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Abstract 

Biosensors that couple hybridisation chain reaction amplification and fluorogenic 

silver nanoclusters (HCR-AgNCs) have the potential to enable simple and cost-effective 

detection of target analytes. These biosensors feature non-enzymatic amplification at mild 

conditions with a strong label-free fluorescence response. Whilst the proof-of-concept of 

these sensors have been promising, the design and developmental stages of HCR-AgNCs 

biosensors remain a challenge due to the lack of studies within the field itself. 

The primary aim of this thesis was to design and develop new HCR-AgNCs 

biosensors for specific detection of short nucleic acid sequences (i.e., DNA and microRNA 

(miR)). To achieve this, three novel HCR-AgNCs biosensors were developed by designing 

DNA probes with assistance of computational software, then validated via lab-based 

experiments such as feasibility tests, condition optimisation, as well as performance analysis 

in both buffer and complex samples.  

A ratiometric fluorescence HCR-AgNCs biosensor was first developed for miR 

detection, where emission of AgNCs changed from red to yellow in the absence and 

presence of miR-155. The ratiometric analysis has reduced the possibility of false 

measurement and increased the sensitivity of the assay, with limit of detection (LOD) 

measured at 1.18 fM. In the next study, a HCR biosensor was integrated with an 

externalised AgNCs probes via an ‘end-to-end cluster transfer’ mechanism, for DNA 

detection. This strategy simplified the designing process of DNA hairpins, ensured HCR 

predictability, and formed specific AgNCs species. In addition, the HCR-AgNCs biosensor 

exhibited high sensitivity towards the DNA target, with qualitative LOD at 1 pM and 

quantitative LOD at 3.35 fM. In the final study, magnetic-assistance was integrated into a 

ratiometric fluorescence HCR-AgNCs biosensor for the detection of miR-144-3p. The 

addition of magnetic beads (MBs) into the HCR-AgNCs biosensor facilitated a quick 

extraction and direct analysis of miR-144-3p, with LOD measured at 4.88 fM and 

satisfactory detection in raw human serum sample. 

The overall findings from these works conclude that by carefully designing the DNA 

probes used to construct HCR-AgNCs, one can develop a functional and stable HCR-

AgNCs biosensor without overcomplicating the detection process. Besides that, the concept 

of proximity-dependent AgNCs, introduced in each of the proposed biosensors, addressed 
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some of the practical limitations posed by conventional HCR-AgNCs biosensors. Moreover, 

the implementation of different sensing mechanism and modifications (i.e., externalisation 

of AgNCs and MBs addition) in these studies highlight the versatility of HCR-AgNCs 

assays for different applications.  

Ultimately, the design and development efforts of HCR-AgNCs biosensors in this 

work can inspire further insights and research into this class of biosensors and facilitate 

extensive biosensing applications in the field of clinical diagnostics and beyond.  
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Chapter 1: Introduction 

1.1 Background  

The versatility of deoxyribonucleic acid (DNA) has been exploited for the 

development of biosensors, by utilising their specific sequences and base-pairing properties 

for human biomarker detection [1,2]. For instance, microRNAs (miRs) have been studied as 

potential diagnostic and prognostic biomarkers in various human conditions, and their 

detection could assist and complement current clinical diagnosis and therapeutic monitoring 

[3,4]. Current detection methods of miRs are restricted by specific conditions, such as 

expensive equipment, highly skilled personnel, and tedious procedures, which are usually 

only available at well-equipped medical laboratories and healthcare centres. An ideal miR 

biosensor can clinically screen miRs with good sensitivity and specificity, as well as 

robustness even in poorly resourced regions. DNA-based biosensors can be designed for miR 

detection, considering the specific base-pairing and similar material type, but would also have 

to take into account the challenges in miR detection namely their indigenous short length and 

low abundance in the human system [5].  

As an alternative to conventional miR detection methods (i.e., quantitative reverse 

transcription polymerase chain reaction (RT-qPCR), microarray, northern blotting and next 

generation sequencing), a different class of DNA-based biosensors is explored which utilises 

hybridisation chain reaction (HCR), as both bioreceptor for target recognition and signal 

amplifier [6], and silver nanoclusters (AgNCs) as fluorescence signal transducer [7]. HCR is 

an isothermal enzyme-free nucleic acid amplification strategy, whereby DNA hairpins self-

assemble into long nicked DNA chains when a specific target is present. The mild reaction 

conditions highlight its ease of compatibility with diverse transducing platforms (e.g., 

fluorescence, electrochemical, colorimetry, etc.), to develop sensitive and specific biosensors 

[8]. Meanwhile, AgNCs are label-free nanomaterials that induce a fluorescence response 

upon affinity binding on DNA sequences. This fluorogenic material is biocompatible in most 

biological systems and preserves the inherent characteristics of DNA [9,10]. By integrating 

AgNCs into a HCR system, hybrid HCR-AgNCs biosensors can synergistically capitalise on 

the specific biorecognition properties of DNA, good amplification efficiency of HCR and 

strong fluorescence properties of AgNCs [11–13].  
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Even with the remarkable potential, current HCR-AgNCs biosensors lack the 

coherence between studies and innovative approaches, thereby making it difficult to replicate 

and follow-up for progression in the field. The main challenge in developing a functional 

HCR-AgNCs biosensor lie in the designing phase of DNA hairpins. The reason behind this is 

because AgNCs templating sequences are often cytosine (C)- and guanine (G)-rich, and its 

addition into DNA hairpins can destabilise the kinetics and thermodynamics of the hairpin 

structure and subsequent HCR circuit. Furthermore, the selection and appropriate integration 

of AgNCs templating strand would have to elicit a significant change in the fluorescence 

properties that correspond to the structural changes from hairpin structure to long DNA 

chains. While the concept of HCR-AgNCs is easy to grasp, the development of a functional 

HCR-AgNCs biosensor faces critical challenges from ab initio design and feasibility testing 

to optimisation and sample analysis.  

Thus, this study will explore the development of hybrid HCR-AgNCs platforms for 

sensing application and address their underlying technical challenges, which can be divided 

into three parts: 

1. designed a HCR-AgNCs biosensor for ratiometric analysis (Chapter 3), 

2. introduced HCR-AgNCs biosensor with AgNCs as externalised fluorogenic 

probes from HCR systems (Chapter 4), and 

3. incorporated magnetic component into a ratiometric HCR-AgNCs biosensor 

(Chapter 5). 

In summation, three different approaches towards HCR-AgNCs biosensors were 

designed and developed to detect target DNA and miRs.  

 

1.2 Aim and objectives 

The aim of this thesis is to design and develop new HCR-AgNCs biosensors for 

specific detection of short nucleic acid sequences (i.e., DNA and miRs). Furthermore, this 

thesis also aims to increase the potential of DNA-based biosensors, with better sensitivity and 

applicability. These would be achieved via the following specific objectives: 

- To design functional and stable HCR system that is specific towards nucleic acid 

target and to integrate AgNCs signal transduction into the developed HCR system. 
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- To investigate the performance of proposed HCR-AgNCs biosensors in buffer and 

complex samples. 

- To explore alternative strategies that could enhance the diagnostic performance of 

HCR-AgNCs biosensors.  

 

1.3 Significance of study 

The importance of this research is related to the following scientific advances: 

1. First, this research looks to contribute and make progress towards HCR-AgNCs 

biosensing research. This study features three novel mechanisms of HCR-AgNCs 

systems, that could open new routes future HCR-AgNCs designs. These include 

ratiometric analysis, end-to-end cluster transfer of externalised AgNCs, and magnetic-

assisted HCR-AgNCs systems. Moreover, a unique design was incorporated for the 

DNA hairpin structures in all three studies, that could aid in the development of future 

HCR-AgNCs systems. 

2. From the perspective of DNA-based biosensors, the HCR-AgNCs biosensors 

developed in this thesis open the possibility to enhance the sensitivity and adaptability 

for nucleic acid detection. The dual function of HCR to specifically recognise the 

target and amplify fluorescence, coupled with the efficient formation and 

functionality of AgNCs, presents an all-round quantitative biosensor with sensitive 

and specific performance even in complex matrices. This is an essential for actual 

clinical diagnostics as biomarker detection is performed with human samples (i.e., 

saliva, urine, blood, serum, etc.) 

3. The HCR-AgNCs biosensors reported in this study all employ a simple ‘mix-and-

measure’ method in a small tube, with low-cost non-toxic materials (i.e., short DNA, 

silver salt and weak reducing agent) and mild operational conditions. With further 

optimisation and inter-disciplinary work (i.e., microfluidics, lab-on-chip devices, 

etc.), the proposed HCR-AgNCs biosensors have the potential to be developed for 

point-of-care testing (POCT). This can significantly improve patient care with reliable 

and rapid results outside of a laboratory, which may not be readily available at poorly 

resourced regions. 
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1.4 Thesis structure 

 This thesis is divided into six chapters, starting with introduction and literature 

review, followed by three experimental studies on HCR-AgNCs. To demonstrate the 

versatility of the hybrid sensors for biosensing, each of these studies employs different design 

strategy and focuses on different nucleic acid targets (i.e., miR-155, DNA, and miR-144-3p). 

The thesis is then concluded with a summary and future outlook.  

Chapter 1 introduces the background of HCR-AgNCs biosensors, the aims and 

objectives of the thesis, and the significance of the research work conducted towards the field 

of HCR-AgNCs and DNA biosensors.  

Chapter 2 presents a comprehensive literature review focusing on the principles and 

applications of HCR-AgNCs biosensing. It starts with a brief discussion on recent 

developments of nucleic acid-based biosensors and the challenges in biomarker detection. 

The concepts of HCR amplification and AgNCs fluorescence are then introduced, followed 

by a deep-dive into the framework of hybrid HCR-AgNCs biosensors. 

Chapter 3 reports the development of a fluorogenic HCR-AgNCs biosensor for the 

analysis of miR-155, a potential breast cancer miR biomarker. The design features a novel 

approach towards HCR-AgNCs ratiometric fluorescence analysis, whereby a portion of the 

AgNCs templating sequence-emitter pair at the toehold actively participates in HCR itself. 

This initiates a proximal change on the AgNCs templating sequence-emitter pair, thus 

enabling a highly sensitive and selective ratiometric analysis. The feasibility and practicality 

of the biosensor are tested in buffered solution and then in human serum sample. 

Chapter 4 accounts the development of a fluorogenic HCR-AgNCs biosensor, that 

externalises AgNCs as separate units from the HCR amplification system. This approach 

eases the designing stage for functional and stable DNA hairpins, with predictable HCR 

performance. Concurrently, this also ensures the specific formation of the desired AgNCs 

species, free from other interfering molecules (i.e., nucleic acids, proteins, and metal ions) 

present in a reaction mixture. Moreover, the AgNCs transducing unit emphasises on an 

underdeveloped strategy termed ‘end-to-end cluster transfer’, whereby dark AgNCs are end-

to-end transferred to a homo-polyC AgNCs templating sequence to activate a strong 

fluorescence response. The model target used for this study is a short DNA sequence (DNA-

214) modelled from miR-214, a potential miR biomarker that has reported dysregulated 
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expression in various types of cancers, such as melanoma, breast, gastric and ovarian cancers. 

The compartmentalised HCR-AgNCs biosensor displayed high sensitivity and selectivity, 

with the capability for naked-eye detection of DNA-214.   

Chapter 5 introduces a novel concept of HCR-AgNCs coupled with a magnetic 

component for the detection of miR-144-3p, a potential nasopharyngeal cancer (NPC) miR 

biomarker. The detection strategy utilises DNA-functionalised magnetic beads (MB) to 

magnetically separate miR-144-3p from a complex sample, and bidirectional strand 

displacement reaction to collect miR-144-3p for HCR-AgNCs analysis. This is followed by a 

ratiometric analysis with a fluorogenic HCR-AgNCs biosensor. The ratiometric HCR-AgNCs 

system is a conceptual follow-up from the study in Chapter 3, whereby a section of the 

AgNCs templating sequence actively participates in HCR amplification. The combined MB-

HCR-AgNCs strategy displayed remarkable performance when tested in raw human serum 

samples, with high sensitivity and selectivity. 

Chapter 6 concludes the research work conducted, highlighting the unique aspects of 

each study, as well as the challenges and implications for future research of HCR-AgNCs 

biosensors. This thesis closes with the bibliography and appendices. 
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Chapter 2: Literature review 

2.1    DNA-based biosensors 

Biosensors are tools that detect and analyse target analytes, from the presence of the 

target and its concentration. They are mainly composed of two components: bioreceptor and 

transducer. A bioreceptor recognises and interacts with the target analyte. A variety of 

molecules have been used as bioreceptors, such as antibodies, DNA, and proteins.  Following 

that, a transducer converts the captured stimulus into a measurable signal, such as 

fluorescence, electrochemical and colorimetric response [14,15]. 

DNA-based biosensors have shown great potential in biomedical detection. These 

biosensors feature synthetic DNA probes for biorecognition, with a selection of transducing 

units for signal measurement (Scheme 2.1) [15]. DNA is a biomacromolecule, known to be 

highly biocompatible in most biological systems, with good chemical and thermal stability. 

The biophysical properties of DNA, namely Watson-Crick base-pairing and the distinct 

interaction between DNA aptamers and non-nucleotide targets, have led to the detection of a 

wide range of targets, including nucleic acids (i.e., DNA and RNA), proteins, metal ions and 

small biological molecules, with high sensitivity and specificity [16,17]. Furthermore, the 

DNA sequence is highly versatile that it can be designed and tailored for specific analyte 

detection [2]. With the advancement of DNA nanotechnology, DNA-based biosensors can 

integrate complex 3D nanostructures and other functional units for signal amplification [18]. 

 

 

Scheme 2.1 A schematic diagram showing the basic DNA-based biosensor assembly with 

DNA as the bioreceptor for different target analytes, coupled with a transducer to generate 

a measurable signal. 
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With recent research efforts driven towards point-of-care and point-of-need detection 

of biomarkers, DNA-based biosensors are expected to generate rapid results with good 

accuracy, precision, sensitivity and selectivity, over a large detection range [19]. A specific 

class of DNA-based biosensor, termed DNA hybridisation-based biosensor, would be the 

primary focus of this thesis. This detection technique is based on DNA hybridisation 

amplification to improve the overall signal-to-noise ratio [18,20]. The DNA hybridisation-

based biosensors proposed in this thesis have been fabricated with miRs or their DNA 

analogues, as model targets. 

 

2.2 Significance of miRs  

2.2.1 MiRs as biomarkers 

MiRs are short non-coding RNAs (18-24 nucleotides in length) that are involved in 

the post-transcriptional regulation of gene expression in various signalling pathways and 

complex cellular processes, such as cell differentiation, apoptosis, proliferation and 

metabolism [21–23]. MiRs suppress the translation of mRNA through association with RNA-

induced silencing complex [24].  

