenzidine (TMB), o-phenylenediamine (OPD), 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)) to produce colored products, 

or chemiluminescent substrate (e.g., luminol. acridine esters, luciferin) to emit light. 

For chromogenic substrate, TMB substrate is frequently used nowadays due to the 

advantages of ease of use, high sensitivity, and fast color development. More 

importantly, TMB has been proven for its less carcinogenicity by the Ames test as 

well as the animal study [16], compared with other substrates such as benzidine and 

OPD. TMB appears colorless when it is dissolved in an aqueous solvent, which acts 

as a hydrogen donor for oxidizing agents like H2O2 by peroxidase enzymes, giving 

rise to a blue colored product 3,3',5,5'-tetramethylbenzidine diamine (Figure 1.2). 

The resulting diamine has peak absorbances at 370 nm and 652 nm (Figure 1.3), 

which can be quantified by an ultra-violet/visible (UV/visible) spectrophotometer. 

The chromogenic reaction of TMB is halted by the addition of stop reagents such as 

concentrated sulfuric acid and phosphoric acid, and the color further changes to 

yellow with maximum absorbance at 450 nm. 

 

 

Figure 1.2. The catalytic oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) to 

3,3',5,5'-tetramethylbenzidine diamine in the presence of the enzyme horseradish 

peroxidase (HRP). 
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Figure 1.3. UV/visible absorption spectrum of 3,3',5,5'-tetramethylbenzidine 

diamine (the oxidized product of TMB). Inset: photograph showing the chromogenic 

reaction of TMB coupled with H2O2 in the absence (left) or presence (right) of the 

catalyst. 

Apart from HRP, alkaline phosphatase (AP) is another popular enzyme label 

in biomolecule detection. AP is a hydrolase enzyme responsible for the removal of 

phosphate groups (dephosphorylation) from substrates, resulting in the generation of 

reporting signals. The most common color developing substrate of AP is 5-bromo-4-

chloro-3-indolyl-phosphate/nitroblue tetrazolium (BCIP/NBT) which produces an 

insoluble dark purple product. BCIP/NBT is recognized as the most efficient 

substrate for Western blotting and immunohistological staining, due to its long-

lasting signal and high resistance against fading out under light exposure. While the 

most widely used AP substrate that produces a soluble product is p-

nitrophenylphosphate (p-NPP), which yields an intense yellow color measurable at 

405 nm.  
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1.2.2.2. Enzyme-Linked Immunosorbent Assay 

The enzyme-linked immunosorbent assay (ELISA) is one of the most popular 

formats that uses specific antibody-antigen recognition and enzyme catalyzed color 

change for amplified biomolecule detection. ELISA was first developed in 1971 [17, 

18] as a safer replacement for radioimmunoassay, a technique using radioactive 

substances for labeling. ELISA is a "wet-lab" type heterogeneous assay that utilizes a 

solid-phase immunoassay to identify the presence of target analytes in a liquid 

sample. In ELISA, the target analyte is separated from the reaction mixture by 

immobilizing onto a solid phase, for example, the wells of a microliter plate (Figure 

1.4 [19]), via non-specific adsorption or by using a capture antibody. After then, by 

the sequential procedures of addition, incubation, and washing with multiple liquid 

reagents, the development of visual changes by the enzyme-catalyzed reaction can be 

achieved. Since the overall turnover of the enzymatic reaction is linked with the 

target analyte concentration in fixed proportions, the signal intensity can be used for 

accurate quantification of the target biomolecule. 
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Figure 1.4. Photograph showing a 96-well microtiter plate for ELISA (Adapted from 

[19]). 

 

ELISA can be performed in various types including direct, indirect, 

competitive, and sandwich-type, of which the sandwich-type ELISA are the most 

widely used in biosensing due to the high sensitivity/specificity and low background 

noise. Figure 1.5 [20] shows a typical indirect sandwich-type ELISA with HRP 

catalyzed TMB substrate as the reporter. First, a known concentration of capture 

antibody is immobilized onto a surface. The capture antibody can be either 

monoclonal which recognizes a single domain that allows the differentiation of small 

differences in similar antigens, or polyclonal which is used to capture as much of the 

target as possible for improving the detection sensitivity. The remaining protein 

binding sites in the coated wells are blocked by non-specific blocking reagents (e.g., 

bovine serum albumin (BSA) solution). During the detection, upon the addition of 

testing samples into wells, antigen can be captured by the immobilized antibody, and 
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the unbound antigen is removed by washing with buffer. A specific primary antibody 

conjugated with biotin molecules is then added, which binds to the antigen to form 

the sandwich-like immunocomplex. After the removal of excess biotinylated 

antibody, streptavidin associated HRP is introduced, which can be linked with the 

immunocomplex via biotin–streptavidin interaction. In some other assays, instead of 

using the biotinylated primary antibody, HRP is used to label a secondary antibody 

which has a specific recognition to the primary antibody. In the final procedure, all 

the contaminants are removed by repeat washing steps, and TMB substrate together 

with H2O2 are added into the wells.  A blue color appears in the presence of HRP. 

 

 

Figure 1.5. Diagram showing the detection principle of an indirect sandwich-type 

ELISA (Adapted from [20]). 

 

Taking the advantages of enzymatic amplification, the detection limit of 

ELISA was remarkably enhanced. For protein detection, the detection limits of most 

commercial HRP/TMB-based ELISA products were reported in sub ng mL−1 range 

[21], which showed at least two orders of magnitudes improvement than those 

unamplified colorimetric assays [22]. This low detection limit had made ELISA 



12 

capable of a much boarder variety of applications, including the early stage 

diagnostics of many diseases. In fact, ELISA was considerably sensitive enough to 

distinguish the cut-off points (the point of target concentration determining the 

positive and negative results) of a number of tests such as human immunodeficiency 

virus (HIV) [23] and Johne's disease [24]. ELISA could also be applied to the food 

industry for potential allergens screening, or in toxicology as presumptive tests for 

certain chemicals.  

 

1.2.3. Nucleic Acid-Based Amplification   

In nucleic acid-based approaches, signal amplification is achieved by the 

enzyme-catalyzed manipulation of oligonucleotide sequences which are directly used 

as signal units. DNA polymerase, an enzyme that replicates DNA molecules from 

deoxyribonucleotides, is extensively used for amplifying the signals. Polymerase 

chain reaction (PCR) is a technique invented by Mullis and co-workers, which is one 

of the most popular platforms for target DNA sequence detection [25]. PCR is a 

DNA amplification assay based on thermal cycling process relied on repeated 

heating and cooling of the reaction for DNA denaturation and enzymatic elongation 

of the DNA. The reaction of PCR is described in Figure 1.6 [26]. A typical PCR 

reaction consists of a pair of primers for specific target DNA sequences recognition, 

deoxynucleoside triphosphates (dNTPs; the building blocks for DNA replication), 

and a thermostable DNA polymerase. In the first cycling event, the reaction is heated 

to >90 °C. This causes the denaturation of double-stranded DNA (dsDNA) template, 

yielding two complementary single-stranded DNA (ssDNA) sequences. Then, the 

temperature is decreased down to around 68 °C for the primers annealing with the 

ssDNA template. This is followed by the elongation step in which the DNA 
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polymerase extends the primers by adding dNTPs that are complementary to the 

DNA template from 5′ to 3′ direction. The reaction temperature in this elongation 

step depends on the polymerase being used, which is optimum at 72 °C for Taq DNA 

polymerase. After one thermal cycle, the amount of the DNA target is doubled. Since 

a typical PCR requires 20–40 cycles, the target DNA sequence can be amplified to 

billions of copies. This exponential type of amplification permits PCR an extremely 

sensitive platform for DNA detection, of which the detection of the target at single-

molecular level was achieved [27].  

 

 

Figure 1.6. Schematic illustration of the thermal cycling process in PCR (Adapted 

from [26]). 

 

The ligase chain reaction (LCR) is another DNA amplification method 

showing a certain similarity to PCR regarding the requirement of thermal cycling 

process and specific oligonucleotide primers for targeting [28]. However, LCR uses 

thermostable DNA ligase to conjugate two oligonucleotide primers that are designed 
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to hybridize with the target template at the adjacent position. As shown in Figure 1.7, 

in order to achieve exponential amplification, LCR uses totally four primers, two for 

each strand of the target template. These primers are specially designed to eliminate 

non-specific self-annealing.  

 

 

Figure 1.7. Schematic illustration of the thermal cycling process in LCR (Adapted 

from [29]). 

 

In LCR reaction, after the melting of the dsDNA template at 94 °C, the four 

primers are allowed to anneal to target template at 65 °C. In the presence of DNA 

ligase, the 3′ end of one primer is linked to the 5′ end of the adjacent primer, forming 

an elongated DNA sequence which can act as a new template in next round. This 

denaturation-annealing cycle in LCR is usually repeated between 30 and 60 times. 

Like PCR, LCR is an ultrasensitive platform which can detect as few as hundreds of 

copies of target template (equivalent to attomolar level). In addition, LCR has higher 
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specificity than PCR, making LCR an excellent tool for single-nucleotide 

polymorphism (SNP) detection. 

Apart from thermal cycling DNA amplification that requires a series of 

alternating temperature cycles, techniques of amplifying DNA at a constant 

temperature have been developed. The isothermal DNA amplification platforms have 

shown promising applications for on-site and point-of-care medical diagnostics, as 

isothermal reactions do not need a thermal cycler which is expensive and electricity 

dependent. Loop-mediated isothermal amplification (LAMP) is a typical isothermal 

DNA amplification technique. LAMP reaction is carried out at a constant 

temperature of 65 °C, using four or six primers coupled with a polymerase with 

strand displacement activity (Figure 1.8) [30]. In LAMP, the reaction is initiated by 

the extension of a pair of inner primers. The extended product is then displaced by 

the elongation process of outer primers. As the inner primers contain an overhang 

sequence complementary to an adjacent region, the extended product folded into a 

stem-loop structure which serves as a template for inner primers, at the same time 

extends itself at the 3′ end to generate additional recognition regions for remained 

primers. Subsequently, amplicons in different lengths with multiple target regions are 

produced. An extra pair of loop primers can further accelerate the reaction. Due to 

the unique nature of LAMP reaction, the sensitivity of LAMP is considerably as high 

as PCR-based amplification, but LAMP exhibits better specificity because more 

primers are used in the reaction. 
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Figure 1.8. Schematic illustration of the loop-mediated isothermal amplification 

(LAMP) reaction. The amplification process starts from primer FIP or BIP (Adapted 

from [30]). 

 

Other isothermal DNA amplification platforms are also available. Their 

working mechanisms vary from one assay to another, including strand displacement 

amplification (SDA) [31], helicase-dependent amplification (HDA) [32], and rolling 

circle amplification (RCA) [33].  
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1.2.4. Target-Recycling Amplification 

Compared with immunoassay, aptamer-based biosensors have made two 

significant breakthroughs in terms of their cost-effectiveness and homogeneous 

detection format in which multiple washing steps is avoided. However, conventional 

aptamer-based biosensing platforms have been found serious limitations in medical 

diagnostic applications due to the poor sensitivity. In recent years, a new target-

recycling amplification method specially designed for aptamer-based biosensors has 

received wide attention. With the help of target-recycling amplification, the detection 

limit of the amplified assays was significantly improved. Particularly, this signal 

amplifying strategy has demonstrated a great versatility that can be adopted to a 

spectrum of existing aptamer-based biosensors, by simply adding a target-

regenerating nuclease, an enzyme capable of cleaving the phosphodiester bonds 

between the nucleotide subunits of DNA sequence, into the original assays.  

 

1.2.4.1. Carbon Nanomaterial-Based FRET 

Fluorescence resonance energy transfer is a distance-dependent phenomenon 

describing energy transfer from a donor fluorophore to an acceptor molecule, 

resulted in the change of fluorescent signal [34]. The acceptor molecule can be 

classified into two types: fluorophore and non-fluorescent molecule. In the former 

type, the transferred energy can be re-emitted as a fluorescent signal with a shifted 

emission peak [35]. In contrast, the energy is lost when the acceptor is a non-

fluorescent molecule, and fluorescent quenching is observed. Of note, this energy 

transfer is inversely proportional to the six orders of magnitude of the distance 

between donor and acceptor, making FRET extremely sensitive to the change in 

distance. FRET is a powerful tool in a number of biological and chemical 
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applications, including the study of protein–protein interactions [36], visualizing 

biomolecules [37], and using as triggering mechanisms in biosensing systems [38]. 

In FRET-based biomolecule detection platforms, carbon nanomaterials such 

as graphene oxide (GO), single-walled carbon nanotubes (SWCNT), and their 

derivatives, are particularly promising. GO, a novel single layer two-dimensional 

carbon nanomaterial, is a compound of carbon, oxygen, and hydrogen in variable 

ratios, obtained by treating graphite with strong oxidizers. Compared with its analog 

graphene, the presence of extra functional groups (e.g., hydroxyl, carboxyl, and 

epoxy groups) on GO surface offers this material with improved stability in aqueous 

solvent. Upon the treatment with reducing agents, GO can be further converted into 

reduced graphene oxide (rGO) which have lower carbon to oxygen ratio as a portion 

of the surface functional groups is removed.  

All these carbon nanomaterials have been demonstrated the excellent 

quenching effect for various fluorescent dyes due to its board absorption spectrum, 

extremely long-ranged resonance energy transfer (over 30 nm; in comparison, for 

typical accepters, resonance energy transfer occurs only if the donor-to-acceptor 

distance is within 8 nm), and large absorption cross section [39–41]. Moreover, these 

nanomaterials exhibit unique π-stacking interactions with aromatic rings, making 

them favorable toward noncovalent functionalization with π-electrons abundant 

molecules. In 2003, Zheng and co-workers discovered that single-stranded DNA 

(ssDNA) interacts with SWCNT through π-stacking interaction. This interaction 

occurred between the SWCNT surface and nucleobases which are extended from the 

backbone and stack onto the nanotube, resulted in the exposure of the hydrophilic 

phosphate-sugar backbone on the outside [42]. 
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Afterward, Tan and co-workers reported an SWCNT-based assay for specific 

DNA sequence detection [43]. Due to its excellent fluorescent quenching ability, a 

fluorescently labeled oligonucleotide probe was effectively quenched when bound to 

SWCNT through π-stacking interaction, and it was released from the SWCNT 

surface when a complementary target hybridized with the probe, causing the 

recovery of the fluorescent signal. The dissociation of the probe was believed due to 

the configuration change of double-stranded DNA (dsDNA) formation, in which the 

pairing nucleobases hide inside the phosphate-sugar backbones, thus are no longer 

available for π-stacking interaction. In 2009, Yang and co-workers reported a similar 

detection scheme using GO as the quencher [44]. Apart from specific DNA detection, 

in the same work, Yang and co-workers also demonstrated the detection of protein 

using a fluorescent dye-labeled aptamer bound to GO. Thrombin was used as the 

model analyte. The formation of aptamer–target complex led to dissociation of the 

aptamer from GO surface. Meanwhile the fluorescence was restored. Based on the 

same principle, the detections of a board range of biomolecules including small 

molecule [45], metal ion [46], and protein [47] were developed. More GO-based 

FRET platforms are reviewed in [48]. 

 

1.2.4.2. Deoxyribonuclease I-Mediated Target-Recycling 

Deoxyribonuclease I (DNase I) is an endonuclease that non-specifically 

cleaves ssDNA and dsDNA into fragments. In 2010, Yang and co-workers pioneered 

the use of DNase I to incorporate target-recycling amplification in an aptamer-bound 

graphene oxide (GO) detection platform (Figure 1.9) [49]. In the unamplified assay, 

DNA aptamer was bound to GO via π-stacking interaction, leading to fluorescence 

quenching of the labeling fluorophore. Upon the addition of the target, the aptamer–
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target complex was disassociated from GO surface, resulted in the recovery of the 

fluorescence signal. However, in this approach, the target-to-probe ratio was 

restricted at 1:1 that caused severe limitation to the platform sensitivity. In contrast, 

in the target-recycling-based approach, DNase I was introduced into the system. In 

the absence of the target, the GO-bound aptamer was protected from cleavage by 

DNase I due to the steric hindrance effect of GO. In the presence of the target, the 

target-bound aptamer that no longer bound to the GO surface was cleaved by DNase 

I, thereby releasing the fluorescent reporter as well as the target which could bind 

with another GO-bound aptamer and repeated cycling was achieved. This target-

recycling strategy resulted in significant improvement of the signal-to-target ratio as 

compared with the unamplified assay. For adenosine triphosphate (ATP) and cocaine 

detection, the detection limits were improved by 250- and 200-fold, respectively. 

Based on the same principle, Tan and co-workers developed an insulin detection 

assay, and the detection limit was enhanced by 100-fold [50].  
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Figure 1.9. Schematic illustration of a typical unamplified GO-bound aptamer 

biosensor (top) and a GO-bound aptamer biosensor with DNase I-dependent target-

recycling amplification (bottom) (Adapted from [49]). 

 

Later, Yang and co-workers reported a multiplex microRNA analysis coupled 

with target-recycling amplification (Figure 1.10) [51]. In this assay, GO was bound 

to different fluorescent dye labeled-DNA probes. Upon the addition of the target 

microRNA, the miroRNA/DNA probe duplexes desorbed from GO surface, giving 

rise the corresponding fluorescence signals. By exploiting the specific DNA cleavage 

property of DNase I, only the DNA probe from the duplex was digested, while the 

microRNA was recycled to the next round of reaction. Ultimately, the detection limit 

was improved by three orders of magnitude, compared with that in a similar system 

without DNase I.  
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Figure 1.10. Schematic illustration showing the application of target-recycling 

amplification for amplified multiplex microRNA analysis on a GO-bound DNA 

probe platform (Adapted from [51]). 

 

In addition, similar amplification principles were also employed to pathogen 

detection.  In 2005, Deng and co-workers designed a DNase I-mediated cyclic signal 

assay for the detection of Salmonella paratyphi A, a pathogenic bacterium commonly 

found in contaminated food [52]. Besides GO, other carbon nanomaterials were also 

found the protective effect for bound aptamer upon DNase I-dependent cleavage. 

Yang and co-workers reported an amplified ATP detection platform using carbon 

nanoparticle-protected aptamer probes [53]. Duan and co-workers used 

nanographite-DNA hybrid in catalytic recycling platforms for silver ion [54], 

mercury ion [55], and ochratoxin A detection [56]. The general scheme of the 

nanographite-based target-recycling is shown in Figure 1.11. 
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Figure 1.11. The general scheme of nanographite-based target-recycling 

amplification for amplified detection of the target molecule (Adapted from [56]). 

 

Other than fluorescence-based detection, target-recycling strategy was also 

utilized in electrochemical methods. Chen and co-workers developed a point-of-care 

prototype for multiplexed electrochemical detection of ATP and cocaine (Figure 

1.12) [57]. Magnetic graphene nanosheet was used to protected the bound ATP and 

cocaine aptamers labeled with ferrocene and thionine respectively. These two labels 

exhibited two voltammetric peaks at distinct potentials. In the presence of targets, the 

continuous removal of electrochemical labels from magnetic graphene was achieved 

by DNase I-mediated target-recycling. The device could be switched on/off with an 

external magnet which initiated the electrical contact between the magnetic graphene 

and the base electrode. A similar electrochemical assay using GO and thionine 

labeled-aptamer for ochratoxin A detection was demonstrated by Wang and co-

workers [58]. 
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Figure 1.12. Schematic illustration of electrochemical-based multiplex detection 

coupled with target-recycling amplification (Adapted from [57]). 

 

In addition, DNase I-mediated target-recycling amplification was coupled 

with label-free electrochemical platforms. Chen and co-workers reported an 

amplified impedimetric detection of ATP by using immobilized carbon nanotubes 

and unlabeled aptamer on a glassy carbon electrode [59]. The digestion of the 

unbound aptamer by DNase I resulted in a substantial reduction of impedance-

dependent electron transfer resistance. In another label-free assay, Wang and co-

workers made an aptamer biosensor for interferon-gamma detection, based on a GO-

controlled assembly and DNase I-mediated signal amplification approach (Figure 

1.13) [60]. Due to the adsorption of the aptamer to GO, the assembly between 16-

mercaptohexadecanoic acid (MHA) modified gold electrode and GO/aptamer hybrid 

was hindered. However, the presence of target caused the dissociation of the aptamer, 

which was followed by DNase I digestion for triggering the target regeneration. 

Subsequently, the “naked” GO was assembled onto the gold electrode, inducing an 

electron transfer between the electrode and an electroactive indicator.  
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Figure 1.13. Schematic illustration of electrochemical detection of interferon-gamma 

based on GO controlled assembly and DNase I-mediated target-recycling 

amplification (Adapted from [60]). 

 

1.2.4.3. Exonuclease III-Mediated Target-Recycling 

Exonuclease III (Exo III) is a nuclease that catalyzes the stepwise removal of 

mononucleotides from 3′-hydroxyl termini of dsDNA. The enzyme shows efficient 

cleaving activity for blunt-end dsDNA, while it is inactive with ssDNA or dsDNA 

with a single-stranded 3′ overhang. These highly selective DNA cleaving behaviors 

had offered Exo III-mediated target-recycling amplification a much higher signal-to-

noise ratio and better sensitivity, compared with DNase I-mediated amplified assays. 

Moreover, the detection of single-stranded target DNA could be achieved in Exo III-

dependent systems.  

In 2010, Plaxco and co-workers reported an Exo III-mediated amplified 

fluorescence DNA detection using a molecular beacon (MB) (Figure 1.14) [61]. The 



26 

MB consisted of a fluorophore at 5′ end, which was in close proximity to a quencher 

because of the formation of a stem-loop structure. The hybridization of target DNA 

with 3′ end of the MB resulted in a blunt 3′ terminus. Exo III then catalyzed the 

stepwise cleavage from this terminus, thereby releasing the fluorophore and ssDNA 

target. The amplification promoted by Exo III led to 3 orders of magnitude 

improvement in detection limit. In addition, the detection of mismatched DNA was 

demonstrated in the same work. Based on the same fluorescence resonance energy 

transfer (FRET) principle, in 2012, Willner and co-workers developed an Exo III-

mediated amplified ATP detection assay [62]. Besides, Willner and co-workers also 

employed DNA functionalized quantum dot (QD; a fluorescence-emitting 

semiconductor nanomaterial) to another assay, in which the multiplexed detection of 

DNA together with Exo III-assisted target-recycling amplification was successfully 

achieved [63]. 
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Figure 1.14. Schematic illustration of a traditional bimolecular beacon strategy (top) 

and an Exo III-meditated target-recycling amplified strategy (bottom) for target DNA 

detection (Adapted from [61]). 
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Moreover, in Xiang and co-worker’s design for amplified ATP detection, the 

fluorescence signal was generated by direct labeling of the double-stranded region of 

the aptamer–target complex, with the help of SYBR Green I, a commercially 

available fluorescent dye [64]. 

Exo III-mediated target-recycling amplification was also coupled with carbon 

nanomaterial-based detections. In 2012, Willner and co-workers reported an 

amplified DNA sensor by using a GO-bound DNA probe system (Figure 1.15) [65]. 