Given their regulatory roles in gene expression and cell communication, miR 

signatures are touted as potential biomarkers with diagnostic, prognostic, and/or predictive 

values and have been abundantly studied in various types of cancer (Table 2.1). Recent 

literature and reports have indicated the advancement of miR-based non-invasive clinical 

assays in tissue and bodily fluids by exploiting the differential expression of miRs in the 

onset and progression of cancer, as opposed to conventional approaches of diagnostic 

biopsies and surgery. In particular, miRs in the blood has garnered relative attention for miR 

analysis, which is inclusive of serum and plasma [25–28].  

 Despite the intense and prolific research efforts to motivate preclinical and clinical 

applications, miR-based applications are difficult to fully translate into clinical practice due 

to standing technical challenges that will be discussed in detail in the following section [28–

31]. 
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Table 2.1 Examples of serum miRs dysregulated in cancer. 

Type of cancer Serum miRs affected  Reference 

Brain miR-4763, miR-1915, miR-3679 [32] 

Breast miR-1246, miR-1307, miR-4634, miR-6861, miR-6875 [33] 

Lung miR-1268b, miR-6075 [34] 

Liver miR-320b, miR-663a, miR-4448, miR-4651, miR-

4749, miR-6724, miR-6877, miR-6885 

[35] 

Ovary miR-320a, miR-665, miR-3184, miR-6717, miR-4459, 

miR-6076, miR-3195, miR-1275, miR-3185, miR-4640 

[36] 

Prostate miR-17, miR-1185 [37] 

 

2.2.2 Detection of miRs 

Several conventional miR detection techniques have been established to detect miRs 

from patient samples (particularly from blood plasma and serum), such as RT-qPCR, 

microarray, northern blotting and next generation sequencing [24,38–40]. Perhaps RT-qPCR 

is the most reliable option, as it offers a balance between the cost, small sample size and high 

precision over a large detection range [41,42]. Briefly, the miR sequence is extracted from a 

sample, and converted into a complementary DNA sequence via reverse transcription. This is 

followed by qPCR using miR-specific and universal qPCR primer sets, with a fluorescence 

readout (e.g., TaqMan probe cleavage, SYBR Green double-stranded DNA (dsDNA) 

intercalation) [24].  

 Each technique has its own strengths and is selected based on their availability and 

detection criteria. However, these techniques are also challenged by their application, such 

that the accuracy and reliability of the results are dependent on the quality of the miRs 

extracted. Intensive sample preparation and extraction are crucial for a good yield of high 

integrity miRs, because miR degradation can introduce analytical errors in the detection 

process [43,44]. Besides that, these methods require sophisticated equipment, professionally 

trained personnel, relatively long processing times, and complex methodology [24]. As the 

research on miRs advances, more miR biomarkers have been identified, which expands and 

diversifies the miR profiles that could compromise and complicate the detection process [24]. 

Additionally, the diagnostic application of circulating miRNA signatures is also challenged 
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by their specificity for specific cancer types or their broad involvement in other physiological 

(e.g., pregnancy) and pathological conditions (e.g., chronic inflammation, COVID-19 

comorbidities, etc.), and their diagnostic performance as compared to other more established 

clinical biomarkers.  

 

Modern miR biosensors have been developed to focus on strategies that combine or 

complement existing clinical indicators rather than attempting to replace them. For example, 

the combination of miR signatures and serum levels of prostate-specific antigen (PSA) can 

enhance diagnostic power and performance [45]. In view of this, uniplex and small-scale 

multiplex detection of specific subsets of miRs with high sensitivity and simpler 

methodology have been comprehensively investigated. These biosensors typically capitalise 

on highly selective bioreceptors and highly sensitive transducers to overcome some of the 

limitations mentioned above [18]. That said, to construct a miR biosensor, the intrinsic 

properties of miRs must also be taken into account; short length, short half-life, highly similar 

miRs (one-base difference) in the same miR family, varying expression levels from different 

sample (blood, saliva, urine, etc.), and low abundance of miRs (attomole quantities) [24]. In 

this regard, independent biosensor studies on miRs for clinical application often reported 

inconsistent miR expression data and results, which could be due to the different detection 

mechanism, normalization and analytical tools used, sample preparation, source and quality 

of starting RNA material, patient characteristics (e.g., sex, age, ethnicity, stage, treatment 

history), sample size, study design (e.g., single cohort, training and validation set), and 

statistical tools used for analysis [45]. Hence, a better understanding of these variables with 

further studies and more robust protocols can ease the translation of miRs into clinical assays 

for cancer detection. 

In this thesis, fluorogenic AgNCs transducers were integrated into DNA hybridisation 

amplified HCR systems, with the use of specifically designed DNA hairpins. Of note, three 

different miRs or their DNA analogues (i.e., miR-155, miR-214, and miR-144) were selected 

as model targets for the fabrication of HCR-AgNCs biosensors to be tested in human serum 

samples. Given the relatively low concentration and dynamic changes of miRs in the human 

blood/serum, the sensitive and selective detection of miR expression with the proposed HCR-

AgNCs biosensors in this thesis could serve as companion diagnostic tests to complement 

current detection techniques and to provide clinical information based on the significant 

changes in miR expression in the human body/sample. In its entirety, HCR-AgNCs 
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biosensors and its variations could offer an alternative approach to advance miR research in 

cancer biology. 

 

2.3 HCR amplification 

2.3.1 Principles of HCR amplification 

HCR is an amplification strategy that employs a set of DNA hairpins at isothermal 

condition, without the need of enzymes [6,8,46–48]. DNA hairpins (Figure 2.1 (A)) are 

single-stranded DNA (ssDNA) strands that fold into the shape of a hairpin, consisting of 

three sections: short sticky-ended toehold, long duplex stem and loop [49]. The toehold 

regulates the kinetics of target recognition, DNA hairpin opening and subsequent 

hybridisation, with regards to both its length and sequence [50–52]. Meanwhile, the stem is 

responsible for maintaining the thermodynamic stability of DNA hairpins, by kinetically 

trapping the potential energy stored in the loop region. To make HCR amplification possible, 

the DNA hairpins are designed to be partially complementary to one another. Thus, when one 

hairpin is opened, it can facilitate the continuous cross-hybridisation with other DNA 

hairpins. As a matter of fact, the different DNA hairpins should be able to coexist metastably 

in a HCR system, to avoid non-specific hybridisation events, high background signals, and 

false positive results in the absence of a target. Henceforth, this undesired event of non-

specific hybridisation is defined as system ‘leakage’ [51,52].  

HCR amplification operates on the basis of conventional DNA hybridisation, initiated 

by a target sequence that serves as a key to unlock the kinetic trap in DNA hairpins (Figure 

2.1 (B)). The first step, called ‘nucleation’, involves the complementarily base-pairing 

between the target sequence and the toehold region of the first hairpin (H1). This process is 

rate-limiting as it relies on the random diffusion of target and DNA hairpins in a solution, for 

contact formation. Thereafter, ‘zippering’ occurs, whereby the target simultaneously 

hybridises with the DNA hairpin and opens it up, along the stem towards the loop section. At 

this point, zippering process becomes rate-limiting due to the separation of intrastrand base-

pairs (bp) of DNA hairpins, and the formation of interstrand bp between DNA hairpins 

[53].The now exposed DNA hairpin sequence will open the other DNA hairpins in a similar 

pattern. Over time, this cascade of hybridisation events will proceed until thermodynamic 

equilibrium is reached. As a result, long nicked double-stranded dsDNAs will be formed.  As 
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is evident from the mechanism, HCR amplification is an automated process that operates 

without the need of external components (e.g., enzymes) and tedious reaction conditions 

(e.g., thermal cycling) [54–56].  

 

A. 

 

 

B. 

 

 
Figure 2.1 (A) DNA hairpin structure, with toehold, stem and loop. (B) Mechanism of HCR 

amplification between target, DNA hairpin 1 (H1) and 2 (H2), to form HCR product. 

 

2.3.2 Factors affecting HCR amplification  

The performance of HCR is dependent on DNA hybridisation, which is composed of 

thermodynamic and kinetic aspects. Having said that, DNA hybridisation can be regulated 

through various factors, such as DNA sequence, buffer constituents, pH, temperature and 

more. Fundamentally, the impact of these factors are evaluated through the association 

(binding) and dissociation (separation) constant in the hybridisation process [57].  
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2.3.2.1 Effect of DNA sequence 

In a DNA strand, adenine (A)-thymine (T) bp form two hydrogen bonds, whereas C-

G bp form three hydrogen bonds. This means that DNA strands with more C-G bp hybridise 

with better stability (association > dissociation). Besides that, the length of DNA affects the 

hybridisation process, such that longer DNA strands hybridise with better stability over 

shorter DNA strands. On top of that, mismatch bases can stymie the process of DNA 

hybridisation, and the degree of inhibition is determined by the location of the mismatch. In 

fact, the steric inhibitory effects on DNA hybridisation become more prominent when the 

mismatch is located towards the middle than the end segments of the DNA [58]. 

 

2.3.2.2 Effect of buffer constituents 

The microenvironment of DNA strands plays a significant role in the hybridisation 

process. DNA itself is negatively charged due to the phosphate group in the DNA backbone. 

This builds up electrostatic forces that repel other DNA strands and inhibit DNA 

hybridisation. As a solution to balance the charges and improve hybridisation, salts 

containing cations are normally introduced. These cations target sites with high electron 

density, and ‘shield’ the negative charges. As a result, the repulsion forces between DNA 

strands are reduced to promote DNA hybridisation at a lower energy level. Monovalent (e.g., 

sodium (Na+)) and divalent (e.g., magnesium (Mg2+)) salts are commonly used in 

hybridisation buffers for this purpose. Divalent cations have a more prominent effect over 

monovalent cations, owing to their stronger electrostatic and hydrogen bonding with the 

bases and phosphate backbone. Despite the direct correlation between salt concentration and 

the association constant, the concentration must be optimised, especially when DNA hairpins 

are optimized. A high salt solution strongly stabilises the hairpin structure, thereby making it 

significantly more difficult to open for hybridisation [59].  

 

2.3.2.3 Effect of pH 

Optimal DNA hybridisation normally occurs near physiological pH, between 5 and 9. 

The charge of the nucleobases within this range is relatively neutral and hydrophobic, which 
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facilitates better interaction and stability between DNA strands. DNA molecules are 

deprotonated and protonated at higher and lower pH, respectively. This makes the DNA 

molecules more hydrophilic and soluble, which hinders the DNA hybridisation process and 

destabilises hybridised DNA duplexes. At extreme pH conditions, DNA molecules are prone 

to damage by depurination and deamination [60].  

 

2.3.2.4 Effect of temperature 

Temperature should be optimised within a narrow range as well. An optimum 

temperature must provide the DNA molecules with sufficient energy to facilitate diffusion 

and hybridisation via nucleation and zippering. At low temperature, DNA hybridisation is 

dependent on the rate of diffusion, making the initial nucleation stage the rate-determining 

step. As the temperature increases, the additional thermal energy provides a positive 

activation energy, which enables the DNA strands to overcome the energy barrier posed by 

electrostatic forces. However, the increasing temperature could adversely result in 

dissociation, especially with short DNA duplexes. When the temperature exceeds the 

optimum range, DNA hybridisation has a negative activation energy, and the destabilisation 

of hybridised DNA duplexes becomes more prominent [61]. 

 

2.3.2.5 Effect of concentration and mode of reaction 

To an extent, the concentration of each DNA species also affects the hybridisation 

process, such that the DNA concentration is proportional to the efficiency of DNA 

hybridisation [61]. Besides that, studies have shown that the kinetics of DNA hybridisation is 

20- to 40-fold faster in solution-based than surfaced-based DNA hybridisation [59]. 

 

2.3.3 Designing a functional HCR system  

Taking the aforementioned factors that affect HCR performance into consideration, a 

functional HCR system can be systematically designed. Besides that, additional guidelines 

have been reported to effectively construct DNA hairpins, and are summarised in Table 2.2 
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below [49,62–65]. These guidelines aim to balance the metastability of DNA hairpins with 

their hybridisation efficiency during HCR.  

The metastability of DNA hairpins can be controlled by regulating their size and 

sequence. In fact, the metastability of DNA hairpins shares an inverse correlation with the 

efficiency of DNA hairpin opening. For example, a shorter stem length and a larger loop size 

will promote the opening of a DNA hairpin, at the expense of its metastability. Green et al. 

added that DNA hairpins can be opened from either an external toehold or the hairpin loop, 

and reported that toeholds facilitate faster DNA hairpin opening than hairpin loops. 

Moreover, DNA hairpins with larger loops can interact with each other to form undesired 

duplex structures, called ‘kissed-complex’ [49]. 

The DNA sequence defines the base-pairing between complementary strands, and 

base-stacking between adjacent bases. Ang et al. investigated the effects of different DNA 

bases on the metastability of DNA hairpins, and found that both C and G bases should be 

more concentrated in the stem than the toehold to confer relative metastability. Likewise, 

Ang and co-workers also reported good DNA hairpin metastability from a long stem and 

short toehold design [62]. 

As previously mentioned, unstable DNA hairpins can result in HCR system leakage 

and false-positive results, which are detrimental especially in biosensing applications. To 

develop a leak-proof HCR design, Li et al. studied the thermodynamic properties of DNA 

hairpin structures, with regards to their free energies and behaviour. In this study, the free 

energy (ΔG) of DNA bases was comprehensively calculated, with C-G and A-T bp 

possessing -1.5 and -0.8 kcal mol-1, respectively. It was concluded that -16 kcal mol-1 is the 

minimum free energy (MFE) required to prevent HCR leakage [63]. The ends of DNA hairpin 

stems are prone to frequent transient localised opening events, normally confined to the two 

terminal bp. This occurrence, otherwise known as ‘fraying’, is due to reduced structural 

constraints from base-stacking at the end of the helical stem structure [66,67]. Moreover, this 

structural behaviour might be the cause HCR leakage in certain situations. To minimise this 

effect, Li et al. suggested to introduce mismatch bases in hairpin loops, minimising sequence 

symmetry, and ending the fraying regions with C-G bp, to create higher energy barriers [63].  

Oftentimes, DNA hairpins can have a secondary (2o) toehold, adjacent to the original 

primary (1o) toehold (Figure 2.2A). A recent study by Xing et al. briefly investigated the 
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effects that 2o toeholds have on the stability of DNA hairpin probes, and reported that 2o 

toeholds with more than 3 bases would risk destabilising the DNA hairpin structure, and 

cause HCR system leakage [64]. Meanwhile, Yu et al. studied the effect of hanging ‘tails’ on 

hybridised DNA structures. These hanging tails are defined as unbounded sequences that 

appear as appendages from HCR products (Figure 2.2B). These tails typically originate from 

either long unreacted 1o toeholds or 2o toehold sequences. The negative charges and swaying 

motion of these tails can destabilise a hybridised DNA complex. In addition, the negative 

charges generate a repulsive effect that significantly slows down the nucleation rate between 

DNA strands. It is also speculated that this repulsive force is proportional to the length and 

number of tails in the hybridised structure [65].  

 

Figure 2.2 (A) DNA hairpin structure with two toeholds; primary (1o) and secondary (2o). 

(B) HCR product with hanging ‘tails’ after HCR amplification between target, H1 and H2. 

  

B. 

A. 
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Table 2.2 Guidelines to design metastable DNA hairpins for HCR systems. 

DNA hairpin 

condition 

Description Reference 

Base 

composition 

- C and G content at the toehold should be between 30 to 

40% 

[62] 

- C-G bp must be more than 60% in the stem, if the stem 

length is the same as toehold length 

[62] 

Segment - DNA opening by external toehold is faster than loop-

mediated opening. 

[49] 

- 2o toeholds can destabilise DNA hairpin structure, and 

suggested to be kept below 3 bases. 

[64] 

- Unbounded toehold sequences can produce “tails”, 

which hinder subsequent DNA hybridisation/HCR. 

[65] 

- DNA hairpins have the tendency to fray at the ends of 

stem region, which might prematurely open DNA 

hairpins. 

[63] 

Size - Hairpin toehold must be less than 12 bases [62] 

- Stem length must be longer than toehold length [62] 

- Stem length must be longer than loop size [49] 

Folding energy - Threshold ΔG of stable DNA hairpins reported to be -16 

kcal.mol-1  

[63] 

 

Designing DNA hairpins can be complicated and cumbersome, given the restrictions 

mentioned above. This process would conventionally require screening thousands of 

sequences with heavy calculations to end up with just a handful of DNA probes. Some 

commonly used software are available to facilitate the hairpin design. Pierce and co-workers 

developed an online platform, called NUPACK (www.nupack.org), that specialises in the 

analysis and design of nucleic acid structures for systems containing one or more interacting 

strands [68]. This software predicts DNA hybridisation reactions based on the nearest 

neighbour model of base stacking. The thermodynamic calculation from the algorithm 

provides a relative prediction of partition function, MFE structures and melting temperatures 

of DNA constructs. The melting temperature can be defined as temperature at which 50% of 

dsDNA has dissociated into ssDNA, and is a measure for thermodynamic stability [69,70]. 

NUPACK is a particularly convenient tool to visualise all possible DNA secondary structures 

(hairpins, pseudoknots, etc.), and this is made possible from both positive and negative 

design paradigms embedded in the software. The former optimises the affinity for a desired 

outcome between a sequence and a target structure, whereas the latter optimises the 

http://www.nupack.org/
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specificity of a sequence towards a target structure. NUPACK also presents the option of 

modifying the concentration of interacting strands, and reaction conditions of the DNA 

hybridisation process. However, the software is limited by the number of strands that it can 

analyse. It was reported that seven interacting strands (n = 7) were too much for the web-

based software to super-compute, due to the high cost of analysis and computational 

complexity [71]. 

Although there are still gaps in the process of systematically designing a functional 

HCR system, these recent studies have proven to be insightful to improve the efficiency of 

future HCR designs and systems [49,62–65,68]. 

 

2.3.4 Application of HCR in biosensing  

HCR has found widespread application in biosensing and can be categorised into 

three types of detection: direct detection, indirect label-free detection, and indirect label-

based detection. These detection strategies implement different bioreceptors prior to HCR 

amplification. The direct detection strategy defines the interaction between the toehold 

sequence of HCR hairpins with nucleotide-based targets (e.g., DNA and RNA). HCR 

amplification proceeds in a straightforward manner and exhibits a corresponding signal. On 

the contrary, indirect label-free strategy utilises an aptamer as the bioreceptor for a non-

nucleotide target (e.g., proteins, metal ions, etc.). An aptamer refers to a synthetic nucleic 

acid sequence capable of binding to a specific target, and its conformational folding will 

initiate HCR amplification and subsequent signal transduction. In contrast, the indirect label-

based method uses non-nucleotide bioreceptors for analyte detection. In most HCR studies, 

antibodies would be commonly functionalised to detect the target molecules and initiate HCR 

amplification. The application of HCR with regards to these methods will be described in 

detail in the following subsections. 

 

2.3.4.1 Direct detection 

Direct detection is the most common application to detect nucleic acid targets (e.g., 

DNA and RNA). The direct and simple hybridisation of the target sequence to the DNA 

hairpins is sufficient to initiate HCR, and that the HCR system can be easily designed by 
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translating the nucleic acid sequence onto the DNA hairpins. The mechanism behind this 

involves DNA hairpin opening typically from the toehold region of the DNA hairpins after 

complementary base-pairing with the target sequence. In one of the earlier studies, Pierce et 

al. developed the concept of HCR based on a 24-nt ssDNA sequence (Figure 2.3A) [6], and 

later detect mRNAs in living cells [47,72]. Other research groups have also implemented the 

direct approach for detection for miRs (e.g., let-7a [73], miR-21 [74], miR-199a [75], etc.), 

and intracellular imaging [76–78].  

 

2.3.4.2 Indirect label-free detection  

On the other hand, non-nucleotide targets (e.g., metabolites, metal ions, proteins, etc.) 

would require an aptamer as both bioreceptor and initiator to the HCR system. For most non-

nucleotide targets, their respective aptamers can be drawn from a library containing random 

sequences using a method called Systematic Evolution of Ligands by Exponential 

Enrichment (SELEX). The selected aptamer would then be used to recognise the analyte via 

intra-molecular interactions, before undergoing a conformational change to adopt a complex 

three-dimensional shape [79]. The folding action would then trigger the opening of DNA 

hairpins from the HCR system and initiate the entire cascade of hybridisation reaction. For 

example, Jianzhong et al. developed a fluorogenic biosensor with an aptamer-HCR initiator 

strand separated by a spacer, for platelet-derived growth factor BB (PDGF-BB) detection. 

When the aptamer-HCR initiator strand recognised PDGF-BB, it would undergo 

conformational change, initiate HCR, and produce a fluorescence readout from the resulting 

complex [80]. Similarly, Feng et al. optimised the aptamer sequence into a DNA hairpin 

structure for PDGF-BB detection via a graphene oxide (GO)-HCR biosensing system [81]. In 

contrast, Po et al. worked with a “turn-off” system where the aptamer sequences for anterior 

gradient protein 2 homolog (AGR2) also served as the HCR initiator. In other words, the 

addition of AGR2 would bind to these aptamer sequences and render them unavailable for 

HCR initiation [82]. The same concept was applied in an interferon (IFN)-γ biosensor, 

whereby the electrochemical signal observed was inversely proportional to the concentration 

of IFN-γ present [83]. This indirect label-free approach can also be tailored for metal ion 

detection. In a particular study by Wang et al., the aptamer sequence for mercury ions (Hg2+) 

was integrated into a hairpin structure (Figure 2.3B), that would reconfigure to accommodate 

the Hg2+ ions. This conformational change would simultaneously initiate HCR amplification 
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for a gold nanoparticle-induced colorimetric readout, with a 30 nM limit-of-detection (LOD) 

in raw river water samples [84].  

 

2.3.4.3 Indirect label-based detection 

Apart from nucleic acid bioreceptors, non-nucleotide molecules have also been used 

in HCR biosensing applications. Antibodies are one of the most common options, because of 

their innate ability for analyte binding with high affinity and specificity. In most cases, when 

antibodies are coupled with HCR, the resultant immunosensors would a sandwich-type 

model. Christopher et al. utilised antibodies to tag chemokines and cytokines with 

fluorescent-labelled HCR amplification. The immune assay incorporated a covalently-bonded 

HCR initiator on to the antibody prior to the detection stage (Figure 2.3C) [85]. Comparably, 

Knopp et al. introduced HCR initiators onto gold nanoparticles to enhance the sensitivity of 

the sandwich-detection model, to detect human IgG [86]. Likewise, Yuan et al. devised a 

multiplexing platform with an antibody-bound HCR complex to detect four different antigens 

(AFP, CEA, CA125, and PSA) within a single electrochemical scan [87]. 

 

A. 
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B. 

 

 

C. 

 

 

Figure 2.3 (A) Direct detection. Initiator I hybridises directly and opens hairpin 1 (H1), 

which subsequently hybridises and opens hairpin 2 (H2) to form the complex I·H1·H2. This 

complex undergoes a series of hybridisation events between H1 and H2 to form nicked 

dsDNA. Adapted from [6]. Copyright (2004) The National Academy of Sciences. (B) 

Indirect label-free detection. An aptamer sequence for Hg2+ was integrated into a hairpin 

structure (H0), which also served as HCR initiator for DNA hairpins, H1 and H2. Adapted 

from [82], Copyright (2015), with permission from Elsevier. (C) Indirect label-based 

detection. The immunoassay utilised an antibody label for cytokine detection, with covalent-

bonded HCR initiator for HCR amplification. Adapted from [85]. Copyright 2011 American 

Chemical Society. 

 

2.3.5 Challenges and limitations of HCR systems  

Nevertheless, HCR systems are often challenged at both design and validation stages, 

which can limit their application. 

Whilst the thermodynamic properties of HCR systems can be predicted with relative 

accuracy from the DNA sequence, the kinetics of HCR systems can be more inconsistent and 

tedious to evaluate. Most kinetic studies are carried out by trial-and-error optimisation 

experiments, where a pool of DNA oligonucleotides is manually screened across different 
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studies at different reaction conditions. Furthermore, these kinetic screening uses costly 

functionalised DNA oligonucleotides (e.g., fluorophore and nanopore), which limits the 

practicality of screening specific sequences for HCR systems [88–90]. In other words, the 

entire design process is mainly experienced-based, considering the complicated kinetic 

studies and time-consuming thermodynamic analysis for feasible HCR systems. Thus, an 

ideal software that evaluates both kinetic and thermodynamic is in-demand to streamline the 

design of HCR systems. 

HCR amplification operates at ambient conditions that must be pre-defined to balance 

between the stability of DNA hairpins and efficiency of HCR. This is particularly difficult to 

maintain, especially in biological samples that contain interfering molecules that can degrade 

the DNA hairpins and alter HCR performance [91]. Since HCR is a continuous process, it 

produces elongated dsDNA concatemers of different sizes and might lead to variability 

among different tests for the same target. If specific HCR products are required for further 

analysis, these can be isolated and extracted from gel electrophoresis. However, the process is 

both tedious and time-consuming, besides the fact that it would incur additional costs and risk 

of errors. 

Since HCR focuses on linear amplification, this could limit the sensitivity and 

application of HCR biosensors. A suggestion to overcome this would be the implementation 

of branched HCR systems, that would exponentially amplify measurable signals [92]. Even 

so, branched HCR would require more complex DNA designs and more DNA hairpins in the 

system, that would complicate the entire HCR mechanics. Another common practice in HCR 

biosensors is the usage of different fluorophore combinations and/or fluorophore-quencher 

combination. Albeit their partial application, these fluorophores have their respective internal 

charges that can interact locally with each other and the DNA template. As a result, these 

differential interactions can offset the overall hybridisation kinetics [93,94].  

Therefore, alternative approaches are highly regarded to improve the overall 

performance of HCR-based biosensors [95]. This thesis focuses on using AgNCs as 

fluorogenic signal reporters that can be easily integrated into HCR systems for biosensing 

purposes.  

 



 
 

22 

 

 2.4 Fluorogenic DNA-AgNCs 

2.4.1 Fluorescence-based biosensors  

Fluorescence-based biosensors produce measurable signals based on changes in the 

fluorescence emission intensity and/or wavelength, from analyte detection. In addition, many 

fluorescence-based biosensors are solution-based, which rules out additional surface 

immobilisation and purification steps. This simple concept has led to selective and sensitive 

fluorescence-based biosensor development, with the versatility that allows multiplexing and 

point-of-need analysis. However, most fluorescence-based biosensors require chemical and 

structural modifications (e.g., thiols, antibodies, and fluorophore attachments), which 

increase the cost, complexity, duration of analyte detection, and concurrently undermine the 

biorecognition of target analytes [96–98]. The progression of nanotechnology research has led 

to the fabrication of nano-fluorophores, and fluorogenic DNA-AgNCs are among the 

extensively applied, because of their cost-effectiveness, simplicity, and ease of integration 

into DNA networks (e.g., HCR systems). 

 

2.4.2 Principles of DNA-AgNCs as fluorescence transducers  

DNA-AgNCs are a class of nano-fluorophores that comprise ultrasmall silver atoms 

close to the Fermi wavelength of electrons [7]. In general, fluorogenic DNA-AgNCs have 

several advantages over other types of fluorescent dyes and materials, such as better 

solubility and photostability, as well as lower photobleaching and toxicity index [93,99,100].  

The formation of DNA-AgNCs emphasises the affinity binding of silver ions (Ag+) to 

nucleobases, especially C bases. On a molecular level, Ag+ binds to the heterocyclic groups 

of purines and pyrimidines, with particular preference for nitrogen atom (N) 3 of C and T 

bases, and N7 of A and G bases [101,102]. Apart from being a template for AgNCs formation, 

DNA strand also stabilises the synthesised AgNCs to better regulate their morphology and 

size [101,103]. Over the years, extensive research around DNA-AgNCs, especially through 

the works of Gwinn et al., have led to better understanding of their molecular and optical 

properties, such as the use of different DNA secondary structures [104,105], DNA sequences 

[106,107], and preparation methods [108]. Most importantly, DNA-AgNCs have tuneable 
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fluorescence emission from UV to near-infrared region, which can be regulated through the 

DNA sequence, AgNCs size, and buffer constituents [109,110].  

 

2.4.3 Preparation of DNA-AgNCs 

DNA-AgNCs can be controllably prepared in situ via a simple mixture of silver salt 

(e.g., Ag+), reducing agent (e.g., NaBH4) and a DNA template, in a buffered solution 

(Scheme 2.2). This is followed by an incubation period for the nucleation and stabilisation of 

the nanoclusters [111]. 

 

 

Scheme 2.2 Illustration of DNA-AgNCs synthesis. Ag+ preferentially binds to C bases on 

DNA templating sequences. Reducing agents, such as NaBH4, reduce these DNA-Ag+ 

leading to the formation of DNA-AgNCs. 