In this case, GO served as the quencher for DNA probes that are fluorescently 

labeled at their 3′ end. In the presence of the complementary target, the probe was 

digested by Exo III and the fluorophores were liberated. With the same mechanism, 

Zhang and co-workers made use of carbon nanotube for amplified mercury ion 

detection [66], while Wang and co-workers demonstrated a magnified detection of 

nucleic acid using Pd nanowire as the quencher [67]. 

 

 

Figure 1.15. Schematic illustration of amplified multiplexed detection of DNA using 

GO and Exo III-mediated recycling of the target (Adapted from [65]). 
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 In contrast, Tan and co-workers reported an alternative method for target 

DNA detection, using Exo III-mediated recycling amplification at the first step, 

followed by GO-based fluorescence quenching (Figure 1.16) [68]. Instead of initially 

bound to GO, the probe hybridized with the complementary DNA target and then 

was cleaved into small fragments in Exo III-catalyzed reaction cycles, releasing a 

fluorescent label. Upon the introduction of GO, only the undigested probe was 

adsorbed onto GO surface, resulted in fluorescence quenching of the probe-

conjugated fluorophore.  This approach was also used for ATP detection, 

demonstrated by Dong and co-workers [69].   

 

 

Figure 1.16. Schematic illustration of amplified DNA detection using Exo III-

mediated recycling amplification for target/probe duplex, followed by GO-based 

fluorescence quenching (Adapted from [68]). 
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 Apart from the fluorescence methods, Exo III-mediated target-recycling 

amplification was also applied for other types of assay including chemiluminescence 

[70,71] and mass spectrometry [72], for amplified oligonucleotide and protein 

detection.  

 

1.2.4.4. Target-Recycling Amplification by Other Nucleases 

Despite DNase I and Exo III were the most popular candidates for mediating 

target-recycling amplification, other nucleases had also been used. Nt.BbvCI, a 

nicking endonuclease which cleaves one strand of DNA on a dsDNA target at the 

specific recognition site, was employed to amplified thrombin detection [73]. The 

detection principle of this platform is described in Figure 1.17. A hairpin probe was 

designed to include an aptamer region for targeting, and a region complementary to a 

reporter DNA strand that was labeled with a fluorescent dye at one end and a 

quencher at the other end. In the presence of the target, the hairpin was opened due to 

the formation of aptamer–target complex. This was followed by the hybridization 

between the hairpin probe and reporter sequence. Meanwhile it was cleaved by the 

nicking enzyme in the catalytic cycling reaction. As a result, the recovery of 

fluorescence was observed. With a similar method, a sensitive assay for 

immunoglobulin E detection was developed [74]. In 2015, Liang and co-workers 

developed an amplified assay using a GO-based platform and Nt.BbvCI-dependent 

recycling of ATP target (Figure 1.18) [75]. In this assay, GO was used to quench the 

fluorescently labeled DNA probe which contained a sequence partially 

complementary to an ATP-binding aptamer. Without the target, both the probe and 

aptamer were bound to GO because of the π-stacking interaction. However, after 

adding target ATP, the aptamer–target complex desorbed from GO, which then 
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hybridized to the DNA probe. With the help of the nicking enzyme, the probe was 

cleaved, resulted in aptamer–target complex recycling and fluorescence signal 

accumulation.  

 

 

Figure 1.17. Schematic illustration of amplified thrombin detection using a hairpin 

probe and Nt.BbvCI-mediated target-recycling amplification (Adapted from [73]). 
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Figure 1.18. Schematic illustration of ATP detection using the GO-based platform 

and Nt.BbvCI-mediated target-recycling amplification (Adapted from [75]). 

 

In 2013, Wang and co-workers incorporated exonuclease I (Exo I) into a 

FRET assay for triggering target-recycling amplification [76]. Unlike Exo III that 

shows high cleaving specificity toward dsDNA, Exo I only digests ssDNA. Based on 

this principle, an amplified assay for staphylococcal enterotoxin B detection was 

developed (Figure 1.19). A DNA fragment complementary to a half of the 

enterotoxin B aptamer was labeled with a fluorescent nanoparticle at 5′ end, and a 

second DNA fragment complementary to another half of the aptamer was labeled 

with a quencher at 3′ end. After mixing with the aptamer sequence, the FRET donor 

and acceptor were brought in close proximity, leading to fluorescence quenching. 

More importantly, this dsDNA complex was inactive to Exo I cleavage. Nevertheless, 

the addition of target molecule broke the dsDNA complex, resulted in the 

fluorescence signal recovery and enzymatic digestion of the aptamer, so that the 

cycling of the target was performed. 
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Figure 1.19. Schematic illustration of a FRET assay for staphylococcal enterotoxin 

B detection with an exonuclease I-catalyzed strategy (Adapted from [76]). 

 

In 2012, Wang and Hun designed an amplified L-Argininamide biosensor 

based on S1 nuclease, an endonuclease that is active against ssDNA but not dsDNA 

[77]. As shown in Figure 1.20, a chemiluminescent-labeled DNA sequence 

(complementary to L-Argininamide binding aptamer) was immobilized onto gold 

functionalized magnetic beads for signal quenching, which was followed by DNA 

hybridization upon the addition of the aptamer, yielding a DNA duplex structure. 

With L-Argininamide, the aptamer formed complex with the target, and the single-

stranded region was revived.  Thus S1 Nuclease catalyzed the cleavage of ssDNA 
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probe on magnetic beads as well as the single-stranded regions of the aptamer and 

releasing L-Argininamide for binding with another aptamer. 

 

 

Figure 1.20. Schematic illustration of an L-Argininamide biosensor based on S1 

nuclease-induced target-recycling signal amplification (Adapted from [77]). 

 

Besides, T7 exonuclease-mediated signal amplification was used for 

fluorescence detection of small molecule and protein [78].  RecJf exonuclease-

dependent target-recycling was incorporated with electrochemical detection of 

potassium ion [79] and thrombin protein [80,81]. Nt.AlwI was employed to 

amplified detection of lysozyme [82] and adenosine [83], by chemiluminescence and 

surface plasmon resonance methods, respectively. 

 



35 

1.2.5. Limitations of Enzyme-Based Amplification 

Nature enzyme has made remarkable contributions to biosensing applications, 

especially in highly sensitive biomolecule detection and early stage medical 

diagnostics. However, most natural enzymes are proteins in nature, which exhibit 

inherent drawbacks that seriously limit the further use of enzyme in numerous 

important aspects, in particular, on-site and point-of-care testing.  

First, the production of enzyme is laborious, time-consuming, and expensive. 

To date, commercial enzyme production relied on recombinant protein expression in 

bacteria (typically Escherichia coli) or yeasts system, which was complicated and 

low-efficient. For example, the production of HRP in Escherichia coli system 

yielded only 2–3 % out of the total proteins [84]. Moreover, the as-prepared enzyme 

cannot be directly used in high-quality biosensing assays. In order to obtain the 

enzyme with desired purity, raw proteins were required to go through a series of 

isolation process including ultracentrifugation and chromatography. All these have 

caused the extremely high enzyme production cost which further becomes the main 

reason for pricey enzyme-based assays.   

Besides, enzyme is susceptible to denaturation and degradation thus 

necessitates well-controlled transportation, storage, and handling conditions. Since 

the catalytic functionalities of enzyme are dependent on its three-dimensional 

structure, it is hypersensitive to external parameters such as temperature and pressure, 

and could lose its activity in extreme conditions due to protein denaturation. 

Typically, enzyme remains active for few days at room temperature, less than two 

weeks at 4 °C, or up to one year at −20 °C. This has caused many problems during 

enzyme transportation and storage, making decentralized enzyme-based testing 

difficult. In addition, the enzymatic reaction is highly responsive to the change of 
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reaction conditions such as pH and ionic strength, so that has the low durability to 

harsh reaction environments. As a result, enzyme-based assays generally relied on 

pre-purified samples or multiple washing steps to remove all contaminants. The 

operation of enzyme-based assays also required well-trained personnel with extra 

care of handling. Otherwise, the results could be unreliable. 

 

1.3. Enzyme Mimetics for Amplified Detection 

1.3.1. Background 

Over the past few years, intensive efforts have been made to explore the 

alternatives of natural enzyme for amplified biosensing applications. Several 

nanomaterials including metallic nanoparticle, GO, inorganic complex, and 

biomolecules have been reported to possess intrinsic enzyme-like activities. 

Compared with their natural counterparts, these enzyme mimetics have the 

advantages of low cost and high stability at extreme pH and temperatures. Some 

enzyme mimetics have showed excellent catalytic efficiency in a board range of 

reactions with exceptional specificity. In addition, nanomaterial-based enzyme 

mimetics can be easily surface-functionalized for achieving specific targeting 

purpose as well as improving their biocompatibility.  

In the coming sections, a general overview of enzyme-mimetic nanomaterials 

is given, with the focus on their applications for biomolecule detection systems being 

reported so far.  
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1.3.2. Peroxidase/Oxidase Mimetics 

1.3.2.1. Magnetite Nanoparticles 

In 2007, Perrett, Yan, and co-workers reported a pioneering work that 

magnetite (Fe3O4) nanoparticles (MNPs) exhibited intrinsic peroxidase-like activity 

[85]. Just like HRP, in the presence of H2O2, MNPs catalyzed the oxidation of 

chromogenic substrates (Figure 1.21). Three common HRP substrates were tested, 

including TMB, 3,3′-diaminobenzidine (DAB), and OPD, of which the colors of the 

products were blue, brown, and orange, respectively. For TMB, the activity of MNPs 

was 40-fold higher than that of HRP.  

 

 

Figure 1.21. TEM images of Fe3O4 nanoparticles (MNPs) at different scale (top) and 

photograph showing the chromogenic reactions by MNPs with different chromogenic 

substrates (bottom; blue: TMB, brown: DAB, orange: OPD) (Adapted from [85]). 
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The effects of thermal and pH stability of MNPs were also studied (Figure 

1.22). MNPs remained active after 2 h incubation over a range of pH from 0 to 12, or 

a range of temperatures between 4 and 90 °C. In contrast, the natural peroxidase 

HRP lost its function at extreme pH conditions (pH<6 or pH>11), or when the 

incubation temperature was above 45 °C. 

 

Figure 1.22. Comparison of the pH (left) and thermal (right) stability of MNPs and 

HRP (Adapted from [85]). 

 

Besides, the effect of surface modification on activity was investigated. 

Among the four surface modifications including silica, 3-aminopropyltriethoxysilane, 

polyethylene glycol, and dextran, dextran-modified MNPs had the highest activity 

but lower than the unmodified MNPs. Lastly, MNPs were also used to demonstrate 

their capability for chromogenic biomolecule detection. Antibody was immobilized 

onto the dextran-modified MNPs for the detection of specific antigen based on both 

indirect and sandwich-format immunoassays. Upon the addition of TMB and H2O2, a 

more intense blue color was observed for a positive sample than a negative control. It 

should be noted that no comparison of detection limit between MNP- and HRP-based 

approaches were made. 
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In 2008, taking advantage of the chemically inert property of MNPs toward 

contaminants, Gao and co-workers demonstrated the use of chitosan-modified MNPs 

in both direct and sandwich ELISA format for detecting immunoglobulin G (IgG) 

and carcinoembryonic antigen (CEA), respectively (Figure 1.23) [86]. The detection 

limit for CEA was at 1 ng mL−1.  

 

 

 

Figure 1.23. Schematic illustration of direct-format (top) and sandwich-format 

ELISA (bottom) for detecting immunoglobulin G (IgG) and carcinoembryonic 

antigen (CEA), using MNPs as the chromogenic label (Adapted from [86]). 
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In the same year, Wang and Wei designed a peroxidase mimetic glucose 

sensor by using MNPs coupled with glucose oxidase (GOx) [87]. In this assay, GOx 

catalyzed the oxidation of glucose to produce H2O2 that further consumed in the 

MNPs catalyzed chromogenic reaction, yielding a colored product for quantifying 

the concentration of glucose (Figure 1.24).    

 

Figure 1.24. Photograph showing the glucose detection assay using MNPs and TMB 

together with glucose oxidase (GOx) (Adapted from [87]). 

 

In 2009, Yang and co-workers reported a systematic study of the effects of 6 

different coatings on the peroxidase activities of MNPs [88]. It was found that the 

activities were dependent on the electrostatic affinity between the coated MNPs and 

substrates (Figure 1.25). With TMB (a positively charged substrate), MNPs with 

negatively charged coatings including citrate, carboxymethyl dextran, and heparin, 

had higher activities than those with positively charged coatings such as glycine, 

polylysine, and polyethyleneimine. On the other hand, with ABTS (a negatively 

charged substrate), positively charged MNPs had higher activities than negatively 

charged ones. In addition to the charge of the coating, the activity was shown to be 
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thickness-dependent. This was exemplified by two of the coated MNPs having 

similar zeta potentials (citrate-coated: −22.7 mV and carboxymethyl dextran-coated: 

−23.8 mV) but displaying significantly different activities. Citrate coating was 

thinner than carboxymethyl dextran coating. Hence citrate-coated MNPs had higher 

activity due to less steric hindrance. 

 

 

Figure 1.25. Kinetic analyses of (a) heparin, (b) citrate, (c) carboxymethyl dextran, 

(d) glycine (e) polylysine, and (f) polyethyleneimine functionalized MNPs using 

either TMB (left) or ABTS (right) as the substrate (Adapted from [88]). 

 

In 2012, Yan and co-workers adopted MNPs in a colorimetric assay for 

detection of organophosphorus neurotoxins [89]. By utilizing the poisoning effect of 

neurotoxins to acetylcholinesterase, an enzyme that catalyzes the formation of H2O2 

in the presence of acetylcholine, the organophosphorus neurotoxin concentration was 

reversely correlated with the intensity of the colored product generated by MNPs. 

Apart from immunoassay detection, Yang and co-workers utilized aptamer modified 
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MNPs for colorimetric thrombin detection, in a sandwich ELISA assay, and achieved 

the detection limit of 1 nM for thrombin [90]. 

 

1.3.2.2. Cerium Oxide Nanoparticles 

In 2009, Perez and co-workers showed that cerium oxide nanoparticles, 

sometimes called nanoceria, exhibited oxidase-like activity, which catalyzed the 

oxidation of TMB, ABTS, and dopamine in the absence of H2O2 (Figure 1.26) [91]. 

This oxidase-like functionality offered nanoceria a significant advantage that the 

stability and biocompatibility issues of H2O2 were eliminated. It showed that the 

oxidase-like activity of nanoceria was affected by the pH of reaction. With TMB as 

the substrate, the maximum activity was observed at pH 4. The nanoceria-promoted 

oxidation of TMB was also size-dependent, that smaller nanoparticles showed higher 

oxidase-like activity. Nanoceria was demonstrated as an effective nanocatalyst and 

detection tool. Instead of antibody labeling, nanoceria was functionalized with folic 

acid for the detection of cancer cell overexpressing the folate receptor. 
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Figure 1.26. Photograph showing the oxidase-like activities of cerium oxide 

nanoparticles with different chromogenic substrates (top) and plot showing the pH-

dependent reaction of cerium oxide nanoparticles with TMB as the substrate 

(Adapted from [91]). 

 

Later, Qu and co-workers discovered that the oxidase-like activity of 

nanoceria was improved in the presence of nucleoside triphosphates (NTPs) [92]. 

The enhancement effect was correlated with the type of NTPs, among which 

guanosine triphosphate (GTP) showed the best result of nanoceria activity. It was 
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believed that the NTPs-promoted enhancement was due to the coupling effect of the 

nanoceria-catalyzed oxidation with NTPs hydrolysis reaction. Based on this principle, 

a colorimetric assay for SNP typing was developed (Figure 1.27). In this assay, 

ssDNA was immobilized on Au-coated magnetic nanoparticles and hybridizes with 

fully complementary DNA target or mismatched DNA sequences. Upon the mixing 

with NTPs solution, the mismatched sites captured the corresponding NTPs via base-

pairing. After then, the magnetic nanoparticles were isolated by a magnet and re-

dispersed in the buffer. This was followed by a heat treatment to detach the 

complementary NTPs from the mismatched site. After the removal of nanoparticles, 

the composition of the rest solution was dependent on the types of mismatched bases 

being captured by the probes. In the case of fully complementary dsDNA, there were 

no NTPs left in the solution. Thus no enhancement effect was observed for the 

catalytic activity of nanoceria. In the case of mismatched DNA, however, due to the 

different compositions of the resulting solution, the improved oxidase-like activities 

of nanoceria were different from each other, and the SNP types were determined by 

correlating with the intensities of the colored product. 
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Figure 1.27. Schematic illustration of the colorimetric assay for SNP typing based 

on the NTPs-enhanced oxidase-like activity of nanoceria (top) and digraph showing 

the relative activities of nanoceria in the presence of corresponding NTPs for 

different SNP types (bottom) (Adapted from [92]). 
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In 2014, Park and co-workers reported a colorimetric PCR product detection 

method based on the inhibition of the oxidase-like activity of nanoceria (Figure 1.28) 

[93]. This strategy simply involved the mixing of PCR product with nanoceria, 

followed by addition of TMB substrate. For the amplified PCR product, the 

amplicons adsorbed on the surface of nanoceria due to the electrostatic interaction 

between negatively charged DNA and positively-charged nanoparticles, blocking the 

direct contact between TMB substrate and the surface of nanoceria. The presence of 

long-chain amplicons also caused certain degree of aggregation of the nanoparticles, 

which further reduced the oxidase activity of nanoceria. As a consequence, a less-

intense blue color was observed, compared with the result using negative PCR 

product. 

 

 

Figure 1.28. Schematic illustration of the colorimetric PCR product detection 

method based on the inhibition of the oxidase-like activity of nanoceria (Adapted 

from [93]). 
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1.3.2.3. Other Metallic Nanoparticles and Metallic Nanocomposites 

In 2010, Li and co-workers reported that positively-charged AuNPs 

possessed intrinsic peroxidase-like activity, which catalyzed the color development 

with TMB and H2O2 in aqueous solution [94]. Combined with the oxidation of 

glucose catalyzed by GOx, a peroxidase mimetic method for colorimetric analysis of 

glucose was developed. With the same principle, Fan, Ai, and co-workers, and Kim 

and co-workers demonstrated similar glucose detection platforms by using humic 

acid-functionalized copper nanoparticles [95] and platinum nanoparticles (PtNPs) 

[96], respectively, as the peroxidase mimetic catalytic labels.  

 In 2011, Li, Fan, and co-workers found that bare AuNPs exhibited oxidase-

like activity that catalyzed the oxidation of glucose, releasing gluconic acid and H2O2 

molecules [97]. By coupling this GOx-like activity with the selective binding 

property of AuNPs toward ssDNA or dsDNA, a detection platform of DNA 

hybridization was proposed (Figure 1.29). A surface passivation effect was observed 

for ssDNA which adsorbed on AuNPs via a well-known chemisorption interaction 

occured between the primary amines of nucleosides and the gold surface. In contrast, 

the nucleobases of dsDNA were hidden between the sugar-phosphate backbones, 

thus had no interaction with AuNPs. More importantly, the GOx-like activity of bare 

AuNPs was acutely sensitive to the DNA-mediated surface passivation. Thus the 

efficiency of H2O2 production was dependent on the degree of DNA hybridization. 

The H2O2 was quantified by colorimetric and fluorescent methods with HRP and the 

substrates, or by nanoplasmonic changes owing to H2O2 induced size enlargement of 

gold nanoisland.  
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Figure 1.29. Schematic illustration of the GOx-like activity of bare AuNPs regulated 

by DNA hybridization (Adapted from [97]). 

 

The target-mediated surface passivation strategy was also employed to metal 

ion detections, with PtNPs-based peroxidase mimetics. Chen and co-workers 

developed a mercury ion sensing platform using citrate-capped PtNPs [98]. The 

citrate on PtNPs surface acted not only as a stabilizer but also as a reductant for 

mercury ion, causing the deposition of mercury on the nanoparticles surface, thus 

blocked the active sites on PtNPs. As a result, the mercury ion concentration was 

inversely proportional to the peroxidase-like activity of PtNPs. Based on the same 

principle, Fu and co-workers utilized glutathione-capped PtNPs for colorimetric 

mercury ion detection [99].  

Other than nanoparticles, metallic nanocomposites were also found their 

applications in peroxidase mimetics. In 2011, Yin, Wu, Chen, and co-workers 

demonstrated that Au@Pt nanostructures possessed peroxidase-, oxidase-, and 

catalase-like activities [100], which showed the chromogenic catalytic activities in 

both the presence and absence of H2O2 (Figure 1.30). When used for interleukin 2 
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detection in ELISA format, Au@Pt nanostructures enabled tens of pg mL−1 levels of 

the target to be clearly distinguished from a negative control, which compared 

favorably to the detection limit achievable by commercially available HRP-based 

ELISA. Results also showed that Au@Pt nanostructures efficiently catalyzed the 

decomposition of H2O2 into water and oxygen, demonstrating the catalase-like 

activity. Besides Au@Pt nanostructures, Liu, Huang, and co-workers investigated 

peroxidase mimetic functionalities of Fe–CO bimetallic alloy nanoparticles, as well 

as their application in biosensing [101].  

 

 

 

Figure 1.30. Schematic illustration of Au@Pt nanostructure-based ELISA detection, 

with both Au@Pt catalyzed oxidase-like activity (using O2) and peroxidase-like 

activity (using H2O2) (Adapted from [100]). 
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1.3.2.4. Carbon Nanomaterials and Nanocomposites 

In 2010, Qu and co-workers reported that both single-walled carbon 

nanotubes (SWCNT) [102] and GO [103] possessed intrinsic peroxidase-like activity. 

Moreover, by adopting the unique π-stacking interactions between DNA and carbon 

nanomaterials to the catalytic oxidation of chromogenic substrates, a novel DNA 

detection strategy based on the salt-induced aggregation controlled catalytic activities 

of SWCNT was developed. The principle of this strategy is described in Figure 1.31.  

 

 

Figure 1.31. Schematic illustration of a DNA detection assay based on salt-induced 

aggregation using SWCNT (Adapted from [102]). 

 

Single-stranded oligonucleotide probe binded to SWCNT through π-stacking 

interaction whereas double-stranded probe–target hybrid was only weakly bound. 

The bound oligonucleotide imparted SWCNT higher resistance against salt-induced 

aggregation. Thus, upon the addition of an appropriate amount of sodium chloride 

(NaCl), SWCNT remained monodispersed for the negative sample while became 
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aggregated for the positive sample. The samples were centrifuged to collect the 

aggregated SWCNT. The supernatants were discarded, while the precipitates were 

redispersed. When TMB and H2O2 were added, only the positive sample turned blue. 

The blue colors were clearly distinguished by naked eyes, for the detection of both 

fully complementary and mismatched DNA sequences, at a concentration of 50 nM.  

Apart from SWCNT and GO, other carbon nanomaterials like carbon nanodots [104] 

were also found their peroxidase mimetic functionalities.  

Although the unique π-stacking interaction offered carbon nanomaterial-

based peroxidase mimetics promising results in nucleic acid detection, these systems 

possessed the major limitation of generally low catalytic activities, compared with 

those metallic enzyme mimetics and natural enzyme HRP. To overcome this 

challenge, efforts have been made to investigate the capability of carbon 

nanomaterial-based nanocomposites for biosensing applications.  

In 2011, Dong and co-workers reported a nucleic acid detection platform 

based on hemin–graphene hybrid nanosheets [105]. It is noteworthy that the 

peroxidase-like activity was primarily attributed to hemin. By this way, hemin–

graphene hybrid nanosheets were demonstrated much higher reaction velocities for 

both TMB and H2O2, compared with GO alone. Similar to above the SWCNT-based 

platform, the interaction between graphene and different forms of DNA controlled 

subsequent salt-induced aggregation behavior of graphene (Figure 1.32). After then, 

the precipitates were spun down, and the supernatants were mixed with TMB and 

H2O2 for color development. Thanks to the improved catalytic activity of hemin–

graphene hybrid nanosheets, the amount of enzyme mimetics used in detection was 

remarkably reduced, of which the total nanomaterial consumption was 20 times less 

than that used in the SWCNT-based assay.  



52 

hemin–graphene Single-stranded DNA

Mismatched DNA duplex

Double-stranded DNA

  

Figure 1.32. Schematic illustration of DNA detection assay based on salt-induced 

aggregation using hemin–graphene hybrid nanosheets (Adapted from [105]). 

 

Besides salt-induced aggregation, hemin–graphene hybrid nanosheets were 

also employed to biomolecule detection assay based on the target-induced 

crosslinking strategy (Figure 1.33) [106]. This strategy involved two DNA probes 

which are separately bound to hemin–graphene nanosheets. Each DNA probe 

contained a target-specific region and a tail to facilitate the assembly of DNA probe 

on the nanosheets. In the absence of the target, the nanosheets remained 

monodispersed in the solution after centrifugation. After adding TMB and H2O2, the 

supernatant catalyzed the chromogenic reaction, yielding an intense blue color. 

However, the addition of the target molecule induced crosslinking between hemin–

graphene hybrid nanosheets, causing aggregation of the nanosheets. As a result, the 

peroxidase mimetics were spun down after centrifugation, led to reduced blue color 
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development when chromogenic substrates were added to the supernatant. By using 

this principle, hemin–graphene hybrid nanosheets were successfully utilized for the 

detection of target DNA, mercury ion, and coralyne. 

 

 

Figure 1.33. Schematic illustration of target detection assay based on target-induced 

crosslinking using hemin–graphene hybrid nanosheets (Adapted from [106]). 

 

Other than hemin, Quan and co-workers reported the use of AuNPs on GO 

(AuNPs/GO) hybrid for colorimetric biosensing [107]. AuNPs/GO hybrid was 

synthesized through a one-step hydrothermal reduction of chloroauric acid (HAuCl4) 

together with GO. For the as-prepared hybrid, AuNPs were uniformly deposited on 

GO surface with a narrower size distribution compared with free AuNPs prepared by 

the same method without GO. This result indicated that GO acted as an efficient 

support to disperse and stabilize AuNPs. Notably, the catalytic activity of the 

AuNPs/GO hybrid showed a positive synergetic coupling effect that the catalytic 
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power of the hybrid was surprisingly higher than individual AuNPs or GO. More 

importantly, this positive synergetic coupling effect commonly existed in a number 

of metallic nanoparticles–GO hybrids. In a catalase-like activity test shown in Figure 

1.34, among AuNPs, GO, and the AuNPs/GO hybrid, only the tube with the hybrid 

produces gas bubbles that were obviously observed, through the catalytic 

decomposition of H2O2.  

  

 

Figure 1.34. Comparison of the peroxidase-like activity of GO, graphene, AuNPs, 

graphene with AuNPs, and AuNPs/GO hybrid (left), and the photograph showing 

H2O2 decomposition reaction without catalyst (1), catalyzed by graphene (2), AuNPs 

(3), and AuNPs/GO hybrid (4) (Adapted from [107]). 

 

In 2013, Qu and co-workers showed that besides the improvement of 

catalytic activity, the synergistic of AuNPs to GO also offered the catalyst with 

surprisingly high peroxidase-pike activity over a broad pH range [108]. Moreover, by 

using the carboxyl groups on the edges of GO, the AuNPs/GO hybrid was 

functionalized with folic acid via carbodiimide crosslinker chemistry (Figure 1.35). 

On the basis of a direct-type detection, a colorimetric assay for cancer cell based on 
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folic acid functionalized AuNPs/GO was developed. Cancer cells were firstly 

immobilized on a solid substrate. This was followed by the addition of folic acid 

functionalized AuNPs/GO which effectively targeted tumor cells due to the reason 

that folate receptors are overexpressed on the cell membranes of different types of 

cancer cells. Once the unbound PtNPs/GO was removed by washing steps, TMB and 

H2O2 were introduced, and the selectively bound PtNPs/GO converted the 

recognition process into quantitative colorimetric signals. Using this method, as few 

as 1000 cancer cells were detectable.  

 

 

Figure 1.35. Schematic illustration of the high catalytic activity of synergistic 

AuNPs/GO hybrid (top), the preparation of folic acid-functionalized AuNPs/GO 

hybrid (middle), and cancer cell detection assay based on direct-type detection using 

folic acid functionalized AuNPs/GO (bottom) (Adapted from [108]). 
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 Attributed to the same principle, Chen and co-workers proposed another 

cancer cells detection assay using platinum nanoparticles on graphene oxide 

(PtNPs/GO) hybrid [109]. It was noteworthy that thanks to the excellent peroxidase-

like activity of PtNPs, the detection limit of this platform were further improved. 

With naked-eyes readout, PtNPs/GO enabled as few as 125 cancer cells to be clearly 

distinguished from a negative control. On the other hand, Lee, Park, and co-workers 

conjugated antibody with MNP/PtNPs/GO nanohybrids for enzyme mimetic-based 

colorimetric detection of cancer cells (Figure 1.36) [110].  

 

 

Figure 1.36. Schematic illustration of colorimetric cancer cell immunoassay based 

on antibody-functionalized MNP/PtNPs/GO (Adapted from [110]). 
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Taking advantage of the synergistically integration of highly active PtNPs 

and MNP with GO that possessed high substrate affinity, the nanohybrid was able to 

achieve a 30-fold higher maximal reaction velocity compared with that of free GO 

for the colorimetric reaction with TMB and H2O2 and enabled rapid detection of 

target cancer cells within few minutes. 

Very recently, Li and co-workers reported a salt-induced aggregation-based 

platform using positively charged AuNPs on SWCNT (+AuNPs/SWCNTs) along 

with aptamer for the detection of cocaine [111]. Similar to DNA detection, the 

preferential binding of single-stranded free aptamer over target-bound aptamer to the 

nanohybrid through π-stacking interaction imparted +AuNPs/SWCNT higher 

resistance against salt-induced aggregation, and thus more nanohybrid was 

precipitated in the target-containing sample. After removing the supernatant and 

redispersing the nanohybrid, a colorimetric signal was produced upon the addition of 

a chromogenic substrate. 

 

1.3.3. Nuclease Mimetics 

1.3.3.1. Transitional Metal Ion and Metallo-Complex 

There have been tremendous efforts in the investigation of nuclease mimetics 

based on transition metal ions and metallo-complexes. The cleavage of phosphate 

ester linkages in nucleic acids by these nuclease mimetics occurred via the oxidative 

or hydrolytic mechanism. For transitional metal ions alone, a board range of 

members including Cu2+, Fe2+, Ni2+, and so on, have been proved their nucleic acid 

cleaving activities, among which Cu2+ was especially promising because of its 

excellent catalytic efficiency [112–114]. In 1983, Chiou and co-workers reported that 
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Cu2+ caused the oxidative hydrolysis of phosphate ester linkages in plasmid DNA in 

the presence of ascorbate and H2O2 [115–117]. The DNA cleavage mechanism was 

due to the formation of DNA-Cu+-H2O2 complex, followed by oxidative DNA 

damage at the DNA-copper binding site. In 1988, Vlassov and co-workers observed 

that the cleavage of a ssDNA hairpin stimulated by Cu2+, ascorbate, and H2O2, 

exhibited in a site-specific manner [118]. The cleavage site was considered as the 

active center with preferential binding with copper ion.  

The nuclease-like activities of metallo-complexes, especially for cuprous 

complex, were also intensively studied. In 1979, Sigman and co-workers reported 

that 2:1 1,10-phenanthroline cuprous complex ((OP)2Cu+) caused rapid DNA 

cleavage in the presence of molecular oxygen (O2) and thiol (3-mercaptopropionic 

acid, MPA; a reducing agent) [119]. The reaction mechanism is shown in Figure 1.37 

[120].  In fact, it was confirmed later by the same research group that (OP)2Cu+ and 

H2O2 are co-reactants for the oxidative DNA cleavage reaction [121,122]. The role 

of MPA was to regenerate (OP)2Cu+ from (OP)2Cu2+. Moreover, it was found that 

dsDNA cleavage was preferred over ssDNA as a result of the preferential 

intercalation of (OP)2Cu+ to double- than single-stranded DNA. This specific dsDNA 

recognition was believed due to the sequence-specific interaction of the ligands with 

the minor grooves of dsDNA hybrid [120,122].  Regarding the choice of reducing 

agent, Rill and co-workers showed that ascorbate significantly enhanced the rate of 

DNA cleavage as compared with MPA that competed with OP for copper 

coordination sites) [123]. In place of (OP)2Cu+, selective dsDNA scissions were also 

achieved with pyrrole–imidazole polyamides-conjugated Fe/EDTA complex [124]. 
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Figure 1.37. Mechanism for DNA cleavage by (OP)2Cu+ (Adapted from [120]). 

 

On the other hand, in 2002, Komiyama and co-workers reported the site-

selective nuclease mimetics of ssDNA based on Cerium4+/ethylenediamine-

tetraacetic acid (Ce4+/EDTA) complex [125]. This complex exhibited remarkable 

substrate specificity in that it promptly catalyzed the cleavage of the phosphodiester 

bonds in ssDNA but hardly hydrolyzed the linkages in dsDNA. The results are 

described in Figure 1.38 [126]. The gel electrophoresis result showed that ssDNA 

was cleaved into fragments in the presence of Ce4+/EDTA complex (by comparing 

lane 1 with lane 2), whereas the complex kept inactive to all other double-stranded 

portions (lane 3–6). For dsDNA with a single-stranded gap, the hydrolysis was more 

likely occurred at this gap site because of the substrate-specific reaction of 

Ce4+/EDTA. Moreover, it was found that this DNA scission was accelerated by 

attaching a monophosphate group to the DNA strands (lanes 4–6).  
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Figure 1.38. Schematic illustration of the site-specific ssDNA cleavage based on 

Ce4+/EDTA (top) and the gel electrophoresis showing the site-selective scission of 

the complex (bottom) (Adapted from [126]). 

 

Based on this result, the same research group showed that when 

ethylenediaminetetrakis(methylenephosphonic acid) (EDTP; a phosphate containing 

ligand) was used as the ligand, the hydrolytic reaction at the gap-site was even much 

faster and site-specific [127]. It was believed that this clear discrimination of Ce4+ 

complexes-catalyzed ssDNA or dsDNA cleavage was primary to the difference in the 
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stability of the corresponding coordination complexes, that the binding constant of 

Ce4+/EDTA to ssDNA was about 500-fold higher than the value to dsDNA [128]. 

Recently, Mao and co-workers illustrated a colorimetric detection platform of 

glucose in rat brain using salt-induced AuNPs aggregation coupled with Fe2+/EDTA 

complex-triggered ssDNA strand cleavage [129]. As described in Figure 1.39, the 

cerebral sample of rate was added to the reaction mixture that consisted of GOx, 

ssDNA, and Fe2+/EDTA. If the sample contained glucose, H2O2 was generated due to 

the catalytic conversion of glucose by GOx. The production of H2O2 activated the 

nuclease-like activity of Fe2+/EDTA, cleaving the ssDNA into small fragments. The 

reaction product was then incubated with AuNPs, followed by the addition of NaCl, 

In the negative sample, the adsorbed ssDNA offered AuNPs extra stability against 

salt-induced aggregation. Thus the sample remained red. In the positive sample, 

since ssDNA was cleaved, AuNPs aggregated upon the addition of NaCl. As a result, 

the sample turned purple.  

Other studies of the nuclease mimetics based on metallo-complexes mainly 

focused on the fundamental studies of the complexing ligands for enhancing their 

nucleic acid cleaving efficiencies and targeting effects [130]. Attempts have also 

been made to explore the functionalities of these DNA cleaving agents as therapeutic 

drugs for cancer treatments [131,132].  
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Figure 1.39. Schematic illustration of a colorimetric detection platform of glucose in 

rat brain based on salt-induced AuNPs aggregation coupled with Fe2+/EDTA 

complex-triggered ssDNA strand cleavage (Adapted from [129]). 

 

1.3.3.2. DNAzyme, Nanomaterial, and Peptide 

DNAzyme is a class of catalytic nucleic acids that are capable of performing 

the specific chemical reaction, typically the cleavage of specific substrates, in the 

presence of metallocofactors. For DNA cleavage, Breaker and co-workers isolated 
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the first DNA cleaving sequence via in vitro selection [133–135]. As shown in 

Figure 1.40, the DNAzyme consisted of a separate enzyme strand and a substrate 

strand [136]. These two strands hybridized with each other through two arms of 

complementary regions flank the catalytic core on the enzyme strand and an unpaired 

single nucleotide on the substrate strand. It was noteworthy that most DNAzymes 

appeared in a similar stem-loop structure. In the presence of Cu2+ and ascorbate, the 

secession of substrate strand occured at the selective site.  

 

 

Figure 1.40. The secondary structure of the 17E DNAzyme. The substrate strand, 

enzyme strand, catalytic core, and unpaired single nucleotide are indicated in black, 

blue, cyan, and red, respectively. The arrow indicates the specific cleaving site 

(Adapted from [136]). 

 

Based on above mechanism, various DNAzyme-based biosensing 

applications were developed. In 2003, Lu and Liu reported a colorimetric Pb2+ 

biosensor based on the DNAzyme-directed assembly of AuNPs (Figure 1.41) [137]. 
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In this system, the substrate strand contained two extended regions which were 

complementary to the oligonucleotide functionalized AuNPs. In the absence of target 

Pb2+, the substrate strand induced the crosslinking of AuNPs, and the solution turned 

purple. In contrast, when Pb2+ is added, the substrate strand was cleaved by Pb2+-

activated DNA secession. As a result, AuNPs remained monodispersed after mixing 

with the reaction product.  

 

 

Figure 1.41. Schematic illustration of a Pb2+ biosensor based on the DNAzyme-

directed assembly of AuNPs (Adapted from [137]). 

 

Later, the same group proposed a fluorescence assay of Cu2+ using a similar 

principle. (Figure 1.42) [138]. The substrate strand and enzyme strand were 

conjugated with FRET donor/quencher pairs. In the negative sample, the 

fluorescence was quenched. With adding Cu2+, the fluorescence signal was restored 

due to the dissociation of the DNA strands upon Cu2+-triggered site-specific cleavage. 
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Figure 1.42. Schematic illustration of a fluorescence assay of Cu2+ biosensor based 

on the DNAzyme-mediated cleavage of fluorescently labeled DNA substrate 

(Adapted from [138]). 

 

 DNAzyme was also employed to a number of amplified detection assays of 

target nucleic acid, small molecule and protein [139]. However, there assays 

generally required complicated detection mechanisms like target-induced 

conformation switch of DNAzymes, thus were highly sensitive to the reaction 

conditions.  

 Apart from DNAzyme, several studies have been reported that graphene and 

its derivatives possessed enhancement effect on the nuclease-like activities when 

coupled with DNA cleaving reagents. In 2010, Guo, Zhang, and co-workers found 

that the efficiency Cu2+-dependent scission of DNA was remarkably improved by 

combining the system with GO [140]. It was believed that GO intercalated efficiently 

with DNA molecules at the major grooves via π-stacking interaction (Figure 1.43). 

Once GO was intercalated into DNA, Cu2+ was chelated by GO and positioned close 

to the phosphodiester linkages of the DNA, so that the hydrolytic cleavage of DNA 

was facilitated. The cleavage of DNA by the GO/Cu2+ system was critically 

dependent on GO and Cu2+ concentrations, as well as the GO-to-Cu2+ ratio. The 



66 

enhancement of DNA cleavage by GO with other metal ions such as Zn2+ and Ni2+ 

was also studied. In addition, this cleavage enhancement showed the potential 

applicability for cancer therapy drugs [141]. The cell toxicity of the GO/Cu2+ system 

was evaluated with human stomach cancer and embryonic kidney cells. Compared 

with Cu2+ alone, a reinforced cytotoxic effect was observed. Apart from GO/Cu2+ 

system, similar results were obtained with graphene quantum dots (GQD)/Cu2+ [142] 

and GQD/ doxorubicin (DOX; an anti-cancer drug) [143] systems. 

 

 

Figure 1.43. Schematic illustration of the DNA cleavage mechanism by the GO/Cu2+ 

system (Adapted from [140]). 

 

Synthetic peptides were also found the applications in making nuclease 

mimetics. In 2005, Cowan and Jin synthesized an amino-terminal Cu2+- and Ni2+- 

binding peptide (ATCUN) motif [144]. The ATCUN motif consisted of a synthetic 
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peptide sequence for specific targeting of nucleic acid sequence, as well as a 

complex molecule for binding with the redox-active metal ions. The motif exhibited 

efficient oxidative cleavage of the target substrate in the presence of ascorbate and 

dissolved oxygen. More importantly, ATCUN-dependent oxidative cleavage of DNA 

showed distinct products from those displayed by Cu2+ alone. Later, this group 

proposed another ATCUN motif that targeted an RNA sequence [145]. As shown in 

Figure 1.44, this ATCUN motif binded to the major groove of the RNA sequence 

near a purine-rich internal loop, followed by the oxidative hydrolysis of the RNA at 

three selective sites. With the same strategy, the ATCUN-based enzyme mimetics for 

targeting of the ribosomal entry site (IRES) RNA of hepatitis C virus (HCV) [146] 

and G-quadruplex telomeric DNA [147] were also developed.  

 

 

Figure 1.44. An ATCUN motif for specific targeting and cleaving of the RNA 

substrate (Adapted from [145]). 
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1.4. Challenges and Limitations of Existing Biosensing 

Assays Using Enzyme Mimetics 

As a promising substitution of the natural enzyme, enzyme mimetics have 

shown various superiorities of cost-effectiveness, excellent stability, robustness, and 

versatility. Efforts have been made to utilize enzyme mimetics in a board range of 

biosensing systems for amplified detection of the target analyte. Despite their 

intensive development, the existing enzyme mimetic-based systems still have a 

number of research gaps yet to be solved. 

First, for nanoparticle-based enzyme mimetic labels, although their superior 

performance has been demonstrated in many biosensing assays, the majority of these 

assays are based on conventional ELISA sandwich-format of detection. This format 

is laborious and time-consuming, as extensive washing between each incubation step 

is required to remove the contaminants. Regarding this, the benefits from using 

enzyme mimetics cannot be fully gained. Moreover, the surface functionalization of 

nanoparticles may cause negative impact on their catalytic activities due to the 

passivation effect of the active site (the surface of the nanoparticles). In contrast, 

GO-based enzyme mimetics possessed selective interactions to oligonucleotides. The 

unique interactions have made this type of enzyme mimetics favorable toward the 

development for simple detection platform based on salt-induced aggregation. 

However, the catalytic activity is comparably low for GO-based enzyme mimetics.  

Second, the enzyme-like properties including targeting effect and catalytic 

activity of enzyme-mimetic labels are easily alternated via various means. This 

excellent versatility has offered enzyme mimetics great advantages in making 

sensitive and user-friendly biosensing platforms with new reaction mechanisms. 
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Nevertheless, the development of new detection principle is still underexplored. 

Currently, the detection mechanisms of most enzyme-mimetic labels are highly 

restricted within the narrow options of ELISA format, salt-induced aggregation, 

GOx-dependent glucose detection, and surface passivation. On the other hand, a 

great promise has been shown to couple enzyme-mimetic labels with nucleic acid 

amplification, so that the ultrasensitive DNA detection combining with simple 

colorimetric readout can be achieved. Unfortunately, due to the lack of effective 

detection strategies, very few relevant work has been reported. MNPs [148] and 

nanoceria [93] were employed to colorimetric PCR product detection, however, 

instead of using raw PCR product, pre-cleaned PCR samples were required in the 

MNP-based assays. For the cerium oxide-based platform, although the detection of 

uncleaned PCR products was reported, the detection was only possible for the PCR 

products with amplicons length at 600 bp or longer, which has caused severe 

restrictions to the design of PCR since typical amplicon length is 200–1000 for 

standard PCR or 75–300 for quantitative PCR. In addition, compared with thermal 

cycling-based DNA amplification, isothermal DNA amplification such as LAMP has 

demonstrated great advantages for decentralized detections and on-site testing, but 

until now, there is no enzyme mimetic-based colorimetric LAMP product detection 

being reported.  

Last but not the least, although nuclease mimetics have been found 

applications in many biosensing assays, these platforms either relied on certain 

mechanisms that are too specific to recognize only particular target substrates, or 

required complicated principles that cause the assay acutely sensitive to the reaction 

conditions. In contrast, target-recycling amplification allows the amplified detection 

of a board range of target analytes in aptamer-based biosensors, which has shown 
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numerous advantages of ultra-high sensitivity, homogeneous assay (without washing 

steps), and simple fluorescence readout. Despite the widespread use of natural 

enzyme-mediated target recycling amplification, no attempt has been made to 

explore the functionalities of nuclease mimetics for triggering target regeneration in 

aptamer-based biosensing systems. 

 

1.5. Objectives of the Study 

The main purpose of this study is to explore the new detection mechanisms of 

using enzyme mimetics for amplified recognition of the target. With the new 

mechanisms, three amplified biosensing assays based on peroxidase mimetics or 

nuclease mimetics are developed. Regarding the cost-effectiveness and excellent 

stabilities of the enzyme mimetics, all these assays show great promise in 

decentralized detection and on-site testing. More specifically, In Chapter 2, we use 

platinum nanoparticles on reduced graphene oxide (PtNPs/rGO) is used as 

peroxidase mimetics for colorimetric detection of specific DNA sequence based on 

the salt-induced aggregation method. In Chapter 3, a colorimetric assay of LAMP 

product detection based on the pH-controlled catalytic activity of PtNPs/rGO is 

developed. In Chapter 4, redox active metal ions together with ascorbic acid and 

H2O2 are utilized as nuclease mimetics to trigger target-recycling for amplified 

detection of protein in aptamer-bound GO platforms. The details of objectives of 

each study are as follows: 

 

Specific objectives of the study in Chapter 2: 

i. Fabricate PtNPs/rGO nanocomposites with optimized peroxidase-like activity; 
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ii. Evaluate the physical properties, peroxidase-like activities, as well as 

stabilities of PtNPs/rGO; 

iii. Investigate the interactions between PtNPs/rGO and DNA strands, optimize 

the condition for salt-induced aggregation-controlled catalytic activity of 

PtNPs/rGO; 

iv. Develop a PtNPs/rGO-based amplified assay for colorimetric detection of 

specific DNA sequence; 

v. Apply the PtNPs/rGO-based system to colorimetric detection of PCR product.  