 

Essentially, the amount Ag+ and NaBH4 with respect to the DNA concentration, can 

affect the fluorescence properties of DNA-AgNCs, where in most cases, the amount of silver 

salt is equivalent to that of the reducing agent. That said, neither one of these reactants (i.e., 

Ag+ and NaBH4), when in excess, will affect the fluorescence analysis and thus need not be 

removed via additional purification steps [111–113]. Besides that, a buffer supplemented with 

monovalent and divalent salts, is required to facilitate AgNCs formation, by shielding the 

negative charges and stabilising the DNA structure [114], as described in Section 2.3.2.2. 

The selection of a specific DNA template is a little more complicated. As 

aforementioned, the formation of DNA-AgNCs is sequence-specific, with high affinity 

towards C bases. Other than that, the fluorescence properties also rely on the structure of the 

DNA template. The most common type of DNA used is a linear ssDNA, known for its 

structural flexibility to accommodate Ag+. The typical ssDNA template would contain 

between 12 and 30 bases, with the longer sequences producing AgNCs of better stability and 

DNA template 
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yield. In addition, longer strands are more prone to multi-base bonding, thereby forming 

AgNCs of greater sizes and fluorescence emission at longer wavelengths [115,116]. A 

majority of bright AgNCs species originate from consecutive C bases. The most basic 

sequence would be a homo-polyC sequence, comprising only C bases. The resultant 

fluorescence can be tuned between yellow and near-infrared region, by adjusting the number 

of C bases. A different type of sequence, termed ‘chemopalette’, blends the other bases (A, T 

and G) in between C-rich segments. As a result, different coloured bright species of AgNCs 

can be produced.  

Another relevant structure that is known to host AgNCs is the DNA hairpin structure. 

AgNCs are highly susceptible to oxidation that can alter their fluorescence properties, and a 

closed hairpin structure can improve the stability of AgNCs. The hairpin loop can host 

AgNCs with a homo-polyC loop (6C, 12C, etc.). This configuration is known to produce red 

fluorescence emission similar to an average homo-polyC ssDNA. In fact, the fluorescence 

properties can be regulated by the C and G base composition within the stem sequence [117]. 

However, the resultant fluorescence intensity would significantly decrease when the DNA 

hairpin opens up [9]. In accordance with the variety of available DNA templates, DNA-

AgNCs have been innovatively amalgamated into different biosensing platforms. 

 

2.4.4 DNA-AgNCs in biosensing applications  

DNA-AgNCs have found diverse applications in the field of biosensing, and their 

working principles generally revolve around (1) switch-on (intensity enhancement) [118], (2) 

switch-off (intensity quenching) [119], and (3) fluorescence pattern changes [120].  

 

2.4.4.1 Homo-polyC AgNCs templating sequences 

Homo-polyC AgNCs templating sequence can be easily integrated for biosensing 

purposes, due to it being a well-studied sequence and having a predictable fluorescence 

response [121–123]. Thus, homo-polyC AgNCs biosensors have been used to measure the 

oxidative activity in cancer cells [124], identify S1 nuclease activity [125], detect miR [121], 

and analyse antibiotic content [126]. For instance, Hosseini et al. reported a biosensor with 

12C AgNCs templating sequence to discriminate p53 gene mutation, whereby single-base 
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mismatch sequences would decrease the intensity of the red AgNCs fluorescence emission 

(Figure 2.4 (A)) [127]. Zhang et al. utilised a 12C sequence to develop a turn-on fluorescence 

assay that was used detect acetylcholinesterase activity and screen for acetylcholinesterase 

inhibitors [128].  

 

2.4.4.2 Chemopalette AgNCs templating sequences 

Chemopalette sequences feature a mixture of bases in between C-rich segments, and 

these subtle base substitutions can generate significant changes in the fluorescence species 

[129]. Zhang et al. applied two different chemopalette sequences with a dual-emissive green-

orange fluorescence for the multiplex detection of H1N1 and H5N1 (Figure 2.4 (B)). Both 

chemopalette sequences comprise multiple consecutive C blocks separated by A and T bases 

[130].  

 

2.4.4.3 DNA-AgNCs templating hairpin loop sequences 

DNA hairpin loops with homo-polyC sequences have been reported to host AgNCs 

that produce intense red fluorescence emission, and that structural changes within the hairpin 

would change the fluorescence properties. For example, AgNCs hosted within a C13 loop 

resulted in a single peak bright-red emission, and the intensity was significantly quenched 

when Hg2+ interacted with the DNA hairpin (Figure 2.4 (C)) [131]. In a different study, a 

12C hairpin loop was used to detect miR-21 via dual-emissive response. The opening of the 

DNA hairpin would simultaneously quench the red fluorescence emission from the hairpin 

loop, and generate a green fluorescence emission from the opened structure [120]. 

Fluorescence quenching can also be induced via enzymatic activity on DNA hairpin loops, 

and this strategy was reported to successfully detect Hg2+ and DNA [132,133].  

 

2.4.4.4 Proximity-dependent AgNCs 

The most notable application of DNA-AgNCs comes in the form of proximity-

dependent AgNCs. An example of this is nanocluster beacon (NCB) or in simpler terms, G-

rich activation. This switch-on mechanism works with a non-fluorescent ‘dark’ AgNCs 
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templating sequence, that is optically activated when brought into close proximity with a G-

rich ‘enhancer’ sequence. It is understood that both the physical interaction between N7 of G 

and Ag+, as well as the electron transfer from G to AgNCs, led to the reassembly of Ag+ on 

the combined enhancer-dark AgNCs templating sequence to form new clusters. As a result of 

the Ag+ translocation and new AgNCs formation, the fluorescence from the templating 

sequence is activated and/or enhanced [134,135]. NCBs are initially developed to circumvent 

the issue of photobleaching, such that specific AgNCs fluorescence emission can be activated 

on-demand [135].  That said, the fluorescence activation of NCBs is regulated by numerous 

factors, namely the enhancer and dark AgNCs templating strands’ sequence, length, and their 

relative position to each other. NCBs have been successfully integrated in AgNCs biosensors 

for sensitive and selective detection of various analytes (e.g., cocaine, and adenosine 

triphosphate (ATP)) [136,137]. In one of the early studies on NCBs, Yeh et al. reported a 500-

fold fluorescence enhancement ratio, when a G-rich enhancer sequence was brought close to 

a pre-prepared non-emissive AgNCs on a dark strand (Figure 2.4 (D)) [138]. In contrast, a 

switch-off NCB assay was developed by Wen et al. to detect disease-related oligonucleotides, 

using C-rich and G-rich sequences as AgNCs template and enhancer, respectively  [139]. 

Recently, another variation of proximity-dependent AgNCs led to the formation of 

‘chameleon’ AgNCs or in simpler terms, colour-switching AgNCs fluorescence emission. 

Instead of using the conventional enhancer-dark strands, this adaptation features two 

fluorescence intensive AgNCs sequences (i.e., AgNCs templating sequence and emitter-pair), 

whose fluorescence properties changes in a proximity-dependent manner between the two 

sequences [140–143]. For example, Xu et al. employed two 6C sequences that produce an 

orange/yellow fluorescence individually. In the presence of a target miR, these sequences 

were brought close together and the resultant fluorescence emission turned red [144]. This has 

significantly expanded the biosensing capabilities of DNA-AgNCs, in terms of ultrasensitive 

detection, intracellular imaging, ratiometric detection, in vivo studies and more [145–154]. A 

slightly different approach with regards to chameleon AgNCs is the splitting of a long 

AgNCs templating sequence into fragmented pairs. These fragmented pairs would not initiate 

any fluorescence response from partial AgNCs formation. Only when these split pairs are 

brought in close proximity to complete the AgNCs templating sequence, can the fluorescence 

emission can then be re-activated. This concept was successfully implemented in several 

works, such as the detection of miR and DNA in human serum samples [155]. 
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A. 

 

 

B. 

 

 

C. 

 

 

D. 

 

 

Figure 2.4 Application of DNA-AgNCs. (A) Homo-polyC sequence for the detection of p53 

gene mutation based on fluorescence quenching. Reprinted by permission from Springer 

Nature Customer Service Centre GmbH: Springer, Journal of Fluorescence, from [127], 2017. 

(B) Chemopalette sequence for the multiplexed analysis of target DNA based on fluorescence 

emission colour change. Republished with permission of John Wiley and Sons, from [130]; 

permission conveyed through Copyright Clearance Center, Inc. (C) DNA hairpin loop-bound 

AgNCs for the detection of Hg2+ based on switch-off mechanism upon Hg2+ interaction. 

Adapted from [131]. (D) NCBs reported a 500-fold fluorescence enhancement when a G-rich 

enhancer probe hybridises with a dark AgNCs nucleation (NC) probe. Reprinted with 

permission from [138]. Copyright 2010 American Chemical Society. 
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The reported HCR-AgNCs biosensors in this thesis emphasise on the use of homo-polyC 

and chemopalette AgNCs templating sequences, and primarily focuses on the concept of 

proximity-dependent AgNCs (i.e., chameleon and NCBs).  

 

2.5 HCR-AgNCs biosensors 

2.5.1 Principles of HCR-AgNCs biosensors 

As introduced earlier, HCR-based biosensors hold remarkable potential in the field of 

diagnostics but have their own limitations, from the aspects of design, operating condition, 

and application. DNA-AgNCs can be integrated as signal transducers in HCR systems to 

overcome some of these limitations, and simultaneously enhance the diagnostic potential in a 

hybrid HCR-AgNCs biosensor (Scheme 2.3). HCR-AgNCs biosensors measure the 

transduced AgNCs signal (fluorescence and/or electrochemical), as the DNA hairpins 

undergo structural changes during HCR amplification. Since both HCR and AgNCs share the 

same DNA material, AgNCs can be introduced into a HCR system with the simple addition 

of a AgNCs templating sequence into the DNA hairpin probes. The isothermal mild reaction 

conditions for HCR amplification provides an ideal stable and compatible environment for 

AgNCs preparation, considering the fact that AgNCs is highly sensitive to their 

microenvironment (e.g., temperature, pH, ionic strength, etc.). In addition, AgNCs bind with 

high affinity towards specific AgNCs templating sequences, hence their formation will not 

affect HCR amplification efficiency [102,103]. Having said that, HCR-AgNCs biosensors can 

provide accurate, sensitive and reproducible measurement during analyte detection. 

 

 

Scheme 2.3 Schematic diagram showing the basic HCR-AgNCs biosensor assembly. DNA 

hairpins serve as bioreceptor to recognise different target analytes (DNA, RNA, protein, 

ions, etc.), and for HCR signal amplification. AgNCs will be prepared thereafter for signal 



 
 

29 

 

(i.e., fluorescence or electrochemical) transduction and measurement. 

 

2.5.2 Designing HCR-AgNCs biosensors 

HCR-AgNCs biosensors function with DNA hairpins, similar to conventional HCR 

systems introduced in Section 2.3, with the inclusion of a specific AgNCs templating 

sequence into the hairpin structure. These AgNCs templating sequences are normally laden 

with C and G bases, not to mention that the length of these sequences would range between 6 

and 18 bases, as seen in Section 2.4. In other words, the design of HCR-AgNCs hairpins 

would defy most of the DNA hairpin metastability guidelines listed in Table 2.2. 

In view of the lack of HCR-AgNCs hairpin design guidelines, several key factors 

have to be considered for a functional HCR-AgNCs system. A great deal of reported HCR-

AgNCs hairpins contain AgNCs templating sequences either at the toehold or loop segment. 

For the former, the AgNCs templating sequence can be adopted as an extension of the 1o 

toehold [156], or as an independent 2o toehold [11]. As a result, the HCR products would 

contain tails for AgNCs formation. Based on the guidelines mentioned earlier, tails on 

dsDNA might impede the hybridisation efficiency of incoming DNA sequences [65]. 

Likewise, C-rich hairpin loops can accommodate AgNCs, as discussed earlier in Section 

2.4.4.3. The resultant signal is normally quenched in fluorescence-based sensors [157], and 

enhanced in electrochemical sensors via HCR amplification [158].  

Apart from that, the initiation of HCR amplification should be optimised, be it 

toehold- or loop-mediated hairpin openings. The former hairpin opening mechanism is 

favoured in most HCR-AgNCs biosensors [11,159], because of its more established and 

straightforward design, in addition to a quicker reaction time (by two magnitudes) as opposed 

the latter. However, the HCR-AgNCs biosensor by Jiang et al. featured loop-mediated 

opening mechanism, where the toehold segments were fully utilised for AgNCs templating 

sequences. This enabled a highly sensitive ratiometric response for miR-17-5p detection, at 

the expense of short HCR incubation period [160]. 

Certain HCR-AgNCs studies utilise more than two DNA hairpins for target detection, 

and these additional DNA molecules are normally termed assistive or capture probes. Capture 

probes link a target analyte to the main HCR system via an additional hybridisation stage 
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with partial or complete base-pairing. The additional probes confer better HCR amplification 

efficiency and stabilisation of the HCR product [75,158,159,161,162]. 

Overall, the design of HCR-AgNCs hairpins is more complicated than typical DNA 

hairpins, with the inclusion of AgNCs templating sequences. Moreover, there are insufficient 

HCR-AgNCs studies to properly develop systematic guidelines to integrate AgNCs 

templating sequences into DNA hairpins, let alone balance between hairpin metastability and 

HCR amplification efficiency. 

 

2.5.3 Factors affecting HCR-AgNCs performance 

Besides the DNA hairpin structure, the performance of HCR-AgNCs can be further 

regulated via reaction conditions. Reported HCR-AgNCs biosensors operate on selected 

isothermal conditions, within a temperature range between room temperature (20-25 oC) and 

37 oC [156,163]. This narrow range provides the DNA hairpins with sufficient energy to 

overcome the energy barrier and initiate HCR amplification, without destabilising the dsDNA 

product. The DNA hairpins are incubated for a fixed period of time, ranging from 1 hour (h) 

to overnight incubation [164,165]. The duration of incubation is a subjective measure, as it 

relative to the hairpin design and mechanism of the respective HCR-AgNCs biosensors.  

The microenvironment for HCR amplification is compatible for AgNCs formation. 

HCR-AgNCs biosensors reported the use of different buffer base (tris, phosphate, etc.), but 

relatively similar pH (neutral to slightly alkaline) and the common addition of Na+ and/or 

Mg2+ salts [75,165]. Nevertheless, the concentration of both the buffer base and metal salts 

were not fixed across the reported studies, which resulted in different fluorescence properties 

even for the same AgNCs templating sequence. This was shown in a single study by Orbach 

et al., where high-salt (containing both Mg2+ and Na+) buffer produced yellow fluorescence 

emission and low-salt (containing only Mg2+) produced red fluorescence emission, from a 

common 6C DNA hairpin loop [164].  

Most of the reported HCR-AgNCs studies utilise equimolar concentrations of DNA 

hairpins. There have been a few exceptions, where the amount of H2 would be higher than 

that of H1, without any justification to the concentration differences [157,165]. Another 

condition to optimise is the concentration of DNA hairpin containing the AgNCs templating 
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sequence with respect to the concentration of Ag+ and NaBH4 during AgNCs preparation. 