 

Specific objectives of the study in Chapter 3: 

i. Achieve the reaction-induced pH change in low-buffered LAMP reaction 

condition; 

ii. Evaluate the pH-dependent catalytic activity of PtNPs/rGO; 

iii. Develop a PtNPs/rGO-based assay for colorimetric detection of LAMP 

product; 

iv. Assess the performance of the new developed assay. 

 

Specific objectives of the study in Chapter 4: 

i. Investigate the protective effect of aptamer by GO from Cu2+-mediated DNA 

cleavage; 

ii. Evaluate the performance of Cu2+-based DNA cleaving system for triggering 

target-recycling amplification in an aptamer-bound GO platform; 
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iii. Develop a fluorescence assay for amplified detection of target insulin based 

on Cu2+-mediated target-recycling; 

iv. Assess the detection sensitivity and specificity of this new developed assay of 

insulin. 
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Chapter 2 

Platinum Nanoparticles on Reduced Graphene 

Oxide as Peroxidase Mimetics for Colorimetric 

Detection of Specific DNA Sequence 

 

2.1. Introduction 

For amplified DNA detection using enzyme-mimetic labels, GO has received 

wide attention due to its higher binding affinity for ssDNA than dsDNA attributed to 

the π-stacking interaction between nucleobases and GO surface. Unfortunately, the 

intrinsic peroxidase-like activity of GO is comparably low, which may cause the 

readout of positive samples less distinguished from a negative control. To overcome 

this challenge, recent focus has been directed toward functionalizing GO with 

metallic nanoparticles. Compared with individual metallic nanoparticles or GO, these 

nanocomposites had the combined advantages of enhanced catalytic activity and 

selective DNA binding properties. In this respect, PtNPs/rGO has shown great 

promise because of its superior catalytic performance. In fact, PtNPs/rGO has been 

widely reported as an effective catalyst in fuel cell [149] and electrochemical sensing 

[150]. Its excellent peroxidase-/oxidase-like activities of catalyzing chromogenic 

reactions were also demonstrated [151,152]. For biosensing applications, several 

attempts have been made to apply PtNPs/rGO to cancer cell detection based on the 

direct-format immunoassay [109,110]. However, its applicability for DNA detection 

based on salt-induced aggregation remains unexplored. Herein, we report a simple 

and sensitive colorimetric assay for specific DNA sequence by utilizing a 
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nanocomposite of PtNPs/rGO. The capability of this nanocomposite for PCR product 

detection is also investigated.  

 

2.2. Experimental 

2.2.1. Synthesis of PtNPs/rGO and PtNPs 

PtNPs/rGO nanocomposites were prepared using chloroplatinic acid hydrate 

(H2PtCl6; Sigma-Aldrich; other chemicals were also purchased from Sigma-Aldrich 

unless otherwise specified) and GO (1 g L−1, 500 μL; Nanographene Oxide 

purchased from Graphene Supermarket). PtNPs/rGO nanocomposites with different 

H2PtCl6-to-GO mass ratios of 1:1, 4:1, 7:1, and 10:1 were prepared. The pH of the 

solution was adjusted to around 10 with NaOH (1 M) and then incubated for 3 h with 

intermittent sonication (~1 min in every 30 min; WiseClean WUC-A01H ultrasonic 

cleaner, Daihan Scientific). Next, freshly prepared sodium borohydride solution 

(NaBH4; 50 mM, 500 μL) was added dropwise to the mixture under vortexing. After 

overnight incubation under shaking (1,400 rpm), the resulting black products were 

centrifuged at 8,000 rpm for 15 min (Centrifuge 5415 D, Eppendorf) and washed 

with sterile-filtered ultrapure water (18.2 MΩ·cm, with 0.22 µm pore size filter 

membrane; Milli-Q Advantage A10 System, Millipore; all solutions were prepared 

with sterile ultrapure water). The centrifugation and washing steps were repeated for 

3 times in order to remove all possible contaminants. The purified products were 

redispersed in water by sonication and stored at room temperature. PtNPs were 

prepared by mixing H2PtCl6 (3.5 mg, 500 μL) and NaBH4 (5 mM, 500 μL; dropwise 

addition under shaking). It was assumed that negligible loss during the purification 

steps The incubation and purification steps were identical to those for PtNPs/rGO. 
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2.2.2. Characterizations of PtNPs/rGO 

PtNPs/rGO nanocomposites of mass ratios of 1:1, 4:1, 7:1, and 10:1 (10 µg 

mL−1; this concentration did not account for the mass of the PtNPs), The absorption 

spectrum was measured with an Ultrospec 2100 pro UV/visible spectrophotometer, 

(GE Healthcare). Transmission electron microscopy (TEM) and high-resolution 

transmission electron microscopy (HRTEM), and energy dispersive spectrometry 

(EDS) were performed on a JEM-2100F field emission electron microscope (JEOL). 

X-ray diffraction (XRD) analysis was carried out with a SmartLab X-ray 

diffractometer (Rigaku) using Cu Kα radiation (λ = 1.5418 Å) between 5° and 90° 

with a scan rate of 5°/min.  

 

2.2.3. Peroxidase-Like Activity of PtNPs/rGO 

PtNPs/rGO nanocomposites of mass ratios of 1:1, 4:1, 7:1, and 10:1 (50 ng 

mL−1), TMB (0.83 mM), H2O2 (20 mM), and citrate buffer (50 mM, pH 5.0) were 

mixed in a final volume of 100 μL. The absorbance at 652 nm was recorded at 1 min 

intervals and a photograph was taken at 10 min after the mixing of all components. A 

negative control (without PtNPs/rGO), PtNPs (0.175 µg mL−1, equivalent Pt content 

as the 7:1 PtNPs/rGO), and GO (50 ng mL−1) were included for comparison. 

 

2.2.4. Kinetics of PtNPs/rGO 

Two sets of experiments were performed with fixed TMB concentration (0.83 

mM unless otherwise specified) against varying concentration of H2O2 (15 mM–0.8 
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M); and fixed H2O2 concentration (20 mM) against varying concentration of TMB 

(10 μM–0.83 mM). The reaction mixtures also contained PtNPs/rGO (50 ng mL−1; 

mass ratio of 7:1 unless otherwise specified) and citrate buffer (50 mM, pH 5.0). The 

absorbance at 652 nm was recorded at 1 min intervals for 10 min after the mixing of 

all components. 

 

2.2.5. Thermal and pH Stabilities of PtNPs/rGO 

PtNPs/rGO nanocomposites (5 μg mL−1; mass ratio of 7:1) were incubated at 

different temperatures (4–90 °C) and pHs (1–13) for 1 h. Then, PtNPs/rGO were 

diluted by 100-fold and TMB (0.83 mM), H2O2 (20 mM), and citrate buffer (50 mM, 

pH 5.0) were added. The absorbance at 652 nm was measured at 10 min after the 

mixing of all components. 

 

2.2.6. Salt-Induced Aggregation Behavior of PtNPs/rGO and 

Stabilization Effect by ssDNA 

For salt-induced aggregation behavior, PtNPs/rGO nanocomposites (10 μg 

mL−1; mass ratio of 7:1) were incubated with different concentrations of NaCl (0–0.1 

M) for 3 h, followed by centrifugation at 3,000 rpm for 1 min. The supernatant was 

collected and the absorbance at 250 nm was measured. Similar experiments were 

carried out with GO for comparison. For stabilization effect by ssDNA, PtNPs/rGO 

nanocomposites (1 μg mL−1; mass ratio of 7:1) were incubated with different 

concentrations of ssDNA (0–20 nM; 5′-TACAGTCATAGATGGTCGGTGGGAGG 

TGG-3′) in a buffered salt solution (5 mM Tris-HCl, 50 mM NaCl, 10 μg mL−1 

Tween 20, pH 7.4) for 1 h, followed by centrifugation at 6,000 rpm for 2 min. Then, 
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TMB (0.83 mM), H2O2 (20 mM), and citrate buffer (50 mM, pH 5.0) were added to 

the supernatant. The absorbance at 652 nm was measured at 10 min after the mixing 

of all components. 

 

2.2.7. Colorimetric Detection of Specific DNA Sequence Using 

PtNPs/rGO 

Target DNA sequence (5′-CCACCTCCCACCGACCATCTATGACTGTA-3′) 

was hybridized with its complementary probe sequence (5′-TACAGTCATAGATGG 

TCGGTGGGAGGTGG-3′) at 37 °C for 1 h. After cooling to room temperature, 

PtNPs/rGO nanocomposites (mass ratio of 7:1) were added and the mixture was 

incubated for 1 h. The final concentrations of the target, probe, and PtNPs/rGO were 

0–10 nM, 10 nM, and 1 μg mL−1, respectively. The hybridization and incubation 

were carried out in a buffered salt condition (5 mM Tris-HCl, 50 mM NaCl, 10 μg 

mL−1 Tween 20, pH 7.4). This was followed by centrifugation at 6,000 rpm for 2 min. 

After then, TMB (0.83 mM), H2O2 (20 mM), and citrate buffer (50 mM, pH 5.0) 

were added to the supernatant (diluted by 5-fold). The absorbance at 652 nm was 

recorded at 1 min intervals for 10 min after the mixing of all components and a 

photograph was taken at 10 min. For specificity test, the target sequence was 

substituted by 1-base-mismatched (5′-CCACCTCCCACCGAGCATCTATGACTG 

TA-3′) or 3-base-mismatched (5′-CCACCTCCCACCGTGGATCTATGACTGTA-3′) 

sequences. 

2.2.8. Colorimetric PCR Product Detection Using PtNPs/rGO 

For PCR product detection, PCR samples were prepared with 1× standard 

Taq reaction buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, pH 8.3), dNTPs 
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(0.1 mM each), Primer 1 (5′-CTGCTCCTGTTGAGTTTATTGC-3′, 0.4 μM), Primer 

2 (5′-GCGAACAATTCAGCGGCTTTA-3′, 0.4 μM), Taq DNA polymerase (0.025 

units μL−1), and target (ΦΧ174 for positive sample, 5 pg μL−1; water for negative 

sample). The PCR reagents were purchased from New England Biolabs except the 

primers were purchased from Integrated DNA Technologies. Thermal cycling was 

carried out using GeneAmp PCR system 9700 (Applied Biosystems) and the profile 

used was 94 °C for 2 min (initial denaturation); 35 cycles of 94 °C for 15 s 

(denaturation), 55 °C for 15 s (annealing), and 72 °C for 30 s (extension); and 72 °C 

for 2 min (final extension). After cooling to room temperature, the PCR samples (80-

fold dilution; equivalent to 10 nM total initial primers concentration) were added to 

PtNPs/rGO nanocomposites. Subsequent steps and conditions were identical to those 

for the 29-base target in the previous paragraph. For gel electrophoresis, PCR 

products (8 μL, plus 2 μL BlueJuice gel loading buffer) were loaded into wells of an 

agarose gel (3%) in 0.5x TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA, 

pH 8.0) and subjected to electrophoresis at 120 V for 1 h. The gel was then stained 

with ethidium bromide (0.5 μg mL−1) for 20 min and visualized by UV 

transillumination. For dynamic light scattering (DLS) analysis, the conditions and 

experimental steps were identical to those in PCR product detection until the 

centrifugation step. The particle size of the uncentrifuged samples was measured on a 

Zetasizer Nano ZS (Malvern) with He-Ne laser at 633nm. 
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2.3. Results and Discussion 

2.3.1. Synthesis and Characterizations of PtNPs/rGO 

The PtNPs/rGO nanocomposites were fabricated by a one-pot reduction 

method using NaBH4 as the reducing agent. It is noteworthy that the synthesis was 

performed in the absence of surfactant to prevent any disturbing effect from the 

charges carried by the surface functionalization agents, which may affect the 

peroxidase-like activity of PtNPs/rGO as well as its behaviors to salt-induced 

aggregation.  

As shown in Figure 2.1, H2PtCl6 and GO appears in yellow and brown 

respectively. Upon the reduction by NaBH4, the color of both solutions turns to dark. 

Interestingly, when H2PtCl6 and GO are reduced together, black participates are 

observed after the reaction.  This is possibly due to the self-catalytic effect by the as-

synthesized PtNPs/rGO nanocomposites, which accelerated the removal of the 

negatively charged functional groups through the catalytic reduction by NaBH4, 

resulted in the lowered dispersity of the nanomaterial in aqueous solution. 

Nevertheless, the participates of PtNPs/rGO nanocomposites can be redispersed in 

water by sonication.  

The absorption spectra of the corresponding materials were measured with 

UV/visible spectrophotometer (Figure 2.2). GO exhibits a peak absorbance at 225 

nm, which shifts to 240 nm upon the reduction by 50 mM of NaBH4. This red shift of 

peak absorbance suggested that the electronic conjugation within graphene sheets 

was recovered after the removal of negatively charged functional groups from GO 

[153]. On the other hand, the absorption spectra of both H2PtCl6 and PtNPs 

(synthesized from H2PtCl6 reduction) show a peak at 262 nm. Without the reducing 
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reaction, the mixture of H2PtCl6 and GO possesses an absorption spectrum similar to 

that of H2PtCl6 or PtNPs. In contrast, the distinct peak at 262 nm disappears after the 

reduction process of H2PtCl6 together with GO. Instead, the absorption spectrum of 

the redispersed resulting solution demonstrates a pattern close to that of the reduced 

graphene oxide (rGO), with the peak absorbance further redshifts to 250 nm. This 

result indicated that neither the free PtNPs nor H2PtCl6 existed in the solution with 

redispersed PtNPs/rGO nanocomposites.  

 

H2PtCl6 PtNPs GO rGO
H2PtCl6
and GO PtNPs/rGO

PtNPs/rGO
(redispersed)

 

Figure 2.1. Photograph showing the appearance of different chemicals and 

nanomaterials. (from left to right) H2PtCl6, PtNPs (H2PtCl6 upon NaBH4 reduction), 

GO, rGO, H2PtCl6 plus GO mixture, as-prepared PtNPs/rGO (H2PtCl6 plus GO 

mixture upon NaBH4 reduction), and the redispersed PtNPs/rGO. The concentrations 

of H2PtCl6, GO, NaBH4 in all samples (if possible) were 1.75 mg mL−1, 0.25 mg 

mL−1, and 50 mM, respectively. For redispersed PtNPs/rGO, supernatant from the as-

synthesized product was removed with an autopipette. The black products were then 

redispered in ultrapure water by sonication.   
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Figure 2.2. The UV/visible absorption spectra of the samples in Figure 2.1. 

 

The effects of H2PtCl6-to-GO mass ratios on PtNPs/rGO synthesis were 

investigated. Different PtNPs/rGO nanocomposites with the mass ratios of 1:1, 4:1, 

7:1, and 10:1 were prepared. According to the photograph in Figure 2.3, the color 

intensities of the nanocomposites are directly proportional to the H2PtCl6-to-GO 

mass ratios from 1:1 to 7:1, indicating that an increasing amount of PtNPs were 

deposited on the rGO surface. Compared with the 7:1 PtNPs/rGO, a lower optical 

intensity appears when the H2PtCl6-to-GO mass ratio increase to 10:1. This 

observation was further confirmed by the absorbance measurement of the PtNPs/rGO 

nanocomposites. Except for the ratio of 10:1, the UV/visible absorption showed a 

positive correlation to H2PtCl6-to-GO mass ratios. Besides, the absorption spectra of 

all PtNPs/rGO nanocomposites possess a similar shape to that of rGO, with an 

around 30 nm red shift of their peak absorbance.    
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Figure 2.3. Photograph and the UV/visible absorption spectra of different 

PtNPs/rGO nanocomposites with the mass ratios of 1:1, 4:1, 7:1, and 10:1. The 

concentration of all PtNPs/rGO nanocomposites was 10 µg mL−1. 

 

 TEM photographs of the PtNPs/rGO nanocomposites were obtained (Figure 

2.4).  For the 1:1, 4:1, and 7:1 PtNPs/rGO, it clearly shows that PtNPs with uniform 

size are homogeneously distributed on rGO nanosheets as reported previously [154].  

The TEM images provide the direct evidence to demonstrate the positive correlation 

between H2PtCl6-to-GO mass ratio and the density of PtNPs deposited on the rGO 

surface, up to the ratio of 7:1. It was interesting to observe that the mean size of the 

PtNPs loaded on rGO was regardless of the H2PtCl6-to-GO mass ratios, which was 

estimated to be around 4–5 nm. In contrast, clustered PtNPs on rGO are observed for 
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the 10:1 PtNPs/rGO nanocomposites, suggesting that the rGO has exceeded the 

maximum capacity for supporting PtNPs. 

 

 

Figure 2.4. TEM photographs of PtNPs/rGO of different mass ratios: 1:1 (top left), 

4:1 (top right), 7:1 (middle left), 10:1 (middle right), 7:1 at high magnification 

(bottom left), and 10:1 at high magnification (bottom right). 
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For the 7:1 PtNPs/rGO, additional HRTEM imaging showing the lattice 

fringes of PtNPs was also performed. As shown in Figure 2.5, a d-spacing value of 

0.22 nm is measured, indicating the face-centered cubic (fcc) oriented Pt (111) lattice 

of PtNPs loaded on rGO [154]. 

 

0.22 nm

 

Figure 2.5. HRTEM photograph of the PtNPs/rGO nanocomposites with the mass 

ratio of 7:1. 

 

EDS analysis was carried out to further confirm the formation of the 7:1 

PtNPs/rGO nanocomposites (Figure 2.6). During the analysis, all the samples were 

supported on copper grids covered with a carbon film, so that the peaks representing 

C and Cu elements are found in the EDS spectra. The EDS spectrum of the 

PtNPs/rGO nanocomposites shows the corresponding peaks of C, O, and Pt elements, 

suggesting the successful deposition of PtNPs on GO. In comparison, the peak 

corresponding to O element is absent in the EDS spectrum of the PtNPs alone.  
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Figure 2.6. Energy dispersive spectrometry (EDS) patterns of PtNPs/rGO of 7:1 

mass ratio (top) and PtNPs supported on a copper grid with a carbon film (bottom). 
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XRD is a powerful tool used for identifying the atomic structure of crystals, 

in which the atoms in crystalline cause the diffraction of incident X-rays into many 

specific directions.  By measuring the angles and intensities of these diffracted beams, 

various physical properties of the materials can be obtained. Specifically, the 

interlayer distance (d- spacing) can be determined based on the interference of X-ray 

beams scattered from the adjacent atoms, by Bragg's law described below: 

2d sin θ = nλ      [Eq. (2.1)] 

where d is the spacing between diffracting planes, θ is the angle of incidence, n is 

any integer, and λ is the wavelength of the incident X-ray. In addition, the size of 

nanoparticles can also be estimated from a peak in diffraction patterns by using the 

Scherrer equation described below: 

τ = K λ/β cos θ     [Eq. (2.2)] 

where τ is the average size of the crystalline nanoparticles, K is the shape factor that 

has a typical value of 0.9 for spherical nanoparticles, λ is the X-ray wavelength, β is 

the instrumental line broadening at half the maximum intensity (FWHM) in radians, 

and θ is the Bragg angle. 

The XRD patterns of the 7:1 PtNPs/rGO nanocomposites, GO, and rGO are 

shown in Figure 2.7. For GO, a diffraction peak at 11.4° corresponding to C(002) 

[154–156] plane is observed, indicating a d- spacing of 0.78 nm. This peak shifts to 

22.8° after the reduction treatment by NaBH4 (pattern of rGO), and that the interlayer 

distance decreased to 0.39 nm. The decrease of interlayer distance is possibly due to 

the removal of hydroxyl, epoxy, and carboxyl groups which generally exist between 

the graphene oxide layers. The C(002) peak of the PtNPs/rGO nanocomposites is at 

23.3°, showing an interlayer distance of 0.38 nm, which is close to that of the 
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reduced graphene oxide. The XRD pattern of the PtNPs/rGO nanocomposites 

exhibits the diffraction peaks corresponding to the (111), (200), (220), (311), and 

(222) planes of fcc platinum lattice [154,155], indicating the crystalline state of 

PtNPs. The PtNPs particle size was also estimated using the diffraction peak for 

Pt(220). Calculation using the Scherrer equation resulted in an average PtNPs size of 

5.3 nm, which was consistent with the result from TEM photograph. 
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Figure 2.7. XRD pattern of PtNPs/rGO (mass ratio of 7:1). The patterns of GO and 

rGO were included for comparison. 

 

2.3.2. Peroxidase-Like activity of PtNPs/rGO 

The peroxidase-like activity of the PtNPs/rGO nanocomposites was 

confirmed by their ability to catalyze the oxidation of TMB with H2O2 as the 

oxidizing agent. As expected, the solution turned from colorless to blue, which 

showed a peak absorbance at 652 nm (Figure 2.8).  
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Figure 2.8. UV/visible absorption spectra of the TMB solution in the presence of 7:1 

PtNPs/rGO nanocomposites. The concentrations of TMB, H2O2, and PtNPs/rGO 

were 0.83 mM, 20 mM, and 50 ng mL−1, respectively. The spectra were measured at 

10 min after the mixing of all components. Inset: photograph showing the 

chromogenic response of TMB in the absence (left) or presence (right) of the 

PtNPs/rGO nanocomposites. 

 

Importantly, the catalytic activity of PtNPs/rGO nanocomposites was strongly 

dependent on the H2PtCl6-to-GO mass ratio, with an optimum ratio of 7:1 (Figure 

2.9). This was consistent with the results from previous TEM photograph, of which 

the density of PtNPs loaded on rGO was directly proportional to the catalytic power 

of the PtNPs/rGO nanocomposites. The 10:1 PtNPs/rGO showed a reduced activity 

for catalyzing the chromogenic oxidation of TMB. This result was believed due to 



89 

the clustering of PtNPs on the rGO surface, which caused the decrease of the 

effective surface area that served as the active site of the peroxidase mimetics.  
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Figure 2.9. Comparison of the peroxidase-like activity of PtNPs/rGO of different 

mass ratios (1:1, 4:1, 7:1, and 10:1). The concentrations of TMB, H2O2, and 

PtNPs/rGO were 0.83 mM, 20 mM, and 50 ng mL−1, respectively. The absorbance at 

652 nm was taken at 10 min after the mixing of all components. 

 

Since both PtNPs and GO were reported to have intrinsic peroxidase-like 

activity, further study was performed to evaluate the catalytic activities among PtNPs, 

GO, as well as the PtNPs/rGO nanocomposites. It should be noted that the 

concentration of GO (equivalent to the amount for preparing the 7:1 PtNPs/rGO.) 

used in this study received a nearly 1000-fold dilution compared with that in 

previous work [103]. The results were described in Figure 2.10.  For the sample 

without PtNPs/rGO (negative control) or with GO, the solution remains colorless. 
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This was due to the insufficient catalytic power of GO at the testing concentration, 

causing the detectable amount of colored product failed to be produced. On the other 

hand, the catalytic activity of PtNPs (synthesized using the same amount of H2PtCl6 

as the 7:1 PtNPs/rGO) was significantly lower than that of the 7:1 PtNPs/rGO 

nanocomposites, suggesting that GO played a crucial role in generating the small-

sized PtNPs. It was believed that smaller nanoparticles had a higher surface-to-

volume ratio than that of the larger ones. As a result, the small-sized PtNPs on the 

rGO surface provided more active sites for substrates binding, so that an enhanced 

catalytic performance was observed. In contrast, the size of the PtNPs would be 

substantially larger if the synthesis was performed without GO. Besides visual 

evaluation, time-dependent quantitative monitoring of the blue-colored product 

formation was performed by measuring the absorbance at 652 nm. The results were 

highly consistent with the above visual observation. 

It was also found that the catalytic reaction of PtNPs/rGO nanocomposites 

were strongly dependent on the pH of the reaction buffer.  To investigate this pH-

dependent peroxidase-like activity of the 7: 1 PtNPs/rGO, a set of reactions were 

carried out in various buffered solution with pH ranged from 3–9 (Figure 2.11). In 

acidic buffers, the catalytic activity of the PtNPs/rGO was gradually improving as the 

pH increased, which reached the highest level at the pH approximately 5. 

Nevertheless, the catalytic activity dropped dramatically at the neutral condition. 

When the pH of the reaction further turned to alkaline, the PtNPs/rGO 

nanocomposites totally lost their peroxidase-like activity.  
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Figure 2.10. Peroxidase-like activity of PtNPs/rGO. The photograph showed the 

colorimetric responses of (from left to right) TMB and H2O2 alone (negative control), 

PtNPs, GO, and PtNPs/rGO of 1:1, 4:1, and 7:1 mass ratios. The concentrations of 

TMB, H2O2, and PtNPs/rGO were 0.83 mM, 20 mM, and 50 ng mL−1, respectively. 

For PtNPs and GO, the concentrations were equivalent to the corresponding amounts 

for the 7:1 PtNPs/rGO. The photograph was taken at 10 min after the mixing of all 

components.  Plots of absorbance at 652 nm versus time for the samples were shown 

below the photograph. 
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Figure 2.11. The effect of the reaction pH on the peroxidase-like activity of 

PtNPs/rGO (mass ratio of 7:1). The pH of the reactions was varied from 3–9. The 

concentrations of TMB, H2O2, and PtNPs/rGO were 0.83 mM, 20 mM, and 50 ng 

mL−1, respectively. The absorbance at 652 nm was taken at 10 min after the mixing 

of all components. 

 

2.3.3. Kinetics of PtNPs/rGO 

Kinetic experiments were carried out to investigate the relationship between 

the initial velocity of the 7:1 PtNPs/rGO catalyzed reaction and the substrate 

concentration. The catalytic analysis was based on the Michaelis–Menten kinetic 

model described by the following equation:  

v0 = Vmax[S]/(KM + [S])   [Eq. (2.3)] 

where v0 is the initial velocity, Vmax is the maximal velocity, KM is the Michaelis 

constant, and [S] is the substrate concentration. The Michaelis–Menten equation can 
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be further represented as the Lineweaver–Burk plots (or double-reciprocal plots) 

described by the following equation: 

1/v0 = KM/Vmax[S] + 1/Vmax   [Eq. (2.4)] 

As a result, by using the Lineweaver–Burk plots of 1/v0 against 1/[S], the Michaelis 

constant KM can be estimated from the x-intercept and the maximal velocity Vmax can 

be determined from the y- intercept. 

With H2O2 as the substrate (TMB concentration was fixed at 0.83 mM), a 

linear relationship was obtained over the concentration range studied (Figure 2.12). 

Thanks to the high H2O2 tolerance of PtNPs, the substrate inhibition effect that has 

been commonly reported in other systems does not appear in the PtNPs/rGO-based 

platform at the H2O2 concentration up to 0.8 M. With TMB as the substrate while 

H2O2 concentration was fixed at 20 mM, a hyperbolic curve was obtained between 0 

and 0.2 mM, whereas the catalytic activity was suppressed at higher substrate 

concentration (Figure 2.13). This observation is likely due to the substrate inhibition 

caused by the competitive binding between TMB substrate and the active site of the 

PtNPs/rGO nanocomposites. In this case, an excessive amount of TMB substrate 

block the surface of PtNPs (the active site) on the PtNPs/rGO, and prevent any other 

TMB molecules from reaching it. As a result, the reaction rate drops due to the 

incomplete utilization of the peroxidase-like function. 

 



94 

0

50

100

150

200

250

0.0 0.2 0.4 0.6 0.8

v
0
/1

0
−
8

M
 s

−
1

[H2O2]/M  

Figure 2.12. Plot of initial velocity versus H2O2 concentration at a fixed TMB 

concentration of 0.83 mM for PtNPs/rGO of the mass ratio of 7:1. The concentration 

of PtNPs/rGO was 50 ng mL−1. 
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Figure 2.13. Plot of initial velocity versus TMB concentration at a fixed TMB 

concentration of 20 mM for PtNPs/rGO of the mass ratio of 7:1. The concentration of 

PtNPs/rGO was 50 ng mL−1. 
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To obtain the kinetic parameters, the data were represented as Lineweaver–

Burk plots. The apparent kinetic parameters with TMB as substrate were calculated 

from the Lineweaver–Burk plots in Figure 2.10 (TMB concentration from 10 μM to 

0.1 mM) and those with H2O2 as substrate were calculated from the data in Figure 

2.14. The apparent KM values with TMB and H2O2 as the substrates were 80.6 μM 

and 0.935 M, respectively, which correspond to the substrate concentrations at Vmax/2. 

Importantly, KM is often used as a rough indication of the affinity for the substrate, of 

which a lower value of KM indicates the higher binding affinity between the substrate 

and catalyst.  
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Figure 2.14. Lineweaver–Burk plots of initial velocity versus TMB concentration at 

a fixed H2O2 concentration of 20 mM for PtNPs/rGO of the mass ratio of 7:1. The 

concentration of PtNPs/rGO was 50 ng mL−1. 
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A comparison of the kinetic parameters of the 7:1 PtNPs/rGO 

nanocomposites with those of HRP and nanomaterial-based peroxidase mimetics 

reported in the literature is given in Table 2.1. It showed that the 7:1 PtNPs/rGO 

exhibited superior catalytic performance in the both substrate binding affinity and 

maximal reaction velocity, compared with the natural enzyme HRP or other enzyme 

mimetic nanomaterials. We believed that superior catalytic activity of PtNPs/rGO 

was due to the presence of PtNPs on the nanomaterial. Figure 2.15 also shows the 

double-reciprocal plots of the 7:1, 4:1, and 1:1 PtNPs/rGO nanocomposites with 

H2O2 as the substrate. From the intercepts, the apparent Vmax values increased with 

increasing mass ratio while the apparent KM values were the same for the 3 

nanocomposites. 
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Figure 2.15. Lineweaver–Burk plots of initial velocity versus H2O2 concentration at 

a fixed TMB concentration of 0.83 mM for PtNPs/rGO of the mass ratio of 7:1. The 

concentration of PtNPs/rGO was 50 ng mL−1. 
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Table 2.1. Comparison of the kinetic parameters of the 7:1 PtNPs/rGO developed in 

this work with HRP and some other previously reported nanomaterial-based enzyme 

mimetics. [Et] is the total concentration (free and bound states) of the enzyme 

mimetics or HRP, KM is the Michaelis constant, and Vmax is the maximal velocity. 

  TMB as substrate H2O2 as substrate 

 [Et]/μg mL−1 KM/mM Vmax/10–8 M s−1 KM/mM Vmax/10–8 M s−1 

PtNPs/rGO (this work) 0.05a 0.0806 46.5 935 378 

HRP [85] 0.001 0.434 10.0 3.70 8.71 

Fe3O4 MNPs [85] 40 0.098 3.44 154 9.78 

GO [103] 40 0.0237 3.45 3.99 3.85 

PtNPs/GO [109] - 0.186 10.2 221 12.5 

PtNPs [151] 0.03 0.120 126 769 185 

PtNPs [110] 10 3.417 400 - - 

PtNPs/rGO [110] 50 0.619 127 - - 

MNPs–PtNPs/GO [110] 50 0.519 213 - - 

a This concentration did not account for the mass of the PtNPs. If included, the 

concentration was 0.22 μg mL−1. 

 

The binding mechanism of this 2-substrate reaction was investigated. The 

catalytic reaction can either follow the sequential mechanism in which both 

substrates bind to the catalyst at the same time to produce a ternary complex, or the 

ping–pong mechanism in which one substrate first bind with the catalyst and is 

released to give an intermediate catalyst, followed by the binding of the second 

substrate. Lineweaver–Burk plots of the 7:1 PtNPs/rGO nanocomposites with H2O2 

as the substrate were obtained at 3 different fixed TMB concentrations (Figure 2.16). 

The resulting lines are parallel, indicating a ping–pong mechanism of the reaction 

catalyzed by the PtNPs/rGO nanocomposites.  
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Figure 2.16. Lineweaver–Burk plots of initial velocity versus H2O2 concentration at 

3 different fixed TMB concentrations (0.249, 0.332, and 0.830 mM) for PtNPs/rGO 

of mass ratio of 7:1. The concentration of PtNPs/rGO was 50 ng mL−1. 

 

2.3.4. Thermal and pH Stabilities of PtNPs/rGO 

As the PtNPs/rGO nanocomposites are inorganic nanomaterials, they are 

expected to be more stable than the natural enzyme HRP. To test this, the 7:1 

PtNPs/rGO was incubated at a range of temperatures from 4–90 °C and pH from 1–

13 for 1 h, and then the catalytic activities were measured under standard conditions 

(at pH 5 and room temperature). The thermal and pH stabilities of the 7:1 PtNPs/rGO 

are shown in Figure 2.17 and Figure 2.18 respectively. The catalytic activity of the 

nanocomposites was well preserved even after 1 h incubation over wide temperature, 

and pH. These compared favorably with those of HRP, which remained catalytically 

active only at the narrow incubation temperature below 45 °C and pH 6–11 [85].  
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Figure 2.17. Thermal stability of PtNPs/rGO. Relative activity was calculated by 

comparing the chromogenic reaction upon 1h incubation of PtNPs/rGO at the 

specified temperature with the reaction after the incubation at 25 °C. 
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Figure 2.18. pH stability of PtNPs/rGO. Relative activity was calculated by 

comparing the chromogenic reaction upon 1h incubation of PtNPs/rGO at the 

specified pH with the reaction after the incubation at pH 5. 
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2.3.5. Salt-Induced Aggregation Behavior of PtNPs/rGO and 

stabilization effect by ssDNA 

The salt-induced aggregation property along with the stabilization effect by 

ssDNA is a useful strategy for GO- or rGO-based detection of specific DNA 

sequence. In the salt-induced aggregation study, the 7:1 PtNPs/rGO nanocomposites 

were incubated with different concentrations of NaCl for 3 h. The aggregated 

nanocomposites were precipitated by centrifugation and the amount of the 

nanocomposites remained dispersed in the supernatant was determined by 

absorbance measurement at 250 nm. GO and rGO were included for comparison. As 

shown in Figure 2.19, the 7:1 PtNPs/rGO nanocomposites remain fully dispersed 

upon the addition of 6 mM NaCl while aggregate severely at 20 mM NaCl or higher. 

In comparison to the PtNPs/rGO nanocomposites, rGO exhibited a similar stability 

against the salt-induced aggregation. It should be noted that both the PtNPs/rGO 

nanocomposites and rGO had lower salt stability than GO which remains fully 

dispersed up to 40 mM NaCl while aggregates severely at 80 mM NaCl or higher. 

This can be explained by the less negative surface charge after the NaBH4 reduction 

process due to the removal of the edge oxygen-containing groups such carboxyl 

groups and phenolic hydroxyl groups.  

One facile and efficient way to prevent salt-induced aggregation of the 

PtNPs/rGO nanocomposites is by ssDNA stabilization. The binding of ssDNA to 

rGO through π-stacking interaction renders additional negative charge, thereby 

allowing the PtNPs/rGO nanocomposites to remain dispersed at high NaCl 

concentration. To prove this concept, PtNPs/rGO nanocomposites were incubated 

with different concentrations of ssDNA for 1 h in the presence of 50 mM NaCl, 

followed by centrifugation to precipitate the aggregated nanocomposites. The 
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dispersed nanocomposites in the supernatant were mixed with TMB and H2O2 for 

color development. The absorbance at 652 nm was taken at 10 min after the mixing 

of all components. The result is illustrated in Figure 2.20. With 1 μg mL−1 

PtNPs/rGO nanocomposites, the stabilization effect increased linearly with 

increasing ssDNA concentration up to 10 nM and then reached the plateau at higher 

DNA concentration. The leveled off the curve at high DNA concentration is possibly 

due to the saturation of ssDNA on the PtNPs/rGO surface. 
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Figure 2.19. Salt-induced aggregation behavior of the 7:1 PtNPs/rGO. The 

concentration of GO, rGO, and the PtNPs/rGO was 10 μg mL−1. All the 

nanomaterials were incubated with different concentrations of NaCl for 3 h. The 

aggregated nanocomposites were precipitated by centrifugation and the amount of 

the nanocomposites remained dispersed in the supernatant was determined by 

absorbance measurement at 250 nm.  
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Figure 2.20. Stabilization effect by ssDNA against salt-induced aggregation of the 

7:1 PtNPs/rGO. The PtNPs/rGO and NaCl concentration were 1 μg mL−1 and 50 mM 

respectively.   

 

2.3.6. Colorimetric Detection of Specific DNA Sequence Using 

PtNPs/rGO Nanocomposites 

Taking advantage of the ssDNA-controlled and salt-induced aggregation 

property as well as the ultrahigh peroxidase-like catalytic activity of the PtNPs/rGO 

nanocomposites, we developed a simple and sensitive platform for the colorimetric 

detection of specific DNA sequence (Figure 2.21). The assay starts with the 

hybridization of a target sequence with its complementary probe sequence, followed 

by the addition of the PtNPs/rGO nanocomposites. In the absence of the target, the 

PtNPs/rGO nanocomposites bind with the single-stranded probe and are stabilized 

against aggregation at 50 mM NaCl. After centrifugation, the supernatant, which 

contains a large amount of the nanocomposites, is added to TMB and H2O2, giving 
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rise to an intense blue color. On the other hand, the PtNPs/rGO nanocomposites do 

not bind with the double-stranded probe–target hybrid and thus undergo aggregation 

at 50 mM NaCl. The supernatant, which contains a small amount of the 

nanocomposites, results in a pale blue color upon the addition of TMB and H2O2.  

 

 

Figure 2.21. Schematic illustration of the colorimetric detection of specific DNA 

sequence using the PtNPs/rGO nanocomposites.  
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In the colorimetric detection of specific DNA sequence, ssDNA probe (10 

nM) was mixed with different concentrations of the target sequence (a 29-mer 

oligonucleotide), then 1 μg mL−1 of the 7:1 PtNPs/rGO nanocomposites were added. 

After 1 h incubation in 50 mM NaCl followed by centrifugation, TMB and H2O2 

were added to the supernatant. The time-dependent kinetics for the detection of the 

fully complementary target are shown in Figure 2.22. As expected, the rate of 

reaction decreased linearly with increasing target concentration. Plots of the 

absorbance value at 10 min versus concentration of the target sequence were also 

obtained (Figure 2.23). The limit of detection based on 3 times the standard deviation 

of the blank was determined to be 0.4 nM, which compared favorably with other 

previously reported enzyme mimetics. 
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Figure 2.22. Plots of absorbance at 652 nm versus time for different concentrations 

of the target sequence. The concentrations of PtNPs/rGO (mass ratio of 7:1), DNA 

probe, TMB, and H2O2 were 1 μg mL−1, 10 nM, 0.83 mM, and 20 mM, respectively.  
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Figure 2.23. Plots of absorbance at 652 nm versus concentration of the target 

sequence. The concentrations of PtNPs/rGO (mass ratio of 7:1), DNA probe, TMB, 

and H2O2 were 1 μg mL−1, 10 nM, 0.83 mM, and 20 mM, respectively. The 

absorbance at 652 nm was taken at 10 min. 

 

Furthermore, the ability to distinguish mismatched sequences from the fully 

complementary target was evaluated. In this specificity test, 10 nM of the DNA 

probe was mixed with an equal concentration of the fully complementary, 1-base-

mismatched, and 3-base-mismatched sequences, respectively. This is followed by the 

mixing with the 7:1 PtNPs/rGO nanocomposites. The remaining steps were identical 

to those in the above target sequence detection assay. Figure 2.24 shows that the 

absorbance values of the 1-base-mismatched and 3-base-mismatched sequences were 

significantly higher than that of the fully complementary target, with 35% and 77% 

increase, respectively, of the values of absorbance at 652 nm. In fact, the 3-base-

mismatched sequence was clearly distinguishable from the full-matched target even 

with naked-eye readout.  
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Figure 2.24. Specificity test showing the differentiation of 1-base-mismatched and 

3-base-mismatched sequences from the fully complementary target based on visual 

readout (top) and absorbance measurement (bottom). The concentrations of the 7: 1 

PtNPs/rGO, DNA probe–target hybrids, TMB, and H2O2 were 1 μg mL−1, 10 nM, 

0.83 mM, and 20 mM, respectively. The absorbance at 652 nm was taken at 10 min 

after mixing the supernatant with TMB and H2O2. 

 

2.3.7. Colorimetric PCR Product Detection Using PtNPs/rGO 

To further improve the detection sensitivity, efforts have been made to 

combine this colorimetric DNA detection platform with PCR amplification. As we 

know, PCR reaction consists of a pair of single-stranded primers. For negative 

sample (without target) the primers remained as single-stranded state and stabilized 

the PtNPs/rGO nanocomposites against salt-induced aggregation. As a result, a blue 

color can be observed upon the addition of TMB and H2O2 to the supernatant. For 

the positive sample, however, the primers are extended to form double-stranded 

amplicons, which cannot stabilize the PtNPs/rGO nanocomposites against salt-
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induced aggregation. Thus, a very light blue color can be observed upon the addition 

of TMB and H2O2 to the supernatant.   

 A typical PCR requires various components including primers, dNTPs, and 

Taq DNA polymerase. These components may adsorb on the PtNPs surface, causing 

poisoning effect to the catalytic activity. To investigate the compatibility of the 

PtNPs/rGO nanocomposites, the peroxidase-like activity of the 7:1 PtNPs/rGO (50 

ng mL−1) was measured in the absence or presence of PCR reagents. It should be 

noted that the PCR reagents were received an 80-fold dilution to adjust the final 

concentration of the single-stranded primers to 10 nM. This concentration was 

equivalent to that of the DNA probe used in the previously developed colorimetric 

assay of specific DNA sequence.  Figure 2.25 shows that PCR reagents exhibit 

negligible suppression effect on the catalytic activity of the PtNPs/rGO 

nanocomposites, which demonstrated that this PtNPs/rGO-based platform was 

readily toward the detection of unpurified PCR products. 

Then, PCR was carried out with a model system for ϕX174 bacteriophage 

genome detection. The amount of the ϕX174 template was ranged from 101 to 107 

number of copies. After the reaction, the PCR products were validated by gel 

electrophoresis (Figure 2.26). For PCR samples with the number of target template 

higher than 102 copies, a band appears between 100 and 200 base pair (bp). This 

result suggested that successful DNA amplification was achieved. Moreover, the 

intensity of the bands increases with increasing amount of the target template, 

indicating that more amplicons were generated at higher target concentration.   
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Figure 2.25. The peroxidase-like activity of PtNPs/rGO (mass ratio of 7:1) in the 

absence/presence of PCR reagents. The concentrations of TMB, H2O2, and 

PtNPs/rGO were 0.83 mM, 20 mM, and 50 ng mL−1, respectively. The absorbance at 

652 nm was taken at 10 min after the mixing of all components. 
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Figure 2.26. Gel electrophoresis results showing the PCR amplification with various 

amount of the target (0, 10, 102, 103, 104, 105, 106, and 107 copies). Lane M 

represents the marker. 
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Finally, the colorimetric detection of PCR product based on PtNPs/rGO 

nanocomposites was performed. An aliquot of the PCR products (equivalent to 10 

nM of ssDNA) was mixed with the 7:1 PtNPs/rGO nanocomposites in 50 mM NaCl. 

After 1 h incubation followed by centrifugation, TMB and H2O2 were added to the 

supernatant. The absorption spectra corresponding to the detection for PCR samples 

are shown in Figure 2.27. A distinct pale blue color is observed for the reaction with 

107 copies (equivalent to 0.8 pM) of the target template via its visual readout, which 

is consistent with the corresponding absorbance at 652 nm.  
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Figure 2.27. Photograph (top) and UV/visible absorption spectra (bottom) showing 

the colorimetric detection of PCR product based on PtNPs/rGO nanocomposites. 

Both the photograph and absorbance was obtained at 10 min after the addition of 

TMB and H2O2 to the supernatant of the centrifuged samples.  
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To investigate the mechanism of the PtNPs/rGO-based colorimetric detection 

of PCR product, the negative PCR sample (without target) and positive PCR sample 

(with 107 copies of the target) were further confirmed by DLS analysis (Figure 2.28). 

The size distribution profiles show that the PtNPs/rGO nanocomposites mixed with 

the negative PCR sample yield an average size of 0.415 µm. In comparison, the 

average size increase to 0.643 µm for the PtNPs/rGO nanocomposites mixed with the 

positive PCR sample.  The result from DLS analysis proved that the differential color 

responses between the negative and positive PCR samples were indeed due to the 

stabilization effect by the single-stranded primers.  
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Figure 2.28. Particle size distribution profiles of PtNPs/rGO of 7:1 mass ratio after 1 

h incubation with the PCR products in 50 mM NaCl. The concentrations of 

PtNPs/rGO were 50 ng mL−1. The PCR products were diluted to 80-folds of the 

original concentration in the final reaction mixture.  
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2.4. Summary 

In summary, we have developed a simple and sensitive colorimetric detection 

platform for specific DNA sequence (in this case, a 29-mer oligonucleotide) based on 

PtNPs/rGO nanocomposites. These nanocomposites possessed the combined 

advantages of PtNPs which had superior peroxidase-like activity and rGO which 

showed preferential binding with ssDNA and the resulting stabilization effect on salt-

induced aggregation. It was found that the PtNPs/rGO nanocomposites with 7:1 

H2PtCl6-to-GO mass ratio had the highest catalytic activity. Compared with natural 

peroxidase, just like other nanomaterial-based enzyme mimetics, the PtNPs/rGO 

nanocomposites exhibited excellent thermal and pH stabilities. For DNA detection, 

the nanocomposite had a higher affinity for the single-stranded probe (in the absence 

of the target) than the probe–target duplex. The probe-bound nanocomposite was 

stabilized against salt-induced aggregation and thus, upon the addition of TMB and 

H2O2 to the supernatant, an intense blue color was generated. The linear range and 

limit of detection of this assay platform were 0.5–10 nM and 0.4 nM, respectively. 

Moreover, this platform featured high specificity that 3-base-mismatched sequence 

could be distinguished with the naked eye and 1-base-mismatched sequence with 

absorbance measurement. In addition to oligonucleotide target, the versatility of this 

platform was demonstrated with PCR product detection. A distinct pale blue color 

was observed for the reaction with 107 copies (equivalent to hundreds of fM) of the 

target template via its visual readout. 