This is due to the fact that even when the same AgNCs templating sequences were used, the 

deviation in AgNCs preparation condition can generate significant differences in the 

fluorescence [11–13].  

In most HCR-AgNCs studies, AgNCs were prepared post-HCR amplification for 

signal transduction [157,166]. The reason behind this approach is to prevent undesired Ag+ 

binding towards consecutive C and G bases, apart from those in the AgNCs templating 

sequences. This action could block the bases required for DNA hybridisation and impede 

HCR amplification efficiency.  

 

2.5.4 Application of HCR-AgNCs biosensors 

In this section, several reported HCR-AgNCs biosensors will be reviewed, with 

respect to the location of AgNCs templating sequences and the innovative biosensing 

mechanisms.  

Almost half of the reported HCR-AgNCs sensors consolidated AgNCs templating 

sequences at the DNA hairpin toehold region, either as extension of the 1o and/or as adjacent 

2o toeholds. The selection of the AgNCs templating sequence would mostly be homo-polyC 

sequences.  Zhang and co-workers integrated 12C AgNCs templating sequences onto the 

toeholds of both DNA hairpins for the detection of HIV DNA, with the assistance of GO 

(Figure 2.5A) [13]. Chemopalette sequences were used as terminal toehold AgNCs 

templating sequences as well. Jiang et al. constructed a HCR-AgNCs fluorescence logic gate 

by introducing a chemopalette sequence (-CCC CCT AAT TCC CCC-) at the toehold of one 

of the DNA hairpins, to detect telomerase miRs [156]. 

HCR-AgNCs biosensors with hairpin loops containing AgNCs templating sequences 

are also common in both electrochemical- and fluorescence-based biosensors [158]. 

Fluorogenic AgNCs templating loops focus on fluorescence quenching as the DNA hairpin 

loop sequence actively participate in HCR amplification. As a matter a fact, Qiu et al. did a 

study on the fluorescence properties of hairpin loops, and found that the resultant 

fluorescence intensity decreased with shorter hairpin stem length [157]. This finding could 

help optimise future designs of DNA hairpins with AgNCs templating loops. For instance, 
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Mansourian et al. utilised HCR-AgNCs templating loop to successfully detect plasma miR-

145 in clinical samples, with minimal sample preparation (Figure 2.5B) [165].  

Interestingly, AgNCs templating sequence can also be located at the stem region. 

Orbach et al. incorporated a 6C bulge at the stem of the DNA hairpin, which facilitated the 

detection of two different DNA targets [164]. The 6C bulge carries similar fluorescence 

properties as hairpin loops [167,168]. Meanwhile, Zhang et al. embedded part of a 

chemopalette sequence (-CCC ACC CAC CC-) within the DNA stem that can host near-IR 

emitting AgNCs when the DNA hairpin opens during HCR amplification for miR-21 

detection (Figure 2.5C) [166]. However, the low number of stem-based HCR-AgNCs studies 

can be attributed to the challenge and complexity of maintaining good DNA hairpin 

metastability. Since hairpin stems are primarily responsible for stability, any variations 

(bulge, unbounded sequences, etc.) along the sequence can disrupt the ΔG from base-pairing 

and stacking, thereby destabilising the hairpin and dsDNA structure. 

There have been two reported HCR-AgNCs biosensors that emphasised on proximity-

dependent AgNCs designs. Liu et al. worked on a traditional NCB design with a dark AgNCs 

templating strand and a G-rich enhancer sequence. In this study, four DNA hairpins were 

used, whereby the AgNCs templating strand and enhancer sequence were located on two 

different DNA hairpins. HCR amplification would bring these sequences into close proximity 

and activate an intense red fluorescence, which was used to detect a mRNA target (Figure 

2.5D) [169]. The ratiometric fluorescence HCR-AgNCs biosensor reported by Jiang et al. was 

constructed with two similar chemopalette sequence (-CCC CCT TAA TCC CCC-) as the 

terminal toeholds (1o and 2o) of one DNA hairpin species. When these AgNCs templating 

sequences are in close proximity, they collectively emit a red emission. When these are 

separated upon HCR amplification, the fluorescence emission changes to yellow, thus 

enabling ratiometric detection of miR-17-5p from the changes in fluorescence emissive 

species  [160]. The concept of proximity-dependent AgNCs is an underexplored area due to 

the difficulty in designing stable DNA hairpins for HCR amplification. Along with a AgNCs 

templating sequence, an enhancer (G-rich, emitter-pair, etc.) sequence is required, and this is 

equally long and laden with C and G bases. Following that, it is also crucial to corroborate 

the mechanism of bringing the two separate strands together post-HCR amplification for 

signal activation. 
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A. 

 

B. 

 

 

C. 

 

D

. 

 

Figure 2.5 Reported HCR-AgNCs biosensors with differentially located AgNCs sites. (A) 

The detection of HIV DNA was performed via HCR-AgNCs with homo-polyC 2o toeholds 

and GO. Reprinted from [13], Copyright 2017, with permission from Elsevier. (B) 

Fluorescence from AgNCs templating loops is quenched by HCR amplification in the 

presence of target miR-145. Reprinted by permission from Springer Nature: Springer, Journal 

of Fluorescence, [165], 2017. (C) The AgNCs templating sequence partially embedded in 

DNA hairpin stems, will open for AgNCs formation after HCR amplification in the presence 
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of target miR-21. Adapted from [166]. (D) Four-hairpin HCR-AgNCs system to initiate 

proximity-dependent G-rich enhancement after HCR amplification in the presence of target 

mRNA. Republished with permission of Royal Society of Chemistry, from [169]; permission 

conveyed through Copyright Clearance Center, Inc. 

 

Given the linear nature of HCR amplification, several HCR-AgNCs biosensors have 

been supplemented with additional components to improve their overall performance (i.e., 

sensitivity and specificity). A familiar approach is the introduction of enzymatic activity into 

HCR-AgNCs designs, namely with DNA polymerase and nicking endonuclease. Enzymatic 

activity adds another amplification cycle in addition to HCR amplification. For instance, the 

HCR-AgNCs biosensor by Chen et al. featured a secondary autocatalytic strand displacement 

amplification for DNA target recycling, and achieved sub-femtomolar LOD [158]. This 

strategy has also been reported in other HCR-AgNCs studies with sub-femtomolar LOD for 

the detection of Dam MTase [161], mucin 1 [12], and miR-199a [75]. Nonetheless, the use of 

enzymes complicates the sensing platform by adding more components in an already 

sensitive HCR-AgNCs system, and additional cumbersome steps to remove the enzymes 

(e.g., heat inactivation and washing).  

External components, namely GO, have been capitalised in multiple HCR-AgNCs 

studies to minimise background fluorescence from unreacted hairpins [12,13,156]. GO has 

been known to be an effective nano-quencher for AgNCs fluorescence, due to long-range 

resonance energy transfer. DNA hairpins can reportedly adsorb onto GO at their toeholds and 

loops, via π−π stacking [75]. Upon recognising a target via hairpin toehold, the DNA hairpins 

can easily detach from GO due to the weak binding interaction, for HCR amplification and 

subsequent AgNCs formation. While this may be an appealing approach, the reaction 

condition has to be further regulated because high-salt conditions and certain components in 

biological samples may coagulate GO, thereby disrupting the performance of HCR-AgNCs 

biosensors [170,171]. 

Thus far, there have only been a total of 17 HCR-AgNCs studies conducted since 

2013 [172]. These studies include both electrochemical- and fluorescence-based assays, and 

focus on the detection of different target analytes, and nucleic acids (DNA, RNA). Table 2.3 

summarises the reported HCR-AgNCs studies, detailing the DNA hairpin structures, AgNCs 

templating sequences, and reaction conditions for both HCR amplification and AgNCs 

formation.  



 
 

35 

 

Table 2.3 Reported HCR-AgNCs biosensors.  

Type Target AgNCs templating 

sequence and location  

AgNCs preparation HCR condition DNA hairpin 

structure 

Reference 

Electrochemical  P53 exon8 DNA Hairpin loop:  

CCC CCC CCC CCC 

 

0.5 μM H1/H2 

10 μL 100 μM Ag+ 

2 μL 500 μM NaBH4 

 

Incubation condition: 

1 h, room temperature 

 

Buffer condition: 

10 mM tris-HCl, 500 

mM Na+, 1 mM Mg2+ 

pH 7.4 

 

Reaction condition: 

2.5 h, room temperature 

 

H1 and H2 

8 base toehold 

9 bp stem  

12 base loop 

 

 

[158] 

Electrochemical Dam MTase ssDNA:  

CCC CCC CCC CCC  

 

2 μM H1/H2 

10 μL 200 μM Ag+ 

8 μL 500 μM NaBH4 

 

Incubation condition: 

2 h 

 

Buffer condition: 

20 mM tris-HCl, 140 

mM Na+, 5 mM Mg2+ 

pH 7.4 

 

Reaction condition: 

70 minutes (min), 37 oC 

 

Non-hairpin 

ssDNA  

 

[161] 

Fluorescence Cell surface 

glycans 

Hairpin toehold:  

CCC CCC CCC CCC  

 

10 mM Ag+ 

2 mM NaBH4 

 

DNA: Ag+: NaBH4 

0.5: 10: 10 

 

Incubation condition: 

5 h, 4 oC 

Buffer condition: 

20 mM phosphate buffer, 

1 mM Mg2+ 

pH 7.4 

 

Reaction condition: 

2 h, 25 oC 

H1 

5 base 1o toehold 

16 base 2o toehold 

16 bp stem 

6 base loop 

 

H2 

11 base 1o toehold 

[11] 
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15 bp stem 

6 base loop 

 

Fluorescence miR-17-5p Hairpin toehold: 

CCC CCT TAA TCC 

CCC  

 

DNA: Ag+: NaBH4 

1: 10: 10 

 

Incubation condition: 

3 h, in dark 

Buffer condition: 

200 mM phosphate 

buffer 

pH 7.4 

 

Reaction condition: 

4 h, room temperature 

 

Side note: 

3-hairpin system 

H1  

12 bp stem 

29 base loop 

 

H2  

28 base 1o toehold 

21 base 2o toehold 

12 bp stem 

6 base loop 

 

H3  

12 bp stem 

12 base loop 

 

[160] 

Fluorescence Mucin 1 Hairpin toehold: 

CCC CCC CCC CCC  

 

1 μL 100 μM H1/H2 

10 μL 60 μM Ag+ 

10 μL 60 μM NaBH4 

 

Incubation condition: 

1 h, in dark 

 

Buffer condition: 

20 mM tris-HNO3, 50 

mM K+, 10 mM Mg2+, 1 

mM DTT 

pH 7.9 

 

Reaction condition: 

1 h, 37 oC 

 

H1 and H2 

12 base 1o toehold 

12 base 2o toehold 

15 bp stem 

12 base loop 

[12] 

Fluorescence miR-21 Hairpin stem: 

CCC ACC CAC CC  

10 μL 10 μM H2 

2.4 μL 0.5 mM Ag+ 

Buffer condition: 

10 mM HEPES, 200 mM 

H1 

8 base toehold 

[166] 
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 2.4 μL 0.25 mM NaBH4 

 

Incubation condition: 

4 h 

Na+ 

pH 7.2 

 

Reaction condition: 

2 h, room temperature 

18 bp stem 

10 base loop  

 

H2 

6 base 1o toehold 

8 base 2o toehold 

24 bp stem 

8 base loop 

 

Fluorescence miR-145 Hairpin loop: 

CCC CCC  

 

32.4 μL 100 μM DNA 

32.4 μL 1 mM Ag+ 

32.4 μL 1 mM NaBH4 

 

Incubation condition: 

1 h, room temperature 

 

Buffer condition: 

20 mM phosphate buffer, 

1 mM Mg2+ 

pH 7 

 

Reaction condition: 

1 h, 37 oC 

 

Side note: 

Non-equimolar DNA 

hairpins used; 3 μM H1, 

6 μM H2 

 

H1 and H2 

6 base toehold 

17 bp stem  

6 base loop 

[165] 

 

Electrochemical 

Electrochemi-

luminescence 

 

Thrombin Hairpin loop: 

C-rich  

 

1 μM H1/H2 

8 μL 200 μM Ag+ 

5 μL 500 μM NaBH4 

 

Incubation condition: 

2 h, room temperature, in 

Buffer condition: 

10 mM tris-HCl, 1 mM 

EDTA, 12.5 mM Mg2+ 

pH 7.4 

 

Reaction condition: 

Unspecified [162] 
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dark  2 h, 37 oC 

 

Fluorescence HIV DNA Hairpin toehold: 

CCC CCC CCC CCC  

 

DNA: Ag+: NaBH4 

0.1: 0.6: 0.6 

  

Incubation condition: 

2 h, room temperature, in 

dark 

 

Buffer condition: 

10 mM phosphate buffer 

100 mM Na+ 

5 mM Mg2+ 

pH 7.5 

 

Reaction condition: 

4 h, room temperature 

H1 

15 base 1o toehold  

12 base 2o toehold 

16 bp stem  

10 base loop 

 

H2 

10 base 1o toehold  

12 base 2o toehold 

16 bp stem  

15 base loop 

 

[13] 

Fluorescence let-7 Hairpin loop: 

CCC CCC  

 

DNA: Ag+: NaBH4 

1: 10: 10  

 

Incubation condition: 

5 h, room temperature 

 

Buffer condition: 

20 mM phosphate buffer, 

1 mM Mg2+ 

pH 7 

 

Reaction condition: 

1 h, 37 oC 

 

Side note: 

Non-equimolar DNA 

hairpins used; 4 μM H1, 

8 μM H2 

 

 

H1 and H2 

6 base toehold 

16 bp stem 

6 base loop 

[157] 
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Electrochemical Lysozyme Hairpin toehold:  

CCC CCC CCC CCC  

 

DNA: Ag+: NaBH4 

1: 6: 6 

 

Incubation condition: 

1 h, 4 oC, in dark 

 

Buffer condition: 

50 mM PBS 

pH 7.4 

 

Reaction condition: 

10 h, 35 oC 

 

H1 

6 base toehold  

14 bp stem 

4 base loop 

 

H2 

12 base toehold 

14 bp stem 

4 base loop 

 

[159] 

 

Electrochemical miR-199a Hairpin loop: 

CCC CCC CCC CCC  

 

0.5 μM DNA 

10 μL 100 μM Ag+  

2 μL 500 μM NaBH4  

 

Incubation condition: 

2 h, room temperature, in 

dark 

 

Buffer condition: 

10 mM tris-HCl, 500 

mM Na+, 1 mM Mg2+ 

pH 7.4 

 

Reaction condition: 

2 h, room temperature 

H1 

8 base toehold 

9 bp stem  

12 base loop 

 

H2 

11 base 1o toehold 

3 base 2o toehold 

6 bp stem 

12 base loop 

 

[75] 

Fluorescence mRNA AgNCs templating 

sequence (external 

DNA template): 

CCC TTA ATC CCC  

 

Enhancer (hairpin 

toehold): 

DNA: Ag+: NaBH4 

15: 90: 90  

 

Incubation condition: 

18 h, room temperature, in 

dark 

Buffer condition: 

50 mM phosphate buffer, 

500 mM Na+, 50 mM 

Mg2+ 

pH 6.8 

 

Reaction condition: 

H1 

6 base 1o toehold 

24 base 2o toehold 

18 bp stem 

6 base loop 

 

H2 and H4 

[169] 
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GGG TGG 

GGT GGG GTG GGG 

 

 

4 h, 37 oC 

 

Side note: 

4-hairpin system 

 

6 base toehold 

18 bp stem 

6 base loop 

 

H3 

34 base toehold 

19 bp stem 

4 base loop 

 

Fluorescence DNA Hairpin stem:  

CCC CCC  

 

DNA: Ag+: NaBH4 

1: 3: 3  

 

Incubation condition: 

5 h 

Buffer condition: 

High-salt 

10 mM phosphate buffer, 

200 mM Na+, 1 mM 

Mg2+ 

pH 7.0 

 

Low-salt 

20 mM phosphate buffer, 

1 mM Mg2+ 

pH 7.0 

 

Reaction condition: 

Overnight incubation, 

room temperature 

High-salt 

H1 

9 base toehold 

20 bp stem  

7 base loop 

 

H2 

9 base toehold 

21 bp stem  

6 base bulge 

5 base loop 

 

Low-salt 

H1 

8 base toehold 

19 bp stem 

8 base loop 

 

H2 

[164] 
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8 base toehold 

21 bp stem 

6 base bulge 

4 base loop 

 

Electrochemical Uranyl ion Hairpin stem: 

Unspecified  

 

0.5 μM DNA 

5 μL 5 mM Ag+ 

10 μL 12.5 mM NaBH4 

 

Incubation condition: 

50 min, in dark 

 

Buffer condition: 

Unspecified 

 

Reaction condition: 

1.5 h, 35 oC 

H1 and H2 

6 base toehold 

14 bp stem 

6 base loop 

 

[173] 

Fluorescence Telomerase miR Hairpin toehold: 

CCC CCT AAT TCC 

CCC  

 

DNA: Ag+: NaBH4 

1: 7: 7 

 

Incubation condition: 

3 h, 4 oC, in dark 

 

Buffer condition: 

20 mM tris-HCl, 1.5 mM 

Mg2+, 63 mM K+, 10 mM 

dNTPs, 0.05% Tween 

20, 1 mM EGTA 

pH 8.3 

 

Reaction condition: 

2 h, 37 oC 

H1 

6 base toehold 

8 bp stem 

14 base loop 

 

H2 

27 base toehold 

8 bp stem 

6 base loop 

 

[156] 

 

Electrochemical miR-155 AgNCs templating 

sequence (hairpin 

toehold):  

CCT CCT TCC TCC 

 

Enhancer (hairpin 

Electrochemical 

deposition 

10 μL 1 mM Ag+ 

1 h 

0 to -1.35V 

100 mV.s-1 

Buffer condition: 

20 mM tris, 1.0 mM 

Mg2+, 1.0 mM Ca2+, 140 

mM Na+, 5 mM K+ 

pH 7.4 

 

H1 

13 base toehold 

13 bp stem 

9 base loop 

 

H2 

[163] 
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toehold): 

TTT TTT TTT TTT 

TTT 

 Reaction condition: 

2 h 20 min, room 

temperature 

 

Side note: 

3 hairpin-system 

 

18 base toehold 

13 bp stem 

6 base loop 

 

H3 

6 base 1o toehold 

12 base 2o toehold 

14 bp stem 

4 base loop 
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2.5.5 Limitations of HCR-AgNCs biosensors 

The research advancement of HCR-AgNCs as a biosensor has been appealing thus 

far. However, HCR-AgNCs biosensors are still a relatively new detection strategy with their 

own limitations. Firstly, the reported HCR-AgNCs systems lack the systematic guidelines to 

effectively design DNA hairpin probes with AgNCs templating sequences (Table 2.3). The 

different approaches to design hairpin structures led to variations of hairpin size and 

corresponding signal output. Additionally, the reported HCR-AgNCs systems have different 

reaction conditions, such as the HCR incubation conditions (i.e., temperature and duration), 

AgNCs preparation (i.e., incubation condition and reactant concentrations), and the reaction 

buffers used. Besides that, there is a lack of correlation between the reported HCR-AgNCs 

biosensors. Even with the same AgNCs templating sequence (i.e., 6C loop), different 

fluorescence emission properties have been reported, which highlights the insufficient 

knowledge on the molecular interactions of AgNCs in HCR systems [157,165].  

Despite the simple preparation and mechanism of both HCR and AgNCs, the reported 

HCR-AgNCs biosensors require a relatively long incubation period (i.e., ranging from several 

hours to overnight incubation, some of which might not be comparable to current miR 

detection techniques such as RT-qPCR) and limiting conditions (i.e., 4oC incubation for 

AgNCs preparation), which might not be practical for clinical applications and POCT (Table 

2.3). In addition, most of the reported HCR-AgNCs biosensors have limited sensitivity, 

typically within the nM range [13]. These limitations could be due to the complex mechanism 

and hairpin probe designs of corresponding HCR-AgNCs systems. 

These limitations make it challenging for HCR-AgNCs biosensors to fully realise 

their biosensing capabilities and applications, thereby deterring further research and 

development of HCR-AgNCs systems. This thesis addressed most of these limitations with 

simpler designs and enhancement features, all of which are covered in detail over the next 

section (Section 2.6) and chapters (Chapters 3, 4, and 5). 
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2.6 Future direction of HCR-AgNCs biosensors 

The potential to expand the field of HCR-AgNCs biosensors is aplenty, and focus can 

be directed towards improving either the individual aspects of HCR and AgNCs respectively, 

or the entire HCR-AgNCs system.  

HCR amplification has seen several modifications over the years. An interesting take 

is the concept of branched HCR amplification. This approach exponentially amplifies signals, 

by crosslinking DNA hairpin probes to form a network of DNA [76,92,174–179]. More than 

two DNA hairpins are used in this case, and their design would have two terminal toeholds 

for the branching to occur. This can be challenging to translate into branched HCR-AgNCs 

biosensors. Based on the current designs, AgNCs templating strands are mainly introduced at 

the terminal toehold or loop region, which will require significant thought process to integrate 

into branched HCR-AgNCs biosensors. It is possible to introduce AgNCs in the stem region 

whereby AgNCs can intercalate between the dsDNA strands [180–187], or having AgNCs as 

an external system. The former would require careful design of the DNA hairpin probes to 

ensure stability and feasibility of both HCR amplification and AgNCs fluorescence. The 

latter would be more straightforward and can be easily integrated into a stable branched HCR 

network. In Chapter 4, the possibility of integrating AgNCs as an external signal transducer 

into a linear HCR system will be explored in detail. 

When it comes to fluorogenic AgNCs, the AgNCs templating sequence plays a crucial 

role. Section 2.5.4 evaluated the different AgNCs templating sequences utilised in HCR-

AgNCs biosensors, such as C-rich ssDNA, C-rich hairpin loops, and chemopalette sequences, 

as well as the concept of proximity-dependent AgNCs (i.e., NCBs and chameleon AgNCs). 

Alternative AgNCs templating sequences that have yet to be tested in HCR-AgNCs 

biosensors include intercalation within dsDNA structure (gaps, abasic, mismatch sites, etc.) 

[181–187], or secondary structure scaffolds like g-quadruplex [188,189]. Despite the 

coinciding factor of introducing AgNCs in HCR dsDNA structures, the addition of specific 

sites would be difficult to design for DNA hairpins. A missing bp can disrupt the energy 

balance of DNA hairpins, not to mention the lack of studies implementing dsDNA-AgNCs. 

On the other hand, G-quadruplex could be integrated into HCR-AgNCs biosensors. From a 

collection of studies, G-quadruplex can be formed from G-rich sequences located as split 

pairs at the terminal toeholds of DNA sequences, or in a large loop [190–196]. The DNA 

hairpin design processed would be challenged as the former would introduce tremendous 
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steric effect from the hanging tails on HCR products, whereas the latter introduces numerous 

mismatch sequences in a relatively large loop sequence. Either way, these have to be factored 

into consideration to maintain the efficiency of HCR amplification, and DNA hairpin 

stability. In another perspective, principles like NCBs and chameleon AgNCs can be 

introduced in a different manner. This was shown in the HCR-AgNCs studies by Liu et al. 

with a 4-hairpin system, and Jiang et al. with loop-mediated DNA hairpin opening and the 

use of two AgNCs templating sequences [160,169]. In Chapter 3, the possibility of 

introducing chameleon AgNCs with the addition of a single short AgNCs templating 

sequence will be explored for the ratiometric fluorescence miR detection. 

Finally, conventional HCR-AgNCs biosensors solely emphasise on linear 

amplification, which limits their performance (i.e., sensitivity and specificity). Several 

modifications that reported overall performance enhancement were described in Section 

2.5.4, such as the use of enzymatic activity and external elements (e.g., GO) [13,158]. These 

add-ons resulted in HCR-AgNCs biosensors with better sensitivity, shorter reaction time, and 

lower background signal. Likewise, in Chapter 5, the possibility of integrating a magnetic 

component into HCR-AgNCs biosensors will be explored, and its application validated to 

exclude the tedious process of purifying and extracting analytes from a complex matrix. 
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Chapter 3: Development of a ratiometric fluorescence 

HCR-AgNCs biosensor for miR detection 

3.1 Overview 

This chapter explores the possibility of developing a HCR-AgNCs biosensor that 

functions with ratiometric fluorescence analysis, to detect miR-155. Ratiometric detection has 

known to produce better sensitivity and reliability based on its internal calibration from the 

changes between two signal intensities. However, this is rarely applied in modern biosensors, 

let alone HCR-AgNCs systems. In this work, stable ratiometric HCR-AgNCs biosensor is 

designed, by tailoring a specific AgNCs templating sequence with an adjacent C-rich 

sequence at the DNA hairpin toehold segment, for a proximity-dependent AgNCs 

fluorescence response. The working principle is based on the influence of microenvironment 

towards the hosted AgNCs, whereby unfolding the DNA hairpin upon HCR manipulates the 

distance between the AgNCs templating and C-rich sequence at the DNA hairpin toehold, 

thereby switching its fluorescence response accordingly. The results indicate the feasibility 

and stability of the proposed HCR-AgNCs biosensor, with a red-yellow dual-emissive 

fluorescence response. The dominant emission of AgNCs changes from red to yellow in the 

presence of miR-155, thereby enabling a ratiometric measurement of miR-155 with high 

sensitivity and selectivity. The LOD of the HCR-AgNCs biosensor is 1.13 fM in buffered 

solution, and a comparable LOD of 1.58 fM in human serum. At the end of the chapter, the 

findings are summarised to show the potential of translating the ratiometric HCR-AgNCs 

biosensor for clinical application. 

 

3.2 Background 

Fluorescence-based biosensors have gained relative traction for their high sensitivity, 

selectivity and simple operation [197–199], but a majority of these work through the changes 

of a single emission signal response. As a result, minor fluctuations in the system (i.e., probe 

concentration, microenvironment) and systematic errors can cause significant variations in 

the signal response [200,201]. Ratiometric fluorescence detection can circumvent some of 

these problems. In principle, ratiometric sensors are designed with fluorescent probes that 
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undergo a stimuli-dependent emission wavelength shift upon excitation, whereby the 

fluorescence intensity is expected to decrease at one emission wavelength and concurrently 

increase at the other emission wavelength. Thus, by calculating the ratio of the intensity 

differences between the two emission wavelength regions, a highly accurate, precise, and 

sensitive analysis of a target can be achieved. In contrast to the mere intensity change of 

conventional fluorescence sensors, the signal enhancement ratio of ratiometric sensors relays 

an internal calibration of the fluorescent probes, thereby minimising any bias errors in the 

system and increasing the reliability of the measurements [132,144,202–205]. This concept has 

been adopted for various sensing, imaging and biomedical applications [206–210]. For 

instance, Luo et al. utilised two different fluorophores, Cy3 and Cy5, to detect mitochondrial 

ATP in living cells. ATP initiates fluorescence resonance energy transfer between Cy3 and 

Cy5, resulting in an emission wavelength shift from green to red fluorescence response, and 

this was used for ratiometric measurement [211]. Ratiometric sensing can be applied with 

DNA-AgNCs as well. Del Bonis-O’Donnell et al. identified two AgNCs templating 

sequences that emit green and red fluorescence respectively. When dopamine was added with 

these sequences, the green emission would sustain, whereas the red emission would be 

quenched. These changes enabled ratiometric detection of dopamine, with the potential for 

real-time monitoring in vivo [212]. With regards to HCR-AgNCs biosensors, Jiang et al. 

reported a HCR-AgNCs ratiometric biosensor, where the emission colour of AgNCs changed 

in the presence of target miR, even in a complex solution [160]. The dual-emissive species of 

AgNCs relies on the proximity of two identical AgNCs templating sequences at the DNA 

hairpin toehold, such that HCR amplification would separate the strands for a strong yellow 

emission. However, the reported design presented numerous discrepancies (i.e., different 

hairpin structure and hairpin opening mechanism), which undermined its reliability and 

reproducibility.  

In Section 2.2.1, miRs were introduced as diagnostic and prognostic biomarkers that 

have good stability in human blood and serum, and that their expression is dysregulated on 

the onset and progression of diseases [213–215]. The challenges faced current miR detectors 

(i.e., tedious miRs extraction process, operational costs, and quality control) and the demand 

for alternative detection strategies, were highlighted in Section 2.2.2 [216]. Herein, a 

ratiometric HCR-AgNCs biosensor is developed, with miR-155 as the model target. MiR-155 

is a potential non-invasive biomarker of breast cancer and has reported significantly increased 

expression levels in breast cancer patients as compared to healthy individuals. The relative 
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serum miR-155 expression levels correlate to the progression of breast cancer (i.e., tumour 

grade, stage, and size) in patients. MiR-155 has also shown a reduced expression post-

surgery/chemotherapy, thereby highlighting its role to measure treatment response. Hence, 

the detection of circulating miR-155 expression is crucial to facilitate the diagnosis and 

prognosis assessment of early-stage breast cancer [217–220].  