Taken together, this new platform is promising for point-of-care and on-site 

nucleic acid testing. Moreover, by using aptamer probes, this method can be readily 

applied to a broad spectrum of non-nucleic acid analytes, including ions, small 

molecules, and proteins. 
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Chapter 3 

pH-Dependent Colorimetric Detection of Loop-

Mediated Isothermal Amplification Using Platinum 

Nanoparticles on Reduced Graphene Oxide 

 

3.1. Introduction 

LAMP is a relatively new developed DNA amplification method. Compared 

with conventional DNA amplification techniques like PCR, LAMP has shown 

superior performance regarding its simplicity, ruggedness, low cost, and ease of 

reagent transport and storage. In LAMP, DNA amplification is carried out at a 

constant temperature of 60–65 °C. This isothermal reaction of LAMP eradicates the 

need for expensive thermocyclers used in conventional PCR, making LAMP a 

particularly useful tool for decentralized detection and point-of-care diagnostics 

[157]. In addition, LAMP has been reported to have a higher tolerance than PCR to 

inhibitors present in complex samples such as blood, possibly due to the use of Bst 

DNA polymerase rather than Taq polymerase as in PCR. Several attempts have been 

made to apply LAMP for the detection of pathogens from minimally processed 

samples such as heat-treated blood [158,159]. This feature makes LAMP extremely 

useful in on-site testing where a conventional nucleic acid extraction prior to the 

detection is impractical. 

 LAMP amplification product can be determined via the measurement of 

turbidity caused by an increasing quantity of magnesium pyrophosphate precipitate 
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in solution as a by-product of amplification [160]. The turbidity test allows simple 

visualization of LAMP product with naked-eyes readout or via photometry, although 

the judgment of results is somehow difficult and objective. Another colorimetric 

detection method using hydroxynaphthol blue was developed based on the 

magnesium ion-induced color change. Hydroxynaphthol blue changes color from 

violet to sky blue upon the removal of free magnesium ions due to the formation of 

insoluble magnesium pyrophosphate. LAMP can also be quantified with manganese 

loaded calcein which generates fluorescence signals upon complexation of 

manganese by pyrophosphate during DNA amplification [161]. In addition, 

intercalating fluorescent molecules such as SYBR green and berberine were used to 

create fluorescence change that can be correlated to the process of DNA synthesis 

[162]. The readouts of LAMP assay with various methods are shown in Figure 3.1.  

 

 

Figure 3.1. Photograph showing the detection of LAMP product by turbidity (A), 

hydroxynaphthol blue (B), calcein/manganese (C), and berberine (D). The copy 

number of the target is shown on top of the tubes (Adapted from [162]).  
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In 2014, Yuan and co-workers reported a LAMP detection method based on 

the measurement of pH change by a pH meter (Figure 3.2) [163]. The incorporation 

of each nucleotide into a strand of DNA releases a proton as the by-product. When 

LAMP reaction is performed under low buffering conditions, the production of 

protons causes the pH of reaction mixture decrease. This change in pH can then be 

quantified using a pH meter. 

 

 

Figure 3.2. Schematic illustration of the detection of LAMP product based on the pH 

measurement (Adapted from [163]).  

 

Very recently, Evans Jr. and co-workers demonstrated a colorimetric 

detection of LAMP amplification using pH-sensitive dyes [164]. Importantly, thanks 

to the high production yield of DNA in LAMP amplification, a significant drop in pH 

from the initial value of approximately pH 8.8 to a final value of pH 6.0–6.5 was 

achieved when the reaction is taking place under low buffering conditions. By 
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coupling this >2 pH unit decrease of LAMP product with pH sensitive dyes, LAMP 

reactions were monitored with a colorimetric readout (Figure 3.3).  

 

 

Figure 3.3. Photograph showing the color change of pH papers (top) or various pH-

sensitive dyes (bottom) for LAMP reactions under low buffering condition (Adapted 

from [164]).  
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As reviewed in previous chapters, enzyme mimetics have been found the 

applications in detection of the specific nucleic acid sequence by using different 

strategies such as sandwich-format ELISA or surface passivation. We have also 

employed PtNPs/rGO to the direct detection of real PCR products with the salt-

induced aggregation method. However, an attempt has yet been made to explore the 

functionalities of enzyme mimetics for monitoring DNA amplification based on the 

amplification-induced pH change coupled with the pH-controlled catalytic activity of 

the catalysts. Herein, we report a simple and sensitive colorimetric assay for LAMP 

by utilizing the pH-switchable peroxidase-like activity of PtNPs/rGO.  

 

3.2. Experimental 

3.2.1. Synthesis of PtNPs/rGO 

PtNPs/rGO were prepared by the method identical to that described in 

Chapter 2. Briefly, H2PtCl6 and GO were mixed with the H2PtCl6-to-GO mass ratios 

of 7:1. The pH of the solution was adjusted to around 10 with NaOH (1 M) and then 

incubated for 3 h with intermittent sonication. Next, freshly prepared sodium 

borohydride solution (NaBH4; 50 mM, 500 μL) was added dropwise to the mixture 

under vortexing. After overnight incubation under shaking (1,400 rpm), the resulting 

black products were centrifuged at 8,000 rpm for 15 min and washed with sterile-

filtered ultrapure water. The centrifugation and washing steps were repeated for 3 

times. The purified products were redispersed in water by sonication and stored at 

room temperature.  
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3.2.2. pH-Dependent Peroxidase-Like Activity of PtNPs/rGO 

PtNPs/rGO (0.1 µg mL−1), TMB (83 μM), H2O2 (5 mM), and phosphate 

buffer (50 mM, pH 3–9) were mixed in a final volume of 20 μL. The absorbance at 

652 nm was recorded and a photograph was taken at 10 min after the mixing of all 

components. A photograph was also taken at 10 min. 

 

3.2.3. LAMP Amplification-Induced pH Change 

LAMP assay for lambda DNA detection was performed using six primers 

(HPLC-purified, Integrated DNA Technologies) including FIP: 5′-CAGCCAGCCG 

CAGCACGTTCGCTCATAGGAGATATGGTAGAGCCGC-3′; BIP: 5′-GAGAGA 

ATTTGTACCACCTCCCACCGGGCACATAGCAGTCCTAGGGACAGT-3′; F3: 

5′-GGCTTGGCTCTGCTAACACGTT-3′; B3: 5′-GGACGTTTGTAATGTCCGCT 

CC-3′; loop F: 5′-CTGCATACGACGTGTCT-3′; and loop B: 5′-ACCATCTATGAC 

TGTACGCC-3′. Unless otherwise specified, the reaction mixture (20 μL) comprised 

low buffering isothermal reaction solution (5 mM (NH4)2SO4, 50 mM KCl, 8 mM 

MgCl2, and 0.1% v/v Tween 20, pH ~8.8), FIP (1.6 μM), BIP (1.6 μM), F3 (0.2 μM), 

B3 (0.2 μM), loop F (0.4 μM), loop B (0.4 μM), dNTPs (0.7 mM each), betaine (1 

M), Bst 2.0 DNA polymerase (0.48 units μL−1; high concentration stock (120 units 

μL−1), New England Biolabs), and specific template of lambda DNA (105 copies). 

LAMP was carried out at 65 °C for 1 h (GeneAmp PCR System 9700). For gel 

electrophoresis, the LAMP reaction products (9 μL product with 1 μL gel loading 

buffer) were run on a 3% agarose gel in 0.5× TBE buffer (45 mM Tris, 45 mM boric 

acid, 1 mM EDTA, pH 8.0) at 120 V for 1.5 h. The gel was stained with ethidium 

bromide (0.5 μg mL −1) for 30 min and visualized by UV transillumination. 
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3.2.4. Colorimetric Detection of LAMP Product Using PtNPs/rGO 

Unless otherwise specified, the LAMP reaction product (25% v/v) was mixed 

with PtNPs/rGO (0.1 μg mL −1), TMB (83 μM), H2O2 (5 mM) in a final volume of 80 

μL (UV/visible spectrum measurement) or 20 μL (for naked-eye observation). The 

UV/visible spectrum was recorded with an Ultrospec 2100 pro UV/visible 

spectrophotometer (GE Healthcare). A time-dependent absorption kinetics at 652 nm 

was also obtained. For naked-eye detection, a photograph was taken at 10 min after 

the mixing of all components.  

 

3.2.5. Sensitivity and Specificity of PtNPs/rGO-Based pH-Sensitive 

LAMP Detection Platform  

For sensitivity test, different amount of lambda DNA template (101–107 

copies) were added into LAMP reaction mixture under the low buffering condition 

described previously. LAMP reaction was carried out at 65 °C for 1 h. After then, the 

LAMP reaction product (5 μL) was mixed with PtNPs/rGO (0.1 μg mL −1), TMB (83 

μM), H2O2 (5 mM) in a final volume of 20 μL. A photograph was taken at 10 min 

after the mixing of all components.For specificity test, lambda DNA template (105 

copies) or/and non-specific ϕX174 bacteriophage genome were added into LAMP 

reaction mixture under the low buffering condition. The remained procedures of 

LAMP reaction and colorimetric assay were identical to that described in the 

sensitivity test.  



119 

3.3. Results and Discussion 

3.3.1. Synthesis of PtNPs/rGO 

PtNPs/rGO was synthesized by the NaBH4 reduction method identical to that 

described in the previous chapter. As expected, upon the addition of NaBH4 into 

H2PtCl6, the yellow-colored solution immediately turned to dark brown, suggesting 

the successful formation of PtNPs/rGO. The resulting solution was further incubated 

for 2 h to ensure the complete reduction reaction, followed by centrifugation and 

washing steps. The redispersed PtNPs/rGO solution was then confirmed with 

UV/visible spectrophotometry, which was consistent with that shown in Chapter 2. 
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Figure 3.4. UV/visible absorption spectra of H2PtCl6, rGO, and PtNPs/rGO. The 

concentration of H2PtCl6 was 1.75 mg mL−1 and the concentration of both the rGO 

and PtNPs/rGO were 0.25 mg mL −1. The H2PtCl6-to-GO mass ratios of the 

PtNPs/rGO was 7:1. 
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3.3.2. pH-Dependent Peroxidase-Like Activity of PtNPs/rGO 

The peroxidase-like activity of the PtNPs/rGO was confirmed by their ability 

to catalyze the oxidation of TMB with H2O2. The effect of the reaction pH on the 

catalytic activity of PtNPs/rGO was studied. We noticed that PtNPs/rGO exhibits a 

pH-dependent peroxidase-like activity which reaches the highest level at the pH 

approximately 5, and drops to the minimum level when pH >7 (Figure 3.5). 

 

 

Figure 3.5. Photograph (top) and plot (bottom) showing the effect of reaction pH on 

the peroxidase-like activity of PtNPs/rGO. The pH of the reactions was varied from 

3–9. The concentrations of TMB, H2O2, and PtNPs/rGO were 83 µM, 5 mM, and 0.1 

µg mL−1, respectively. Both of the photograph and the absorbance at 652 nm was 

taken at 10 min after the mixing of all components. 
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This result has showed great promise for the development of colorimetric 

LAMP assay detection based on the pH-dependent catalytic activity of PtNPs/rGO. 

First, the catalytic activity of PtNPs/rGO was sensitive to the change of reaction pH. 

At pH 6, the TMB oxidation activity of PtNPs/rGO was almost unaffected, and 

intense blue color could be produced.  However, its catalytic activity was completely 

deactivated when pH value of the reaction buffer was raised to 7, and the reaction 

mixture appeared colorless. This sharp cutoff value of pH (less than 1) for turning 

on/off of the catalytic activity of PtNPs/rGO offering a high sensitivity for detecting 

the pH change in the reaction mixture. Second, it was reported that the LAMP 

amplification-induced pH changed led to a pH drop from a value of 8.8 (before 

amplification) to 6.5 (after amplification) [164], which perfectly matched the 

working range of the PtNPs/rGO-based pH sensing system. Taken together, the 

colorimetric LAMP assay based on the pH-dependent catalytic activity of 

PtNPs/rGO are theoretically feasible.  

 

3.3.3. LAMP Amplification-Induced pH Change 

Next, the condition optimization for LAMP amplfication-induced pH change 

were investigated. Because of the fact that only limited amount of protons are 

released during the DNA amplification assay, the buffering capacity of the reaction 

solution becomes of crucial importance for the amplification-induced pH change. In 

standard LAMP reaction, both of the components, Tris and (NH4)2SO4, were 

responsible to the buffering effect.  To study the effect of Tris as well as (NH4)2SO4 

on the amplification-induced pH change of the reaction mixture, LAMP assays were 

performed under different conditions with various concentrations of the buffering 

components. We confirmed that the removal of Tris buffer from the reaction mixture 
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didn’t affect LAMP amplification, in the both cases that (NH4)2SO4 concentration 

were at standard level (10 mM) or under half-amount reduction (5 mM). As the gel 

electrophoresis result shown in Figure 3.6, for all conditions, the bands 

corresponding to the LAMP amplicons appear only in the positive samples but is 

absent in the negative samples, suggesting the successful amplification of target 

lambda DNA by LAMP.   

 

 

Figure 3.6. Gel electrophoresis result showing the LAMP amplification without (−) 

or with 105 copies (+) of the target lambda DNA. Lane M represented the marker. 

Unless Tris and (NH4)2SO4, the concentrations of all remained components were 

identical to that used in standard LAMP condition. The pH of the LAMP reaction 

buffers was adjusted to 8.8 in all cases. 
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Then, LAMP assays were performed under various conditions and pHs of the 

LAMP reaction products were tested with pH papers. By matching the color change 

with a pH key, pH of the solution can be determined (Figure 3.7).  

 

 

Figure 3.7. Photograph showing the pH key and pH papers soaked with LAMP 

reaction products in the absence (−) or presence of 105 copies (+) of the target 

lambda DNA.  

 

As expected, Tris and (NH4)2SO4 played a crucial role in the maintenance of 

the reaction mixture pH. Under the standard LAMP reaction condition (i.e., with 20 

mM Tris and 10 mM (NH4)2SO4), pH of the reaction mixture for both the negative 

and the positive samples was kept at a constant value of ~8.8.  Upon the removal of 

Tris, the initial pH of the LAMP reaction mixture slightly dropped from 8.8 to 

between 7.0 and 7.5 after mixing the LAMP reaction buffer with remained LAMP 
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components. This decrease in pH value was possibly due to the presence of traced 

amount of carryover buffers from other LAMP components including dNTPs, 

primers, and Bst 2.0 DNA polymerase. Nevertheless, the starting pH was still within 

the range that PtNPs/rGO was inactivated. Thanks to the low buffering capacity of 

the reaction mixture in the absence of Tris, after LAMP amplification, pH of the 

positive sample dropped to ~6.5 while pH of the negative sample remained at ~7.5. 

In order to enhance the pH sensitivity of the LAMP reaction mixture toward the 

amplification-dependent proton release, we further reduced the concentration of 

(NH4)2SO4, from 10 mM to 5 mM. As a consequence, a pH value change from ~7.5 

to ~6.0 was observed after LAMP amplification in the presence of 105 copies 

(equivalent to 8 fM) of the target lambda DNA. 

Apart from buffers, we also evaluated the effect of remained LAMP 

components on the LAMP amplification-induced pH change. After carefully 

adjusting the concentration of LAMP components especially Mg2+, dNTPs, IP primer 

pairs, and Bst 2.0 DNA polymerase, pH change of the reaction mixture upon LAMP 

amplification was maximized. Figure 3.8 shows the gel electrophoresis and pH 

testing of the LAMP assays at two different conditions. A standard LAMP reaction 

condition was used in assay 1 while the optimized condition for enhancing pH 

change was used in assay 2. The details of the LAMP assays are listed in the inset 

table. In both cases, LAMP amplicons are successfully produced with the positive 

samples, but only the optimized assay (assay 2) can produce obvious pH change 

upon LAMP amplification. We believed that these components had minimum 

contribution to the pH capacity of LAMP reaction mixture. However, the efficiency 

of LAMP amplification was improved in assay 2. Thus, more protons were produced 

and better LAMP amplification-induced pH change were achieved. 
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Figure 3.8. Photograph showing the pH key (top) pH papers soaked with LAMP 

reaction products (bottom left), and gel electrophoresis (bottom right) of LAMP 

assays. M represented the marker; (−) represented the negative sample (with 

equivalent amount of water); (+) represented the positive sample (with 105 copies of 

the target lambda DNA). Unless the components specified in the inset table below, 

the remained LAMP assays conditions were identical to those described in the 

methodology parts. 
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3.3.4. Colorimetric Detection of LAMP Product Using PtNPs/rGO 

Taking advantage of the LAMP amplification-induced reaction mixture pH 

change and the pH-dependent peroxidase-like catalytic activity of the PtNPs/rGO, a 

simple and ultrasensitive platform for the colorimetric detection of LAMP reaction 

product was proposed. As illustrated in Figure 3.9, LAMP reactions are performed in 

the optimized pH-responsive conditions described above. In the presence of the 

target, pH of the resulting solution drops to around 6 due to the release of protons 

during LAMP amplification. Upon the addition of TMB substrate and H2O2, an 

intense blue color appears as a result of the PtNPs/rGO catalyzed TMB oxidation in 

acidic environment. On the other hand, in the absence of the target, LAMP 

amplification is not initiated, and pH of the resulting solution keeps at above 7. As a 

consequence, PtNPs/rGO remains inactive and no colored-products are formed. 

 

 

Figure 3.9. Schematic illustration of the colorimetric detection of LAMP reaction 

product using the PtNPs/rGO.  



127 

Figure 3.10 shows the results of the colorimetric detection of LAMP reaction 

product using PtNPs/rGO. LAMP reaction products with with 105 copies of the target 

lambda DNA (positive) or equivalent amount of water (negative) were mixed with 

PtNPs/rGO, TMB substrate, and H2O2. After 10 min, the positive sample yields 

distinct blue color that can be easily distinguished with naked-eyes readout, while the 

negative sample remains colorless. The result was further confirmed with the 

corresponding UV/visible absorption spectra. The plot of time-dependent absorbance 

at 652 nm was also shown in Figure 3.11. 

 

 

Figure 3.10. UV/visible absorption spectra of TMB reagents mixed with LAMP 

reaction mixtures (25% v/v of the total volume). The concentrations of TMB, H2O2, 

and PtNPs/rGO were 83 µM, 5 mM, and 0.1 µg mL−1, respectively. The spectra were 

measured at 10 min after the mixing of all components. Inset: photograph showing 

the chromogenic response of TMB in the presence of LAMP reaction mixtures. (−) 

represented the negative sample (with equvlent amount of water); (+) represented the 

positive sample (with 105 copies (equivalent to 8 fM) of the target lambda DNA). 
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Figure 3.11. Plots of absorbance at 652 nm versus time for TMB reagents mixed 

with the positive and negative LAMP samples. The reaction conditions were 

identical to those described in Figure 3.10.  

 

 As TMB substrate was slightly acidic in nature, at fixed TMB concentration, 

the amount of LAMP reaction mixture being added was critical for adjusting the pH 

to the working range (i.e., > 7 at initial and ~ 6 after amplification) for color 

developing process. As shown in Figure 3.12, if insufficient amount of LAMP 

reaction product is added into the mixture of TMB, H2O2, and PtNPs/rGO, blue color 

is generated in the tubes carrying both the negative and positive LAMP products. We 

found that at the TMB substrate concentration of 83 µM, the optimum amount of 

LAMP reaction product being added was 25% v/v of total volume of the color 

developing solution.  Thus, an intense blue color could be produced for the positive 

LAMP reaction product, at the same time the background noise for the negative 

LAMP reaction product was minimized.  
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Figure 3.12. Photograph showing the effect of LAMP reaction product proportion on 

the colorimetric detection assay. LAMP reaction was performed in the absence (−) or 

presence of 105 copies (+) of the target lambda DNA. The proportions of LAMP 

reaction product being added was varied from 5–30 % v/v of the final volume. The 

concentrations of TMB, H2O2, and PtNPs/rGO were 83 µM, 5 mM, and 0.1 µg mL−1, 

respectively. The photograph was taken at 10 min after the mixing of all components. 

 

3.3.5. Sensitivity and Specificity of PtNPs/rGO-Based pH-Sensitive 

LAMP Detection 

LAMP amplification assays with different amount of the target were carried 

out in the optimized pH-sensitive condition described previously. Gel electrophoresis 

analysis indicated that this LAMP system had a detection limit of 102 copies 

(equivalent to 8.3 aM) of the target lambda DNA (Figure 3.13), which was compared 

favorably to those LAMP reactions under standard condition. This result proved that 

the low buffering condition optimized for LAMP amplification-induced pH change 

would not compromise the sensitivity of the reaction. Then the LAMP results were 



130 

visualized with the PtNPs/rGO-Based pH-Sensitive detection platform (Figure 3.14). 

The measurement of corresponding absorbance at 652 nm was also performed. As 

expected, the enzyme-mimetic colorimetric platform was promising that the 

detection of 100 copies (about 8.3 aM) of the target were achieved.  

 

 

Figure 3.13. Gel electrophoresis result showing the LAMP amplification with 

various amount of the target lambda DNA (0, 101, 102, 103, 104, and 105 copies). 

Lane M represented the marker. The conditions were identical to those optimized for 

amplification-induced pH change.  
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Figure 3.14. Plot showing the detection of LAMP reaction using PtNPs/rGO. The 

LAMP reaction products were identical to those described in Figure 3.13. 25% v/v of 

LAMP reaction products were mixed with TMB, H2O2, and PtNPs/rGO at the 

concentrations of 83 µM, 5 mM, and 0.1 µg mL−1, respectively. Absorbance at 652 

nm was measured at 10 min after the mixing of all components. Inset: the photograph 

showing the colorimetric responses of the corresponding resulting solutions. The 

photograph was taken at 10 min after the mixing of all components.  

 

Table 3.1 shows the comparison of the detection limit of the PtNPs/rGO-

based DNA amplification platforms with some other previously reported DNA 

amplification detection platforms. Taken advantages of the highly responsible pH-

dependent catalytic activity of PtNPs/rGO and ultrasensitivity of LAMP reaction, the 

detection limit of the PtNPs/rGO-based LAMP detection assay in this work was one 

of the lowest among the existing platforms. 
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Table 3.1. Comparison of the detection limit of the PtNPs/rGO-based DNA 

amplification platform in this work with some other previously reported DNA 

amplification detection platforms.  

 

Sensing Device/Material Detection Principle 
Type of DNA 
Amplification 

Limit of 
Detection 

PtNPs/rGO (this work) pH-sensitive LAMP 8.3 aM 

SYBR green [162]  DNA intercalating LAMP 0.83 fM 

pH meter [163] pH-sensitive LAMP 47 fM 

pH sensitive dyes [164] pH-sensitive LAMP 0.2 aMa 

Magnetic nanoparticles 
[148] 

Target-induced 
shielding 

PCR 5 fMb 

Cerium oxide 
nanoparticles [93] 

Target-induced 
shielding 

PCR 5 fMb 

a This detection is achieved with HeLa cancer cell as the target, which consists of repeated target DNA 

sequence in its genomic DNA (i.e., multiple targeting sites in one cell). 

b The detection limit is derived based on the information that 120 nM PCR amplicons were generated 

in 35 cycles (assume with 70% efficiency). 