Scheme 3.1 outlines the functionality of the proposed HCR-AgNCs biosensor to 

detect miR-155, with two DNA hairpins (i.e., H1 and H2). H1 was designed as the 

fluorescent probe with both AgNCs templating sequence and a C-rich sequence at its toehold 

segment. When miR-155 is introduced, HCR amplification is initiated between the two DNA 

hairpins (i.e., H1 and H2) to yield a long nicked dsDNA product. Subsequent preparation of 

AgNCs will yield AgNCs on the extended tail from the HCR product, and this generates an 

intense yellow fluorescence signal. Without miR-155, AgNCs will be caged in the DNA 

hairpin toehold region and produce an intense red fluorescence signal. By measuring both the 

intensities of yellow fluorescence (Fy) and red fluorescence (Fr) at any given time, ratiometric 

measurements (Fy/Fr) of miR-155 can be determined.  

 

 

Scheme 3.1 Outline of ratiometric HCR-AgNCs biosensor for the detection of miR-155. 

 

3.3 Methodology 

3.3.1 Materials 

Silver nitrate (AgNO3) and sodium borohydride (NaBH4) were purchased from 

Nacalai Tesque (Kyoto, Japan). Tris ((HOCH2)3CNH2) was purchased from Apical Scientific 

(Selangor, Malaysia). Acetic acid (CH3COOH) was purchased from R&M Chemicals 

(Selangor, Malaysia). Magnesium nitrate (Mg(NO3)2) was purchased from Fisher Scientific 

(New Hampshire, USA). Other reagents were of analytical grade and used without further 



 
 

49 

 

purification. All solutions used throughout the experiments were prepared in ultrapure water 

(18 MΩ.cm).  

All DNA and RNA samples were of desalted grade and purchased from Integrated 

DNA Technologies (IDT) (Iowa, USA). The sequences of miR-155 and non-target controls 

were adapted from www.mirbase.org. The sequences are listed in Table 3.1. All mismatch 

and non-target sequences used in this study were DNA analogues in place of their RNA 

counterparts, for cost-effectiveness, stability, and ease of handling. Prior to usage, the DNA 

oligonucleotides were dissolved in molecular grade water to obtain stock concentrations of 

100 μM. MiR-155 was dissolved in DEPC-treated water to obtain stock concentration of 100 

μM. 

 

Table 3.1 Oligonucleotide sequences used in this work. Red letters indicate AgNCs 

templating sequence. Italicised letters indicate hairpin stem region. Bold letters indicate 

hairpin loop. Underlined letters indicate mismatch base(s). 

DNA/RNA Sequence (5’ – 3’) 

H1  AAC CCC TAT CAC GAT TAG CAT TAA GGC TAC TTA ATG CTA ATC 

GTG ATA TTT ACC CAC CCA 

H2  TTA ATG CTA ATC GTG ATA GGG GTT TAT CAC GAT TAG CAT TAA 

GTA GCC 

miR-155 UUA AUG CUA AUC GUG AUA GGG GUU 

mismatch 1  TTA ATG CTA ATC GTG ATA GGC GTT 

mismatch 2  TTA ATG CTA ATC CTG ATA GGC GTT 

mismatch 3  TTA ATG GTA ATC GTC ATA CGG GTT 

miR-10b  TAC CCT GTA GAA CCG AAT TTG TG 

miR-21 TAG CTT ATC AGA CTG ATG TTG A  

miR-29b  TAG CAC CAT TTG AAA TCA GTG TT 

miR-125b  TCC CTG AGA CCC TAA CTT GTG A 

miR-145  GTC CAG TTT TCC CAG GAA TCC CT 

 

3.3.2 Design of DNA oligonucleotides 

Based on the sequence of miR-155, H1 and H2 were designed using NUPACK 

(http://www.nupack.org), OligoAnalyser Tool 

http://www.mirbase.org/
http://www.nupack.org/
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(https://sg.idtdna.com/pages/tools/oligoanalyser), and Kinetics Calculator 

(http://nablab.rice.edu/nabtools/kinetics.html).  

 

3.3.3 MiR-155 detection in buffer 

DNA hairpins, H1 and H2, were heated at 95°C for 5 min and snap-cooled in an ice 

bath for 30 min before use, to ensure that the DNA probes fold into their most stable hairpin 

structure. HCR was initiated when the target miR-155 solution was introduced into an 

equimolar mixture of H1 and H2 probes (3 μM). The mixture was then topped up to 100 μL 

with the HCR buffer (20 mM tris-acetate, 2 mM Mg(NO3)2) and incubated for 2 h at 32 °C in 

a thermomixer.  

Thereafter, AgNCs was prepared in the reaction mixture. Briefly, AgNO3 was added 

into the reaction mixture, followed by vigorous shaking for 30 seconds (s). After 15 min, 

NaBH4 was added with vigorous shaking for another 2 min. The molar ratio of H1, AgNO3 

and NaBH4 was kept at 1:14:14 (μM). Subsequently, the resultant solution was incubated in 

the dark for 1.5 h before fluorescence measurement. 

 

3.3.4 Gel electrophoresis 

Agarose gel electrophoresis was conducted to verify the formation of HCR products. The 

gel was prepared from 2% agarose solution with 1X sodium borate buffer and pre-stained 

with SYBR Safe DNA gel stain. The gel was then run at 110 V for 50 min at room 

temperature. After completed, the gel was photographed and evaluated using Gel Doc System 

(Bio-Rad, USA). 

 

3.3.5 Fluorescence measurement 

Fluorescence measurements were performed using a Hitachi F-7000 Fluorescence 

Spectrophotometer (Hitachi, Japan). The excitation and emission slits of the 

spectrophotometer were set to 10 nm, and the PMT voltage was set to 950 V. The excitation 

wavelengths (λEX) used were 498 and 568 nm, for the respective peaks at emission 

https://sg.idtdna.com/pages/tools/oligoanalyzer
http://nablab.rice.edu/nabtools/kinetics.html
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wavelengths (λEM) 561 and 616 nm. Fy/Fr were calculated from the emission intensities at 561 

and 616 nm. 

 

3.3.6 AgNCs characterisation 

Transmission electron microscopy (TEM) was used to validate the formation of 

AgNCs. TEM images were taken using a FEI Tecnai G2 F20 Transmission Electron 

Microscope equipped with a Gatan Orius SC 1000 B camera. 

 

3.3.7 MiR-155 detection in human serum sample 

Whole blood samples were collected at Universiti Teknologi Mara (Selangor, 

Malaysia) and centrifuged for 13 min at 4000 xg to obtain human serum. The detection of 

miR-155 in human serum was performed based on standard addition method. Firstly, the 

human serum was diluted 100-fold with HCR buffer. The diluted human serum was then 

spiked with different concentrations of miR-155 (100 fM, 1, 10, 100 pM, 1, 10, 100, 200, 

400, 600, 800, and 1000 nM). HCR was performed and AgNCs were prepared as 

aforementioned in Section 3.3.3. Finally, the fluorescence response was measurement as 

described in Section 3.3.5. In addition, four technical replicates were performed from one 

biological human serum sample. 

 

3.3.8 Data analysis 

 GraphPad Prism 7.4.6 was used to analyze the data, and the data were presented as 

mean ± standard error of the mean (SEM). Student’s t-test was used to compare data between 

two groups. One-way ANOVA and the Tukey’s test were used to compare data between 

more than two groups. Statistical significance was denoted by p < 0.05. 
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3.4 Results and Discussion 

3.4.1 Sensing strategy 

As illustrated in Scheme 3.2, the HCR-AgNCs biosensor comprised two DNA hairpin 

probes, (i.e., H1 and H2) for HCR amplification. H1 was designed to have a AgNCs 

templating sequence (-ACC CAC CCA-) at the end of the hairpin structure as the 2o toehold, 

adjacent to the 1o toehold (Scheme 3.2A). This particular sequence was previously reported 

to produce yellow and red emissive species, with the former as dominant [221]. Inspired by 

concept of proximity-dependent AgNCs (i.e., NCBs and emitter-pairs), where their 

fluorescence properties were known to be influenced by adjacent sequences [140,145,222–

225], it was deduced that the AgNCs hosted in H1 would change their fluorescence profile 

when the hairpin unfolds during HCR. Considering C-rich bases could result in AgNCs of 

greater size and with longer emission wavelength [226,227], the 3’ end of miR-155 was 

selected as the initiating site for HCR amplification, for the four consecutive C bases. It was 

speculated that when the hairpin structure remained, AgNCs were in proximity with the C-

rich 1o toehold, hence favouring the formation of red emissive species. Upon HCR 

amplification, the H1 would open and the C-rich 1o toehold would be used in the 

amplification process. This separated the C-rich sequence from the AgNCs templating 

sequence (Scheme 3.2B), and influenced the yellow and red emission, subsequently enabling 

the detection of miR-155. This approach is novel for HCR-AgNCs biosensors, as the emitter-

pair sequence actively participates in HCR amplification. In contrast to reported strategies, 

the proposed method featured a more direct and simpler mechanism. The design by Liu et al. 

utilised four DNA hairpin probes and a separate AgNCs templating strand, which resulted in 

a long HCR amplification process (i.e., 4 h) [169]. On the other hand, the chameleon HCR-

AgNCs by Jiang et al. utilised DNA hairpin probes with inconsistent secondary structures 

and reported loop-mediated DNA hairpin opening mechanism. Loop-mediated DNA hairpin 

opening was also reported as a slower approach than toehold-mediated opening [49], which 

led to a relatively long HCR amplification process (i.e., 4 h) [160].  
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A. 

 

B. 

 

Scheme 3.2 HCR-AgNCs biosensor. Formation of AgNCs (A) without miR-155, and (B) with 

miR-155. 

 

3.4.2 Computational design of HCR-AgNCs biosensor 

In this HCR-AgNCs design, HCR amplification was simplified down to the use of 

only two DNA hairpin probes. By taking into consideration the guidelines discussed earlier in 

Section 2.3.3 [49,62–65], several changes were made to the traditional DNA hairpin probe. In 

this case, the combined length of the DNA hairpin stem and toehold was equivalent to the 

length of miR-155 (24-mer). The toehold length for both hairpin probes were fixed at 6-mer, 

which was common in HCR studies [8]. Meanwhile, the stem of H1 leading towards the loop 

had an additional C-G bp, which reduced the loop size by two nucleotides for better DNA 

hairpin metastability and ensuring a leak-proof design. The final structure (excluding AgNCs 

templating sequence) of H1 and H2 adopted the toehold: stem: loop base length ratio of 6: 19: 

4 and 6: 18: 6, respectively.  

For an effective ratiometric analysis, there needed to be a change in fluorescence 

response brought about by HCR amplification. That said, to facilitate a change in the 
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fluorescence properties, a AgNCs templating sequence (-ACC CAC CCA-) was integrated on 

H1 as the 2o toehold. This particular sequence was one of the shortest chemopalette sequence 

and had been reported to emit both red and yellow fluorescence, with the latter being more 

dominant [9,221].  A short T-rich spacer was used to connect the AgNCs templating sequence 

to the DNA hairpin structure, to minimise the steric effect of the AgNCs templating sequence 

during DNA hairpin opening for HCR amplification. Furthermore, the HCR initiation site 

was optimised to start from the 3’ end of miR-155, as the first six bases would 

complementarily translate into a short C-rich sequence (5’-AAC CCC-3’) for the 1o toehold. 

In its DNA hairpin structure, the close proximity between the AgNCs templating sequence 

and C-rich 1o toehold was expected to emit red fluorescence, as greater number of C bases 

would lead to fluorescence emission of a longer wavelength [131,228–230]. As H1 opened in 

the presence of miR-155 for HCR, the C-rich 1o toehold actively participated in the HCR 

amplification process, thus leaving only the AgNCs templating sequence available for 

AgNCs synthesis and subsequent yellow fluorescence emission.   

The DNA sequences were initially run in NUPACK, to determine the best possible 

sequence for the loop and toehold of H1 and H2, respectively. This was performed through a 

script input as shown in Figure S1 (Appendix I). From here, a list of sequences was 

generated, and these sequences were screened with NABLAB for the best kinetic conditions. 

Henceforth, the best sequence was selected based on a balance between thermodynamic and 

kinetic aspects determined from computational screening. The final sequence of H1 and H2 

were as listed in Table 3.1. 

 These thermodynamic properties of these sequences were validated with 

OligoAnalyser Tool, which was modelled after the UNAfold software 

(http://www.unafold.org) to study oligonucleotide folding. This enabled the identification of 

the Tm and ΔG of each DNA hairpin. In Table S1 (Appendix I), the ΔG of H1 and H2 were 

estimated to be -18.38 kcal.mol-1 and -15.57 kcal.mol-1, respectively. According to the energy 

level guidelines mentioned earlier, the MFE threshold for metastable DNA hairpins was 

reported to be approximately -16 kcal.mol-1 [63]. The ΔG of H2 was slightly below the 

threshold, which was a concern, as it might initiate non-specific HCR without miR-155. On 

the other hand, the MFE DNA hairpin structures (i.e., H1 and H2) folded according to the 

planned HCR-AgNCs design, which prevented any dubious interactions in the HCR 

mechanism. For example, the DNA hairpin structure reported by Jiang et al. was different 

http://www.unafold.org/
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than the MFE structure after sequence analysis with OligoAnalyser, and this indicated that 

the DNA hairpins could have been opened from the toehold instead of the reported loop 

segment [160].  

As a pre-requisite to running the actual experiments, the interactions among the 

oligonucleotides (i.e., miR-155, H1 and H2) were analysed with NUPACK to confirm the 

feasibility of the design and identify possible system leakage during HCR amplification. The 

settings for prediction were set at 2 μM H1 and H2, and 1 μM miR-155, with the temperature 

fixed at 37 oC. From Figure S2A (Appendix I), HCR amplification was shown to be 

feasible, and this was evidenced by both depletion of DNA hairpins (i.e., 0.32 μM H1 and 

0.33 μM H2) and the formation of DNA concatemers between miR-155, H1 and H2 (e.g., 

miRNA155-H1-H1-H2-H2, miRNA155-H1-H2, and miRNA155-H1-H1-H2). In Figure S2B 

(Appendix I), the HCR product based on a total of five strands (i.e., miR155-H1-H1-H2-H2) 

was presented. The ΔG of the HCR complex was estimated to be -122.03 kcal.mol-1. The 

HCR product in Figure S2B (Appendix I) confirmed the complementary base-pairing 

between miR-155, H1 and H2, as well as the hanging tail (12-mer) corresponding to the 

AgNCs templating sequence on H1. The equilibrium probability of base-pairing throughout 

the structure remained mostly at 1.0, except for the A and T bases at the terminal ends of the 

DNA strands. As DNA duplexes are prone to fraying (mentioned in Section 2.3.3), terminal 

bases were susceptible to transient openings and this was more prominent with terminal A-T 

bp, as they were reported to have weaker hydrogen bonds than C-G bp [231]. The 

metastability of the DNA hairpins were preliminarily confirmed as shown in Figure S2C 

(Appendix I), whereby no indication of hybridisation between H1 and H2 at the absence of 

miR-155 was reported in the prediction by NUPACK.  