 

 Finally, the specificity of the colorimetric assay was evaluated. ϕX174 

bacteriophage genome was used as the nonspecific analyte. As shown in Figure 3.15, 

the sample containing ϕX174 bacteriophage genome (105 copies) appears colorless 

whereas the sample containing lambda DNA and ϕX174 bacteriophage genome (105 

copies each) appeared blue. The corresponding gel electrophoresis indicated that 

only the samples containing the target lambda DNA were successfully amplified.    
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Figure 3.15. Photograph (left) and gel electrophoresis result (right) showing the 

specificity of LAMP detection using PtNPs/rGO. LAMP reaction was performed in 

the absence (−) or presence of 105 copies (+) of the target lambda DNA and/or non-

specific ϕX174 bacteriophage genome. Lane M represented the marker. 25% v/v of 

LAMP reaction products were mixed with TMB, H2O2, and PtNPs/rGO at the 

concentrations of 83 µM, 5 mM, and 0.1 µg mL−1, respectively. The photograph was 

taken at 10 min after the mixing of all components.  

 

3.4. Summary 

In summary, we have developed a simple and ultrasensitive colorimetric 

detection platform for LAMP reaction based on the pH-dependent catalytic activity 
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of the PtNPs/rGO and LAMP amplification-induced pH change of the reaction 

mixture. It was demonstrated that the peroxidase-like activity of the PtNPs/rGO was 

highly dependent on pH of the solution, of which the critical point for turning on/off 

of the catalytic functionalities was found between pH 6 and 7. On the other hand, we 

have shown that the buffering capacity of LAMP reaction mixture, as well as the 

concentrations of LAMP components were critical to achieving the LAMP 

amplification-induced pH change. With the optimized conditions, we have 

successfully demonstrated the decrease of pH from ~7.5 to 6 upon LAMP 

amplification. Taken together of these two features, a colorimetric assay of LAMP 

reaction was developed by simply mixing the LAMP reaction mixtures with 

PtNPs/rGO, chromogenic TMB substrate, and H2O2. A distinct blue color was 

observed for the resulting solutions with 102 copies or higher of the target template 

via its visual readout or absorbance measurement.  

By considering the isothermal reaction and high tolerance of LAMP 

amplification coupled with the simple colorimetric readout by PtNPs/rGO, this new 

platform is promising for point-of-care and decentralized nucleic acid testing. 

Moreover, by using the same principle, this method can be readily applied to other 

DNA amplification techniques such as PCR and RCA. 
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Chapter 4 

Nuclease Mimetic-Mediated Target-Recycling for 

Amplified Detection of Specific Protein  

 

4.1. Introduction 

Target-recycling has been found a great promise for amplified detection of 

various targets due to their explicit advantages of the homogeneous format of 

detection, ease of handling, and the potential for multiplex analysis. In generic 

aptamer-bound GO platform, target-recycling amplification can be initiated by 

introducing nuclease, typically DNase I into the system. In the absence of the target, 

the GO-bound aptamer is protected from cleavage by DNase I. On the other hand, in 

the presence of the target, the target-bound aptamer is cleaved by DNase I, thereby 

releasing the target to bind with another GO-bound aptamer and repeated cycling is 

achieved. By coupling ordinary aptamer-bound GO biosensors with nuclease-

mediated target-recycling amplification, their detection limit can be improved for 

over a hundred-fold. However, serious drawbacks are inevitable due to the use of 

natural nuclease. First, the production of this protein-based catalyst is laborious, 

time-consuming, and expensive. Besides, nucleases are highly susceptible to 

denaturation and thus are prone to loss of their catalytic activities when the 

storage/operating conditions are not optimum. These inherent limitations severely 

impede the application of nuclease-based recycling amplification in the low-cost 

platform and decentralized testing.  
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On the other hand, there have been tremendous efforts in the investigation of 

redox-active metal ions and their coordination complex capable of mimicking the 

functions of natural nuclease. As reviewed before, a number of enzyme-free 

amplified assays based on nuclease mimetics have been reported. However, these 

platforms either relied on certain mechanisms that are too specific to recognize only 

particular target substrates, or required complicated principles, causing the assay 

extremely sensitive to the reaction conditions. To date, their applicability for target-

recycling amplification remains unexplored. 

Herein, we propose a simple, sensitive, and cost-effective enzyme-mimetic 

assay for amplified detection of protein based on redox-active Cu2+-mediated target-

recycling amplification for conventional aptamer-bound GO platform. The schematic 

illustration of the described assay is shown in Figure 4.1. First, fluorescein-labeled 

DNA aptamer is mixed with GO. Thus aptamer-bound GO can be prepared via the 

spontaneous π-stacking interaction between the nucleobases of aptamer and GO. In 

addition, the fluorescence signal is quenched as a result of the FRET quenching 

property of GO. In the absence of the target, the GO-bound aptamer is protected 

from Cu2+-mediated nucleic acid cleavage due to the steric hindrance effect. 

However, in the presence of the target, the target binds with aptamer to form an 

aptamer–target complex, followed by releasing from GO surface. The desorbed 

aptamer–target complex becomes accessible to Cu+ which is generated from the 

reduction of Cu2+ by ascorbic acid. With H2O2, the Cu+-associated target-bound 

aptamer is cleaved by oxidative hydrolysis, thereby releasing the fluorophore as well 

as the target which then binds to another GO-bound aptamer to achieve repeated 

cycling. Meanwhile, the Cu+ is oxidized back to Cu2+. 

 



137 

 

Figure 4.1. Schematic illustration of the amplified detection assay based on Cu2+-

mediated target-recycling strategy. 

 

4.2. Experimental 

4.2.1. Cu2+-Mediated DNA Cleaving and GO-Based Protection 

DNA cleaving reaction was performed in a 10 μL solution of insulin aptamer 

(0.2 μM; 5′-GGTGGTGGGGGGGGTTGGTAGGGTGTCTTC-3′; Integrated DNA 

Technologies) or insulin aptamer-bound GO (30 min incubation; GO was purchased 

from ACS Material) in Tris-HCl buffer (10 mM, pH 7.5, containing 100 mM NaCl, 5 

mM KCl, and 4 mM MgCl2). After then, DNase I (5U; New England Biolabs), CuCl2 

(5 µM), or the mixture of ascorbic acid (0.5 mM) and hydrogen peroxide (H2O2, 0.5 

mM), were added to the solution. The reaction was taken place at room temperature. 
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After 1 h incubation, the reaction products (10 μL product plus 10 μL 2× RNA gel 

loading dye) were loaded into wells of a denaturing polyacrylamide gel (10%, 

containing 8 M urea) in 0.5× TBE buffer (45 mm Tris, 45 mm boric acid, 1 mM 

EDTA, pH 8.0) and subjected to electrophoresis at 150 V for 2 h. The gel was 

stained with 1×SYBR Gold Nucleic Acid Gel Stain (ThermoFisher Scientific) for 10 

min and visualized by UV transillumination (Gel Doc XR+ gel imaging system, Bio-

Rad). 

 

4.2.2. Optimization of the Cu2+-Mediated Target-Recycling 

For the study of GO-dependent Fluorescence quenching, Fluorescein-labeled 

insulin aptamer (25 nM; 5′-GGTGGTGGGGGGGGTTGGTAGGGTGTCTTC-FAM 

-3′) was incubated with various concentrations of GO in Tris-HCl buffer (10 mM, pH 

7.5, containing 100 mM NaCl, 5 mM KCl, and 4 mM MgCl2). Fluorescence 

measurement was carried out at 1 h after mixing of the fluorescein-labeled aptamer 

with GO on an Infinite F200 microplate reader (Tecan).The kinetics of fluorescence 

quenching was obtained by mixing the fluorescein-labeled insulin aptamer with 

various concentrations of GO in the Tris-HCl buffer. Fluorescence measurement was 

taken for 30 min at 2 min intervals. For the effect of ascorbic acid/H2O2 

concentration, the fluorescein-labeled insulin aptamer was mixed with GO (7.5 µg 

mL−1) for 30 min. Then CuCl2 (2 µM) and various concentrations of the ascorbic 

acid/H2O2 mixture were added into the solution. Fluorescence measurement was 

taken for 60 min at 2 min intervals. For the effect of Cu2+ concentration, the 

fluorescein-labeled insulin aptamer was mixed with GO (7.5 µg mL−1) for 30 min. 

This was followed by adding 0.5 µM insulin or equivalent amount of ultrapure water 

(negative control; 18.2 MΩ·cm, sterile-filtered with 0.22 μm pore size membrane; 
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Milli-Q Advantage A10 System, Millipore). Then, ascorbic acid/H2O2 mixture (0.5 

µM each) and various amount of CuCl2 were added into the solution. Fluorescence 

measurement was taken for 60 min at 2 min intervals. The excitation and emission 

wavelengths of the fluorescence measurement were at 465 and 520 nm respectively. 

 

4.2.3. Study of the Target-Induced Fluorescence Recovery 

For the insulin aptamer–insulin system, fluorescein-labeled insulin aptamer 

(25 nM) was incubated with GO (7.5 μg mL−1) in Tris-HCl buffer (10 mM, pH 7.5, 

containing 100 mM NaCl, 5 mM KCl, and 4 mM MgCl2) for 30 min. After then, 

insulin solution (0.5 µM) or ultrapure water was added to the mixture. In the 

amplified assays, CuCl2 (2.5 µM), ascorbic acid and H2O2 (0.4 mM each) for Cu2+-

based amplification, DNase I (5U) for DNase I-based amplification, or FeCl2 (1.25 

µM), ascorbic acid and H2O2 (0.5 mM each) for Fe2+-based amplification, were also 

introduced. For the Plasmodium falciparum lactate dehydrogenase (PfLDH) 

aptamer–PfLDH system, fluorescein-labeled PfLDH aptamer (25 nM; 5′-

CTGGGCGGTAGAACCATAGTGACCCAGCCGTCTAC-FAM-3′) was incubated 

with GO (10 μg mL−1) for 30 min. After then, PfLDH solution (1 µM) or ultrapure 

water was added to the mixture. In the amplified assay, CuCl2 (2.5 µM), ascorbic 

acid and H2O2 (0.2 mM each) were also introduced. For the ATP aptamer–ATP 

model system, fluorescein-labeled ATP aptamer (25 nM; 5′-FAM-

ACCTGGGGGAGTATTGCGGAGGAAGGT-3′) was incubated with GO (7.5 μg 

mL−1) in the Tris-HCl buffer for 30 min. After then, ATP solution (0.2 mM) or 

ultrapure water was added to the mixture. In the amplified assay, CuCl2 (2.5 µM), 

ascorbic acid and H2O2 (0.4 mM each) were also introduced. In all the model 

systems, reactions were taken place at room temperature. Fluorescence 
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measurements were carried out for 120 min at 5 min intervals. The excitation and 

emission wavelengths were at 465 and 520 nm respectively. 

 

4.2.4. Amplified Detection of the Target Molecules  

For insulin detection, fluorescein-labeled insulin aptamer (25 nM) was 

incubated with GO (7.5 μg mL−1) in Tris-HCl buffer (10 mM, pH 7.5, containing 100 

mM NaCl, 5 mM KCl, and 4 mM MgCl2) for 30 min. After then, different 

concentrations of insulin solution were added into the mixture. In the amplified 

assays, CuCl2 (2.5 µM), ascorbic acid and H2O2 (0.4 mM each) for Cu2+-based 

amplification, or DNase I (5U) for DNase I-based amplification were also included. 

The reaction was taken place at room temperature. Fluorescence measurements were 

obtained at 1 h for unamplified assay and Cu2+-based amplified assay, or 2 h for 

DNase I-based amplified assay. The excitation and emission wavelengths were at 

465 and 520 nm, respectively.  

For PfLDH detection, fluorescein-labeled PfLDH aptamer (25 nM) was 

incubated with GO (10 μg mL−1) for 30 min. After then, different concentrations of 

PfLDH solution were added into the mixture. CuCl2 (2.5 µM), ascorbic acid and 

H2O2 (0.2 mM each) were also added in the amplified assay. Fluorescence 

measurements were obtained at 2 h for both amplified and unamplified assays. Other 

conditions were identical to those in insulin detection. 
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4.2.5. Specificity of the Amplified Assay Based On Cu2+-Mediated 

Target-Recycling Amplification 

Fluorescein-labeled insulin aptamer (25 nM) was incubated with GO (7.5 μg 

mL−1) in Tris-HCl buffer (10 mM, pH 7.5, containing 100 mM NaCl, 5 mM KCl, and 

4 mM MgCl2) for 30 min. Then, the system was challenged by insulin (0.5 µM), 

bovine serum albumin (BSA; 5 µM), immunoglobulin G (IgG; 5 µM), 10% fetal 

bovine serum (FBS), or insulin (0.5 µM) in 10% FBS, together with ascorbic acid 

and H2O2 (each at 0.4 mM). Fluorescence measurement was carried out at 1 h after 

the mixing of all components. Specificity test for PfLDH assay was also performed. 

Fluorescein-labeled PfLDH aptamer (25 nM) was incubated with GO (10 μg mL−1) 

in the Tris-HCl buffer for 30 min. Then, the system was challenged by PfLDH (1 

µM), BSA (5 µM), insulin (5 uM), or IgG (5 µM), together with ascorbic acid and 

H2O2 (each at 0.2 mM). Fluorescence measurement was carried out at 2 h after the 

mixing of all components. 

 

4.3. Results and Discussion 

4.3.1. Cu2+-Mediated DNA Cleaving and GO-Based Protection 

The core feature for achieving the proposed nuclease-mimetic assay is the 

selective cleaving activities of Cu2+ toward GO-bound or free DNA sequence. To 

study the Cu2+-mediated DNA cleaving property as well as the protective effect from 

GO, the cleavage of insulin aptamer (both free and GO-bound) was investigated 

under different conditions. The results were analyzed by denaturing polyacrylamide 

gel electrophoresis. It is noteworthy that a higher concentration of aptamer (0.2 µM, 

compared with 20 nM in later fluorescence-based tests) was used, because of the 
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relatively low sensitivity of the gel-based visualization technique. As shown in 

Figure 4.2, a band representing the insulin aptamer appears at the position of ~30 bp 

(lane 1), which is consistent with the synthetic length of the DNA sequence. Lane 2 

describes the aptamer-bound GO complex. In the presence of denaturing agent (urea), 

aptamer was desorbed from GO surface under the applied electrical field, giving rise 

a band with the identical position as well as intensity to that of the free aptamer. It 

should be noted that in native PAGE gel electrophoresis (without denaturing agents), 

aptamer was not able to dissociate from GO and there would not be a band 

representing the aptamer shown. The cleaving property of the aptamer by DNase I 

was included as a comparison. As expected, DNA strands were digested into small 

fragments after 1 h incubation with DNase I, resulted in diminished band shown in 

Lane 3. Then, Cu2+-mediated DNA cleavage was evaluated. We noticed that 

micromolar concentrations of Cu2+ were inactive to the DNA sequence in the 

presence of either ascorbic acid (lane 4) or H2O2 (lane 5) alone. However, a clear 

DNA cleaving effect had been observed when the aptamer was incubated with the 

mixture of ascorbic acid and H2O2 for 1 h (lane 6, diminished band; same result as 

lane 3). More importantly, this nuclease-mimetic DNA cleavage was highly selective 

toward free aptamer and GO-bound aptamer complex, of which the later one showed 

only mild digestion after the treatment of Cu2+ together with ascorbic acid and H2O2 

(lane 7), confirming the protective effect of GO to Cu2+-mediated DNA degradation. 
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Figure 4.2. Denaturing polyacrylamide gel electrophoresis results showing the DNA 

cleavage properties of Cu2+ together with ascorbic acid and H2O2. A 30 bp long 

insulin aptamer probe was used in the analysis. Lane M: marker; Lane 1: DNA only; 

lane 2: DNA incubated with GO for 30 min; lane 3: DNA treated with DNase I for 1 

h; lane 4: DNA treated with Cu2+ for 1 h; lane 5: DNA treated with ascorbic acid and 

H2O2 for 1 h; lane 6: DNA treated with Cu2+, ascorbic acid, and H2O2 for 1 h; lane 7: 

DNA incubated with GO for 30 min, after then treated with Cu2+, ascorbic acid, and 

H2O2 for another 1 h. The concentrations of DNA, GO, DNase I, and Cu2+ were 0.2 

µM, 40 µg mL−1, 5U and 5 µM, respectively. Ascorbic acid and H2O2 were at the 

same concentration of 0.5 mM. 

 

4.3.2. Optimization of the Cu2+-Mediated Target-Recycling 

It is believed that the aptamer-to-GO ratio is one of the most important 

factors to the formation of aptamer-bound GO complex as well as the effective 
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fluorescence quenching. The aptamer binding capacity of GO was studied by a GO 

titration experiment. A fixed concentration of fluorescently labeled insulin aptamer 

was titrated against the different amount of GO solution ranged from 0.5–10 µg mL−1 

of the final concentration. Figure 4.3 shows that the fluorescence signal decreases 

with increasing amount of GO added into the solution, suggesting that the quench of 

the fluorescent dye was achieved as a result of DNA–GO adsorption. Thanks to the 

excellent FRET property of GO, the quenching effect reaches the maximum 

efficiency of 96.9% at the GO concertation of 8 µg mL−1 or higher.  

 

 

Figure 4.3. Plot of fluorescence intensity versus GO concentration at a fixed 

fluorescein-labeled insulin aptamer concentration of 25 nM. Fluorescence 

measurement was carried out at 1 h after mixing of all components.  
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The DNA adsorption kinetic profiles are shown in Figure 4.4. Without GO, 

the fluorescein-labeled aptamer solution possesses stable fluorescence signal 

throughout the time of measurement. On the other hand, fluorescence signals drop 

immediately upon the addition of GO. The fluorescence quenching effect reached the 

steady state within 30 min after mixing of all components, indicating that a 30 min of 

incubation was long enough for preparing aptamer-bound GO complex.  
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Figure 4.4. Kinetics of fluorescence quenching due to the formation of aptamer-

bound GO complex. Concentration of the fluorescein-labeled insulin aptamer was 25 

nM. Ultrapure water (negative control) or GO with different concentration were 

added to the solution. Fluorescence measurement was taken for 30 min at 2 min 

intervals.  

 

 To confirm the DNA cleaving behavior of the Cu2+-based nuclease mimetics, 

the aptamer-bound GO complex was mixed with Cu2+ alone, ascorbic acid/H2O2 
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mixture alone, or Cu2+ together with ascorbic acid/H2O2 mixture. Consistent with the 

results from gel electrophoresis, Figure 4.5 shows that either Cu2+ or the mixture of 

ascorbic acid/H2O2 alone was inactive to DNA strands. However, mild fluorescence 

recovery due to the non-specific cleavage of the fluorescently labeled aptamer is 

observed for the sample mixed with Cu2+, ascorbic acid, and H2O2, suggesting that 

all these components were essential for triggering the nuclease-like functionality of 

the Cu2+-based nuclease mimetics. 
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Figure 4.5. Plots of fluorescence intensity versus time of the fluorescein-labeled 

insulin aptamer-bound GO complex mixed with Cu2+, ascorbic acid and H2O2 (1), 

Cu2+ (2), ultrapure water (3; blank), and ascorbic acid and H2O2
 (4). The 

concentrations of the aptamer, GO, Cu2+, and ascorbic acid/H2O2 mixture were 25 

nM, 7.5 µg mL−1, 2 µM, 0.5 mM (each), respectively. Fluorescence measurement 

was carried out for 60 min at 2 min intervals.  
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The effect of ascorbic acid/H2O2 mixture concentration was investigated. 

With fixed amount of the aptamer-bound GO complex and Cu2+, different 

concentrations of ascorbic acid/H2O2 mixture were added into the solution. Figure 

4.6 shows that when the concentration is below 0.5 mM, fluorescence intensity 

increases with increasing concentrations of the mixture. At high mixture 

concentration (i.e., 1 mM), however, the fluorescence intensity is gradually 

decreasing over time once the signal has come to the peak level. This phenomenon is 

believed due to the oxidative bleaching of fluorescein in the presence of high 

concentration of H2O2 [165], causing the progressive reduction of overall 

fluorescence intensity.  

 

40

60

80

100

120

140

160

0 20 40 60

F

Time/min

1 mM

0.5 mM

0.25 mM

0 mM

 

Figure 4.6. Plots of fluorescence intensity versus time of the fluorescein-labeled 

insulin aptamer-bound GO complex mixed with Cu2+ and different concentrations of 

ascorbic acid/H2O2 mixture (0, 0.25, 0.5, and 1 mM; each). The concentrations of the 



148 

aptamer, GO, and Cu2+ were 25 nM, 7.5 µg mL−1, and 2 µM, respectively. 

Fluorescence measurement was carried out for 60 min at 2 min intervals.  

 Furthermore, the optimum concentration of Cu2+ was determined with the 

same method. The concentration of ascorbic acid/H2O2 mixture was fixed at 0.5 mM 

and different concentrations of Cu2+ were added into the aptamer-bound GO solution. 

Figure 4.7 shows that similar to the case of ascorbic acid/H2O2, the recovery of the 

fluorescence signal is suppressed at high Cu2+ concentration. By considering both the 

regeneration rate and maximum intensity of the fluorescence signal in the system, the 

optimum concentration of Cu2+ was found at around 2 µM. 
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Figure 4.7. Plots of fluorescence intensity versus time of the fluorescein-labeled 

insulin aptamer-bound GO complex mixed with ascorbic acid/H2O2 mixture and 

different concentrations of Cu2+ (0, 0.25, 0.5, 1, 2, and 4 µM). The concentrations of 

the aptamer, GO, and acid/H2O2 mixture were 25 nM, 7.5 µg mL−1, and 0.5 mM 
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(each), respectively. Fluorescence measurement was carried out for 60 min at 2 min 

intervals.  

 

4.3.3. Study of the Target-Induced Fluorescence Recovery 

With the optimized parameters for Cu2+-based nuclease-like activity, 

fluorescence measurement was conducted to investigate the kinetics of fluorescence 

signal amplification attributed to the target recycling process. In the insulin aptamer–

insulin system, fluorescein-labeled insulin aptamer was incubated with GO for 30 

min. After then, ultrapure water (negative control) or insulin solution (0.5 µM), Cu2+, 

ascorbic acid, and H2O2 were added into the mixture successively. In comparison, 

Assays with DNase I-based amplification (5 U) or without amplification were also 

performed. As expected, the Cu2+-mediated target-recycling results in a dramatic 

increase in fluorescence intensity in the beginning upon the addition of target insulin 

(Figure 4.8). The fluorescence intensity approaches steady within 1 h of mixing all 

components. In contrast, The DNase I-catalyzed reaction showed a similar 

amplification effect, however, the fluorescence intensity requires more than 2 h to 

reach the maximum level. We also observed that both the Cu2+-based nuclease 

mimetics and DNase I caused a mild increase of the background fluorescence, 

suggesting that the non-specific digestion of GO-protected aptamer probe was a 

common phenomenon for target-recycling amplification induced by DNA cleaving 

mechanism.  
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Figure 4.8. Plots of fluorescence intensity versus time of the kinetics of insulin-

induced fluorescence recovery. Positive samples (0.5 µM insulin) were indicated by 

the marked lines while negative samples were indicated by lines without a marker. 

The concentrations of the aptamer, GO, Cu2+, and DNase I were 25 nM, 7.5 µg mL−1, 

2.5 µM and 5U, respectively. Ascorbic acid and H2O2 were at the same concentration 

of 0.4 mM. Fluorescence measurement was carried out for 120 min at 5 min intervals 

after the mixing of all components. 

 

In the presence of the target insulin, the fluorescence response remarkably 

increased by 189% of the background when including the Cu2+-based nuclease 

mimetics in the insulin aptamer-bound GO platform (Figure 4.9), suggesting that the 

Cu2+-mediated target-recycling was highly efficient for fluorescence signal 

regeneration. Moreover, the effect of signal amplification for the nuclease mimetics-

based assay was compared favorably to that for the DNase I-based assay (226% 

signal increase). In comparison, in the unamplified assay, the fluorescence signal 

increased for only 44% upon the addition of the target insulin. 
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Figure 4.9.  Effect of insulin-induced fluorescence recovery in those assays 

described in Figure 4.7.  Fluorescence measurement was taken at 1 h after mixing of 

all components for the unamplified and Cu2+-based amplified assays, or at 2 h for 

DNase I-based amplified assay. 

 

Apart from Cu2+-based nuclease mimetics, it was believed that other redox-

active metal ions were also capable of triggering target-recycling amplification. The 

mixture of Fe2+, H2O2, and sometimes ascorbic acid, commonly named Fenton’s 

reagent, has been reported to possess nuclease-like activity [112–114,129]. We have 

successfully utilized Fenton’s reagent for amplifying fluorescence signal in the 

insulin assay. Figure 4.10 represents the time-dependent fluorescence intensity of 

insulin detection assay coupled with Fenton’s reagent-mediated target-recycling 

amplification. After 2 h of the reaction, 146% increase in the final fluorescence 

intensity was observed, suggesting that the amplification effect by Fenton’s reagent 
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was slightly lower than that by the Cu2+-based system. Nevertheless, this result was 

still much better than that of the unamplified assay (44% increase; Figure 4.9). 
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Figure 4.10. Plots of fluorescence intensity versus time of the kinetics of insulin-

induced fluorescence recovery. The positive (with 0.5 µM insulin) and negative 

samples were indicated by the marked lines and lines without marker respectively. 

For Fe2+-based amplification, the concentrations of the aptamer, GO, Fe2+, and 

ascorbic acid/H2O2 mixture were 25 nM, 7.5 µg mL−1, 2.5 µM,1.25 µM, and 0.5 mM, 

respectively. For Cu2+-based amplification, all the conditions were identical to those 

in Figure 4.8. Fluorescence measurement was taken for 120 min at 5 min intervals. 

 

To investigate the versatility of target-recycling amplification based on 

nuclease mimetics, the Cu2+-mediated system was further applied to PfLDH and ATP 

assay respectively. PfLDH is a protein found in Plasmodium falciparum, which has 

been considered as a potential biomarker for malaria. In PfLDH assay, specific 
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recognition of this protein was achieved by using a recently developed PfLDH 

binding aptamer [166]. The results are shown in Figure 4.11. In the presence of Cu2+-

based nuclease mimetics, fluorescence signal regeneration due to target-recycling is 

observed, which results in much higher final fluorescence intensities at 2 h compared 

with the unamplified assays.  

 

 

Figure 4.11. Plots of fluorescence intensity versus time of the kinetics of PfLDH-

induced fluorescence recovery. The positive (with 1 µM PfLDH) and negative 

samples were indicated by the marked lines and lines without marker respectively. 

The concentrations of the aptamer, GO, and Cu2+ were 25 nM, 10 µg mL−1, and 2.5 

µM, respectively. Ascorbic acid and H2O2 were at the same concentration of 0.2 mM. 

Fluorescence measurement was carried out for 120 min at 5 min intervals. 

 

On the other hand, in the assay of ATP, although fluorescence recovery is 

observed after mixing Cu2+-based nuclease mimetics with the ATP aptamer-bound 
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GO complex, the fluorescence signal difference between the negative and positive 

samples is insignificant (Figure 4.12). This result is possibly due to the hydrolysis of 

the target ATP by H2O2 [167], causing the target-induced signal regeneration not 

effective. It also indicated that the nuclease mimetics-based target-recycling 

amplification might be incompatible with those molecules that are sensitive to 

oxidative radicals. In contrast, with conventional DNase I-mediated target-recycling 

amplification, the sample with ATP exhibited an obviously higher rate of signal 

regeneration than the sample without ATP.  
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Figure 4.12. Plots of fluorescence intensity versus time of the kinetics of ATP-

induced fluorescence recovery. The positive (with 0.2 mM ATP) and negative 

samples were indicated by the marked lines and lines without marker respectively. 

The concentrations of the aptamer, GO, Cu2+, DNase I, and ascorbic acid/H2O2 

mixture were 25 nM, 7.5 µg mL−1, 2.5 µM, 0.4 mM (each), and 5U, respectively. 

Fluorescence measurement was carried out for 120 min at 5 min intervals. 
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4.3.4. Amplified Detection of the Target Molecules 

Taking advantage of the fluorescence signal enhancement by the Cu2+-

mediated target-recycling amplification, it is believed that the sensitivity of the target 

molecule detection can be remarkably improved. To prove the effect of this enzyme-

mimetic target-recycling amplification, various assays without amplification (for 

both insulin and PfLDH), with DNase I-based amplification (insulin), and with Cu2+-

based amplification (for both insulin and PfLDH) were challenged with different 

concentrations of the corresponding target under the optimized conditions.  

Figure 4.13 shows the detection of insulin using aptamer-bound GO platform 

without any amplification. The fluorescence intensity increases with increasing 

concentration of insulin ranged from 0.5–50 µM, with a linear range between 0.5 and 

5 µM shown in Figure 4.14. The detection limit was 0.373 µM estimated from Figure 

4.13 based on 3 times the standard deviation of the blank. On the other hand, with the 

Cu2+-mediated target-recycling amplification, the sensitivity of the system showed 

dramatic improvement. As shown in Figure 4.15, the fluorescence intensity has 

nearly reached the peak level at the insulin concentration of 1 µM, with a much 

higher value than that in the unamplified assay. More importantly, as calculated from 

the linear range of fluorescence response against insulin concentration (Figure 4.16), 

the Cu2+-based amplified insulin assay possessed a detection limit of 2.6 nM, which 

is almost 150-fold lower than that of the unamplified assay. In comparison, the 

DNase I-amplified assay also showed an enhanced fluorescence response to insulin 

(Figure 4.17), with the detection limit of 6.39 nM determined from the linear 

concentration range between 5 and 100 nM (Figure 4.18).  
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Figure 4.13. Insulin assay without amplification. The concentrations of the 

fluorescein-labeled insulin aptamer and GO were 25 nM and 7.5 µg mL−1 

respectively. After 30 min incubation, different concentrations of insulin were added 

to the mixture. Fluorescence measurement was carried out at 1 h after then. 
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Figure 4.14. Plots of fluorescence intensity versus time showing the magnification of 

Figure 4.13 in the range of 0.5–5 µM.  
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Figure 4.15. Amplified insulin assay with Cu2+-mediated target-recycling 

amplification. The concentrations of the fluorescein-labeled insulin aptamer and GO 

were 25 nM and 7.5 µg mL−1 respectively. After 30 min incubation, different 

concentrations of insulin and ascorbic acid/H2O2 mixture (0.4 mM each) were added 

into the mixture. Fluorescence measurement was carried out at 1 h after then. 
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Figure 4.16. Plots of fluorescence intensity versus time showing the magnification of 

Figure 4.15 in the range of 2–100 nM.  
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Figure 4.17. Amplified insulin assay with DNase I-mediated target-recycling 

amplification. The concentrations of the fluorescein-labeled insulin aptamer and GO 

were 25 nM and 7.5 µg mL−1 respectively. After 30 min incubation, different 

concentrations of insulin and DNase I (5 U) were added to the mixture. Fluorescence 

measurement was carried out at 1 h after then. 

100

150

200

250

0 20 40 60 80 100

F

[insulin]/nM  

Figure 4.18. Plots of fluorescence intensity versus time showing the magnification of 

Figure 4.17 in the range of 5–100 nM.  
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Apart from insulin detection, the performance of amplified PfLDH detection 

based on Cu2+-mediated target-recycling was evaluated. Figure 4.19 shows the 

PfLDH detection without amplification. A linear relationship is observed between 

the fluorescence intensity and PfLDH concentration ranged from 0.1–1 µM. The 

lower detection limit was estimated to be 0.151 µM. Compared with the assay 

without amplification, the fluorescence response to the target was remarkably 

improved in the amplified PfLDH assay (Figure 4.20). Calculated from Figure 4.21, 

the lower detection limit of the amplified assay was 1.66 nM, which showed nearly 

two orders of magnitude improvement over that of the unamplified assay. 
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Figure 4.19. PfLDH assays without amplification. The concentrations of the 

fluorescein-labeled PfLDH aptamer and GO were 25 nM and 10 µg mL−1 

respectively. After 30 min incubation, different concentrations of insulin were added 

to the mixture. Fluorescence measurement was carried out at 1 h after then. 
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Figure 4.20. Amplified PfLDH assays with Cu2+-mediated target-recycling 

amplification. The concentrations of the fluorescein-labeled PfLDH aptamer and GO 

were 25 nM and 10 µg mL−1 respectively. After 30 min incubation, different 

concentrations of insulin and ascorbic acid/H2O2 mixture (0.2 mM each) were added 

into the mixture. Fluorescence measurement was carried out at 2 h after then. 

 

140

180

220

260

300

0 10 20 30 40 50

F

[PfLDH]/nM  

Figure 4.21. Plots of fluorescence intensity versus time showing the magnification of 

Figure 4.20 in the range of 2–50 nM.  
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4.3.5. Specificity of the Amplified Assay Based On Cu2+-Mediated 

Target-Recycling Amplification 

Due to the fact that real specimen of insulin was generally obtained from 

serum samples, the specificity of the amplified insulin assay with Cu2+-based 

amplification was evaluated by challenging this system with two common blood 

proteins, BSA and IgG. Thanks to the inherent selective binding of the aptamer, a 

much higher fluorescence was observed with the target insulin of 0.5 µM compared 

with the fluorescence response by nonspecific proteins, each at 5 µM (Figure 4.22). 

Furthermore, the real sample was simulated by spiking insulin into 10% fetal bovine 

serum (FBS), and the detection was still functional. 
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Figure 4.22. Specificity of the amplified insulin assay based on Cu2+-mediated 

target-recycling amplification. The concentrations of the fluorescein-labeled insulin 

aptamer and GO were 25 nM and 7.5 µg mL−1 respectively. After 30 min incubation, 

insulin (0.5 µM), BSA (5 µM), IgG (5 µM), 10% FBS, or insulin (0.5 µM) in 10% 

FBS, together with ascorbic acid/H2O2 mixture (0.4 mM each) were added into the 

mixture. Fluorescence measurement was carried out at 1 h after then. 
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 Similarly, the specificity of the amplified PfLDH assay with Cu2+-based 

amplification was investigated by challenging with three non-specific proteins 

including BSA, insulin, and IgG. The system exhibited a more significant 

fluorescence response upon the addition of the target PfLDH than other non-specific 

proteins (Figure 4.23), suggesting that this assay was highly specific toward the 

recognition of target PfLDH.  
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Figure 4.23. Specificity of the amplified PfLDH assays based on Cu2+-mediated 

target-recycling amplification. The concentrations of the fluorescein-labeled PfLDH 

aptamer and GO were 25 nM and 10 µg mL−1 respectively. After 30 min incubation, 

PfLDH (1 µM), BSA (5 µM), insulin (5 µM), and IgG (5 µM), together with 

ascorbic acid/H2O2 mixture (0.2 mM each) were added into the mixture. 

Fluorescence measurement was carried out at 1 h after then. 
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4.4. Summary 

In summary, for the first time, we demonstrated that redox-active metal ions 

such as Cu2+ and Fe2+ plus the redox reagents, ascorbic acid and H2O2, were capable 

of triggering target-recycling amplification in conventional fluorescently labeled 

aptamer-bound GO platforms. Based on the Cu2+-mediated target-recycling strategy, 

we have developed a simple and sensitive homogeneous fluorescence assay of 

insulin. Compared with the insulin assay without amplification, the fluorescence 

response in the amplified assay increased from 44% to 189% of the background. 

Ultimately, the detection limit was improved by almost 150-fold. This performance 

improvement attributed to the Cu2+-triggering target-recycling was compared 

favorably to those conventional assays using natural nuclease-mediated amplification. 

Besides, amplified detection of PfLDH with the Cu2+-based nuclease mimetics was 

investigated. With Cu2+-mediated target-recycling amplification, we have achieved a 

detection limit of 2.6 nM, which was nearly 100-fold lower than that in the 

unamplified assay. More importantly, by using different aptamer probes, or different 

metallic nuclease mimetics, we believed that our nuclease mimetics-based 

amplification could be readily coupled with many existing aptamer-based platforms 

for a broad spectrum of analytes detection, in the sensitive and cost-effective 

manners. By considering the remarkable stability of the metallic nuclease mimetics 

against the change of external conditions, our enzyme-free amplification method has 

also shown great promise in point-of-care applications and on-site testing. 
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Chapter 5 

Conclusions and Recommendations for Future Work 

5.1. Key Findings and Conclusions 

Over the past few years, enzyme mimetics have shown a great promise in 

developing biosensing assays for amplified detection of the target analyte. Compared 

with their natural counterparts, these synthetic materials demonstrate various 

advantages of cost-effectiveness, excellent stability, robustness, and high versatility, 

making them favorable toward the low-cost detection and decentralized testing. 

However, the present enzyme mimetic-based platforms still exhibit serious 

limitations. First, as excellent peroxidase mimetics, PtNPs/rGO has been applied to 

several biomolecule detection assays using the laborious and expensive ELISA 

sandwich-format, while its applicability for DNA detection based on simple and 

cost-effective salt-induced aggregation method remains unexplored. Second, a great 

potential has been shown to couple enzyme-mimetic labels with nucleic acid 

amplification, so that the ultrasensitive DNA detection combining with 

straightforward and efficient colorimetric readout can be achieved. Unfortunately, 

very few relevant work is demonstrated due to the lack of effective mechanisms 

capable of detecting DNA amplification by these peroxidase mimetics. Third, target-

recycling have been found wide applications for amplified detection of various 

targets due to their explicit advantages of the homogeneous format of detection, ease 

of handling, and the potential for multiplex analysis, however, the use of nuclease 

mimetics for triggering target-recycling amplification in aptamer-bound GO 

platforms has yet been reported.  
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To overcome all these challenges as well as explore new detection 

mechanisms based on enzyme mimetics for amplified detection of biomolecules, the 

whole work compromises three individual studies.   

In the first study, we investigated the functionality of PtNPs/rGO as 

peroxidase mimetics for colorimetric detection of specific DNA sequence based on 

the salt-induced aggregation method. These nanocomposites possessed the combined 

advantages of PtNPs which had superior peroxidase-like activity and rGO which 

showed preferential binding with ssDNA and the resulting stabilization effect on salt-

induced aggregation. It was found that the PtNPs/rGO nanocomposites with 7:1 

H2PtCl6-to-GO mass ratio had the highest catalytic activity. Compared with natural 

peroxidase, the PtNPs/rGO nanocomposites exhibited excellent thermal and pH 

stabilities. For DNA detection, the nanocomposite had a higher affinity for the 

single-stranded probe than the probe–target duplex. The probe-bound nanocomposite 

was stabilized against salt-induced aggregation and thus, upon the addition of TMB 

and H2O2 to the supernatant, an intense blue color was generated. The linear range 

and limit of detection of this assay platform were 0.5–10 nM and 0.4 nM, 

respectively. Moreover, this platform featured high specificity that 3-base-

mismatched sequence could be distinguished with the naked eye and 1-base-

mismatched sequence with absorbance measurement. In addition to oligonucleotide 

target, the versatility of this platform was demonstrated with PCR product detection. 

A distinct pale blue color was observed for the reaction with 107 copies (equivalent 

to hundreds of fM) of the target template via its visual readout. 

In the second study, we developed a simple and ultrasensitive colorimetric 

detection platform for LAMP reaction based on the pH-controlled catalytic activity 

of PtNPs/rGO and LAMP amplification-induced pH change of the reaction mixture. 
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The PtNPs/rGO possessed a pH-dependent peroxidase-like activity, of which the 

critical point for turning on/off their catalytic functionalities was found between pH 6 

and 7. On the other hand, with the reduced buffering capacity of LAMP reaction 

mixture and optimized concentrations of LAMP components, pH of LAMP reaction 

products was successfully decreased from ~7.5 to 6 primarily to the release of 

protons during LAMP amplification. Taken together of these two features, a 

colorimetric assay of LAMP reaction was achieved by simply mixing the LAMP 

reaction mixtures with PtNPs/rGO, chromogenic TMB substrate, and H2O2. A 

distinct blue color was observed for the resulting solutions with 102 copies or higher 

of the target template via its visual readout or absorbance measurement.  

In the last study, we discovered that that redox-active metal ions such as Cu2+ 

and Fe2+ plus the redox reagents, ascorbic acid and H2O2, were capable of triggering 

target-recycling amplification in conventional fluorescently labeled aptamer-bound 

GO platforms. A simple and sensitive homogeneous fluorescence assay of insulin 

was developed based on the Cu2+-mediated target-recycling strategy. Compared with 

the unamplified assay, the fluorescence response in the amplified assay increased 

from 44% to 189% of the background. Ultimately, the detection limit was improved 

by almost 150-fold, which was compared favorably to those conventional assays 

using natural nuclease-mediated target-recycling amplification. Besides, the 

mediated by the Cu2+-nuclease mimetics was applied to amplified detection of 

PfLDH. The amplified assay possessed a detection limit of 2.6 nM, which was nearly 

100-fold lower than that of the assay without amplification. Our assay also showed 

high selectivity against non-specific proteins and can be applied to the detection in 

serum samples. More importantly, by using different aptamer probes, or different 

metallic nuclease mimetics, we believed that this nuclease mimetics-based 
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amplification can be readily coupled with many existing aptamer-based platforms for 

the detection of a broad spectrum of analytes, in the sensitive and cost-effective 

manners.  

Taken together, all the enzyme mimetics-based platforms have demonstrated 

the combined advantages of high sensitivity, cost-effectiveness, excellent stability, 

robustness, and high versatility. Moreover, these new detection methods have also 

shown great promise in point-of-care applications and on-site testing of biomolecules. 

 

5.2. Practical Applications and Commercial Advantages of 

the Enzyme Mimetic-Based Assays 

For assays described in the thesis, enzyme mimetics were used to replace nature 

enzymes for labeling and signal amplification in DNA and protein detections. These 

assays have shown great promise that can be translated to practical applications, 

especially for point-of-care and low-cost testing. First, cost of the enzyme mimetics 

reported in these assays are very low. For PtNPs/rGO, GO can be easily produced 

from oxidation of graphite, while PtNPs have superior catalytic performance that 

only tiny amount of Pt is required in each test. For the chemical nuclease system, all 

the materials including GO, copper ions, hydrogen peroxide, and ascorbic acid, are 

commonly available. Second, the enzyme mimetics were stable at room temperature, 

which definite facilitate the storage and transportation of the developed commercial 

assay kits. More importantly, the detection of the assays was either in colorimetric or 

fluorescent format. Thus, quantitative detection could be easily achieved with simple 

detecting devices, for example, our smartphones.  
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Currently, the commercialized DNA and protein assays can be categorized into 

enzyme-free and enzyme-based approaches. The enzyme-free assays, for example, 

the immunochromatographic lateral flow strip test, are simple and cost-effective, but 

the sensitivity was not high enough for clinical diagnostic applications. One the other 

hand, the enzyme-based assays such as ELISA are highly sensitive, but these assays 

are extremely expensive and cannot be used for point-of-care testing, due to the use 

of enzyme. Compared with these market existing products, the developed enzyme 

mimetic-based platforms have the combined advantages of high sensitivity, low cost, 

and potential for point-of-care applications. I believed that these unique features will 

make the described assays highly competitive in market.  

 

5.3. Recommendations for Future Work 

With our newly reported detection mechanisms, enzyme mimetics have been 

demonstrated great potential for simple and sensitive detection of biomolecules.  

Nevertheless, in order to widen the applications as well as further push the 

performance of our enzyme-mimetic platforms, several immediate and long-term 

investigations can be carried out. 

For the PtNPs/rGO-based colorimetric assay of specific DNA sequence, the 

detection mechanism was based on the differential salt-stabilization effects from the 

single-stranded DNA probe or the double-stranded probe-target duplex to the 

nanocomposites, followed by salt-induced aggregation. With the same principle, it is 

believed that by using aptamer probes, this method can be readily applied to a broad 

spectrum of non-nucleic acid analytes, including ions, small molecules, and proteins. 

In addition, we have shown that the sensitivity of the PtNPs/rGO-based platform can 
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be increased to femtomolar level when coupling with PCR amplification. However, 

by considering the attomolar sensitivity of conventional PCR, the benefits from 

combining the PtNPs/rGO-based platform with DNA amplification are not fully 

gained. This less improvement in sensitivity is likely due to the abundant single-

stranded DNA primers present in the PCR reaction mixture. By optimizing the PCR 

conditions, in particular, the primers concentration, we believed that the sensitivity of 

our PtNPs/rGO-based colorimetric assay could be further improved.  

For the pH-dependent colorimetric detection of LAMP using PtNPs/rGO, we 

have demonstrated its simplicity and ultrasensitivity. However, this platform requires 

post-amplification open-tube addition of PtNPs/rGO and the chromogenic substrates, 

which poses a high risk of carryover contamination. To overcome this drawback, 

efforts need to be made to investigate the feasibility of applying this assay in the 

closed-tube format. In addition, we have only tested the applicability of pH-

controlled catalytic activity of PtNPs/rGO to LAMP detection. We believed that this 

method could also be coupled with other DNA amplification techniques such as PCR 

and RCA. 

For the protein detection based on nuclease mimetic-mediated target-

recycling amplification, the major challenge is the high background fluorescence 

signal even in the absence of the target, which has caused serious impact on the 

detection sensitivity and specificity of the assay. This result is possibly due to the 

non-specific DNA cleaving behaviors of the metal ion-based nuclease mimetics. In 

fact, the same problem of non-specific cleavage has been reported in those platforms 

with DNase I-mediated target-recycling amplification. In order to minimize the non-

specific cleaving of the probe, nuclease mimetics with better target selectivity are 

suggested to be used in the future work. For example, Ce4+/EDTA complex was 
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reported to possess a single-strand-only DNA cleaving activity, while the ATCUN-

dependent nuclease mimetics only cleaved the specific nucleic acid sequence. With 

these enhanced nuclease mimetics, the performance of nuclease mimetic-based 

amplified assays would be further improved.  
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