 

3.4.3 Feasibility of HCR-AgNCs biosensor 

To verify the feasibility of the proposed HCR-AgNCs biosensor, HCR amplification 

was first analysed. To do this, gel electrophoresis was performed to validate the amplification 

efficiency of HCR, and the stability of the DNA hairpins for a leak-proof HCR design. In 

Figure 3.1A, as shown in Lane 3, in the absence of target miR-155, only two bands 

corresponding to H1 and H2 (Lanes 1 and 2) were observed. This implied that H1 and H2 

were metastable, and no circuit leakage occurred. HCR was specifically triggered when miR-
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155 was introduced, as evidenced by multiple bands of HCR products in Lane 4. On the 

contrary, the tailings observed in the lanes were most likely due to the high concentration of 

DNA samples loaded into each well. 

Next, the fluorescence of AgNCs was measured in the absence and presence of miR-

155. As shown in Figure 3.1B, the HCR-AgNCs exhibited two fluorescence peaks at λEM 

561 and 616 nm respectively. This is in accordance with the dual-emissive character of the 

AgNCs hosted at the templating sequence of H1, as aforementioned [221]. Interestingly, the 

red emission at 616 nm was slightly more dominant in the absence of miR-155 (i.e., HCR-

negative); whereas the yellow emission at 561 nm was significantly enhanced in the presence 

of miR-155 (i.e., HCR-positive). Without miR-155, the hairpin structure of H1 remained 

conserved, whereby the C-rich 1o toehold came in close proximity to the AgNCs and resulted 

in predominance of red emission. When HCR was triggered by miR-155, the AgNCs 

templating sequence was separated from the C-rich 1o toehold, leading to an enhancement of 

yellow fluorescence. By measuring the fluorescence intensities at both 561 and 616 nm, and 

calculating the Fy/Fr, the concentration of miR-155 can be determined. 

The TEM images (Figure 3.1C and D) illustrated the successful formation of DNA-

AgNCs with uniform size. Notably, AgNCs formed in HCR-positive samples (Figure 3.1C) 

were regularly shaped with an average diameter of approximately 4 nm, which was 

comparable to several DNA-AgNCs species [232,233]. On the other hand, the AgNCs caged 

in the HCR-negative sample (Figure 3.1D) were irregularly shaped with diameter that was 

twice the size of HCR-positive samples, at approximately 8 nm. The observation indirectly 

coincided with an earlier report, whereby different sizes of AgNCs were observed by 

manipulating distances of two individual nucleation sequences [160]. Additionally, it had 

been deduced that nanoclusters of smaller sizes tend to give emission at lower wavelength 

[226,234], which in this case, AgNCs of HCR-positive samples were smaller in size and 

showed higher proportion of yellow emission. 

 



 
 

57 

 

A. 

 

 

B. 

 

 

C. 

 

 

D. 

 

 

Figure 3.1 (A) Agarose gel analysis of HCR products. (B) Emission spectra of AgNCs in the 

presence (solid) and absence (dashed) of miR-155, with images of real samples shown as 

inset. TEM images of (C) HCR-positive, and (D) HCR-negative samples.  

 

3.4.4 Condition optimisation of HCR-AgNCs biosensor 

To ensure the highest performance of the HCR-AgNCs biosensor for the detection of 

miR-155, several parameters were systematically tested, including HCR incubation condition 

and concentrations of Ag+ and NaBH4 for AgNCs preparation. First, the duration and 

temperature of HCR incubation were investigated simultaneously in a full factorial 

experimental design. The performance of the biosensor was screened from 25 to 45 °C at a 5 

°C interval, over a period of 2.5 h at a 0.5 h interval. The Fy/Fr values obtained from each 

data point were normalised to that of HCR-negative samples under the same condition and 

employed as input parameters for JMP (https://www.jmp.com/en_us/home.html), a Design of 

Experiments (DoE) software. A response surface model was then built to illustrate the 

changes in fluorescence response across the tested parameters and the possible interactions 

https://www.jmp.com/en_us/home.html
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among the parameters [235,236]. To determine the optimum reaction conditions, a prediction 

profiler based on the maximum desirability factor was utilised [237]. Based on the surface 

plot (Figure 3.2A) and prediction profiler (Figure 3.2B), the most probable parameters to 

obtain the maximum Fy/Fr were 2.2-h incubation period and 32.2 °C incubation temperature. 

This condition was henceforth used for the subsequent experiments. Given the large amount 

of data input in the full factorial design and the relatively small interval between datapoints, 

the predicted conditions were considered reliable. Hence, no further experiments were 

conducted.  

The combination of the AgNCs templating sequence and emitter-pair was new and 

untested, thus needing optimisation. The preparation of AgNCs was optimised by varying the 

molar ratio of H1: Ag+: NaBH4, from 1: 6: 6 to 1: 30: 30, with consecutive increments of Ag+ 

and NaBH4 by 4 parts and normalising the Fy/Fr values obtained from each data point to that 

of HCR-negative samples under the same condition. Figure 3.2C showed that 1: 14: 14 of 

H1: Ag+: NaBH4 exhibited the highest Fy/Fr value and hence, was used for subsequent 

experiments. 

 

A. 
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B. 

 

 

C. 

 

 

Figure 3.2  Optimisation of experimental conditions. (A) HCR incubation temperature and 

duration. (B) Screenshot of prediction profiler in JMP used to find the optimised HCR 

incubation conditions. The prediction profiler utilises a desirability function, where the values 

from 0 to 1 indicates the scale of desirable response [237], i.e., Fy/Fr in this study. (C) Molar 

ratio of H1: Ag+: NaBH4. Normalised Fy/Fr represents the ratiometric measurement of HCR-

positive to HCR-negative Fy/Fr. Data presented as mean ± SEM, and statistically analyzed 

relative to 1:14:14. *, p<0.05; ***, p<0.001; ****, p<0.0001.  

 

3.4.5 Analytical performance of HCR-AgNCs biosensor 

3.4.5.1 Sensitivity test  

Based on the optimised experimental conditions, different concentrations of miR-155 

were used to evaluate the performance of the proposed HCR-AgNCs biosensor for 

quantitative analysis. As shown in Figure 3.3A, the Fy/Fr increased proportionally to the 

concentration of target miR-155 in a detection range from 100 fM to 1 μM. The correlation of 
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Fy/Fr to the concentration of miR-155, was attributed to the fraction of reacted DNA hairpins 

to unreacted DNA hairpins, such that higher concentration of miR-155 would utilise more 

DNA hairpin probes for HCR amplification. Two detection range identified. The first 

detection range (10 nM–1 μM) is shown in Figure 3.3A. The second detection range (100 

fM–10 nM) is shown in the inset of Figure 3.3A as a semi-log-plot for better visualization of 

the fluorescence profile. The LOD was calculated to be 1.13 fM according to the formula 

LOD = k σB/b, where k represents the expansion factor, σB as the standard deviation and b as 

the slope of the line [238]. In comparison to recently reported methods for the detection of 

miR-155 (Table 3.2), the proposed ratiometric HCR-AgNCs biosensor displayed excellent 

analytical performance, with higher sensitivity and wider detection range than most 

fluorescence-based biosensors, and comparable to some electrochemical-based biosensors. 

This could be ascribed to the high amplification efficiency of HCR and the ratiometric 

fluorescence derived from the dual-emissive AgNCs. 

 

3.4.5.2 Selectivity test 

The selectivity behaviour of the HCR-AgNCs biosensor towards miR-155 was also 

investigated. Different controls including blank sample (i.e., without miR-155), sequences 

with mismatched bases (i.e., mismatch n, where n indicates the number of mismatches in the 

sequence), and DNA analogues of other miRs (i. e. miR-10b, miR-21, miR-29, miR-125b and 

miR-145), as well as a mixture of miR-155 with all non-target controls (i. e. mixture) were 

tested. The concentration used for miR-155 and controls (i.e., mismatch and non-target 

sequences) used in the selectivity test was fixed at 1 μM.  Note that the other miRs were 

chosen based on their dysregulated expression found in breast cancer [239–243]. As shown in 

Figure 3.3B, the relative intensities of samples containing miR-155 were significantly higher 

than the other controls, proving that the HCR-AgNCs biosensor had excellent selectivity 

towards miR-155. No significant difference was observed in the relative intensity between 

miR-155 and the mixture samples, indicating the presence of other controls did not affect the 

performance of the HCR-AgNCs assay. An in-depth observation identified the relative 

intensities of mismatches 1, 2 and 3 were almost comparable to that of blank sample, 

implying the assay could discriminate down to a single base difference. The ability for HCR 

to discriminate mismatch bases was due to the fact that mismatch can disrupt process of DNA 

hairpin opening, as well as decreasing the Tm of associated dsDNA structures [244].  
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A. 

 

 

B. 

 

 

Figure 3.3 (A) Sensitivity profile of the HCR-AgNCs biosensor with two detection ranges 

displayed (n = 4). First detection range between 10 nM and 1 µM. Second detection range 

(semi-log plot inset) between 100 fM and 10 nM (B) Selectivity test of the HCR-AgNCs 

biosensor against miR-155 (n = 4). Data presented as mean ± SEM. ****, p<0.0001; ns, non-

significant. 
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Table 3.2 Comparison of the proposed HCR-AgNCs biosensor with other reported miR-155 biosensors.  

Detection system Materials LOD Detection range Reference 

Electrochemical Amino-functionalised graphene 12.50 pM 30 pM – 1 nM [245] 

Fluorescence Quantum dots (QDs) 14.00 pM 20 – 100 pM [246] 

Fluorescence Multi-walled carbon nanotube/gold nanocomposites 33.40 fM 100 fM – 1.0 nM [247] 

Colorimetric/Electrochemical Streptavidin MBs/alkaline phosphatase 29.00 pM 81 pM – 1.2 nM [248] 

Fluorescence DNA-copper nanoclusters (CuNCs) 2.20 pM 5 pM – 10 nM [249] 

Fluorescence DNA-CuNCs 11.00 pM 50 pM – 10 nM [250] 

Fluorescence Polystyrene beads/DNAzyme 30.00 pM 10 pM – 1 nM [251] 

Fluorescence GO/enzymatic amplification 4.50 pM 5 pM – 5 nM [252] 

Fluorescence Double-hairpin molecular beacon 0.18 nM 1.02 – 144 nM [253] 

Colorimetric DNA walker/gold nanoparticles 16.70 fM 50 fM – 10 pM [254] 

Fluorescence AgNCs/cadmium telluride QDs 1.20 pM 5 pM – 50 nM [255] 

Fluorescence Tetrahedral DNA nanostructure 100 fM 100 fM – 10 nM [256] 

Electrochemical gold nanoparticles/graphene QDs/GO 0.33 fM 1 fM – 1000 pM [257] 

Electrochemical GO/gold nanorod 0.6 fM 2 fM – 8 pM [258] 

Fluorescence HCR-AgNCs 1.13 fM 100 fM – 1 μM This work 
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3.4.6 Application of HCR-AgNCs biosensor in human serum sample 

To verify the applicability of the proposed HCR-AgNCs biosensor in complex 

samples, the biosensor was tested in diluted human serum samples spiked with different 

concentrations of miR-155. Similar to that of buffered samples (Figure 3.3A), two detection 

ranges were obtained (Figure 3.4). However, there was a slight deviation in the fluorescence 

profile as compared to the buffered samples (Figure 3.3A), which was likely attributed to 

interfering agents such as proteins and other biomolecules, that could be found in the serum 

[259]. In spite of the difference, the relative standard deviation (RSD) (n=4) of the first 

detection range (10 – 1000 nM) were all below 10%, whereas the RSD of the second 

detection range (100 fM – 10 nM) were all below 4%, which indicated high reliability and 

reproducibility of this detection method for real sample analysis. The calculated LOD was 

very comparable to that with buffered samples, i.e., 1.58 fM. Note that concentration of miRs 

ranges from fM to nM concentrations (i.e., taken into account the variations across 

individuals and the different studies) [260,261], and that the concentrations of miR-155in 

primary and metastatic breast cancer were once reported in a study to be approximately 2 pM 

and 6 pM, respectively [245]. This finding suggested that the proposed HCR-AgNCs 

biosensor has great potential for application in complex biological samples. 

 

Figure 3.4 Sensitivity profile of the HCR-AgNCs biosensor in diluted human serum sample 

(n = 4). First detection range between 10 nM and 1 µM. Second detection range (inset) 

between 100 fM and 10 nM. 
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3.5 Summary 

 In summary, a HCR-AgNCs biosensor was successfully developed for the detection 

of miR-155. It was also proven that the principle of ratiometric analysis with the addition of a 

single AgNCs templating sequence emitted a strong red-yellow fluorescence response. In the 

presence of miR-155, the HCR-AgNCs biosensor would produce a significant enhancement 

of the yellow fluorescence emission and a concurrent quenching of the red fluorescence 

emission, both of which are proportional to the concentration of miR-155. The ratiometric 

response calculated from both fluorescence emission, exhibited a proportional relationship 

with the concentration of miR-155 ranging from 100 fM to 1 μM, and the LOD was 1.13 fM. 

Moreover, the HCR-AgNCs biosensor showed high selectivity, with the capability of sharply 

discriminating between target miR-155, single-base mismatch sequence, and non-

complementary sequences. The ratiometric HCR-AgNCs biosensor reported a decent 

response in serum sample, which proved its reliability and reproducibility. Hence, with 

further optimisation (e.g., detection with clinical samples), the proposed ratiometric HCR-

AgNCs could be used in the early detection of breast cancer, by direct detection of the miR-

155, with minimal sample preparation procedures. This study had several limitations that 

could be further explored in future research, which will be covered in detail in Chapter 6. For 

example, the gel data from Figure 3.1A could be improved with the use lower concentrations 

of samples to prevent tailing. Additionally, the tailings could be further analyzed to identify 

possible non-specific interactions between samples (e.g., dimerization of similar DNA 

hairpins), despite the minimal to no risk of occurrence based on the comprehensive 

preliminary computational design. On the contrary, the thick/main bands on the gel could be 

further analyzed for their intensity to evaluate the specific concentration of DNA hairpins 

used. Subsequently, this could be used to supplement and support the fluorescence profile of 

the HCR-AgNCs biosensor. Apart from that, the performance of the biosensor could be 

further validated in future studies at higher concentrations and lower dilution of complex 

samples (e.g., human serum diluted by 10- or 20-folds), given that only 100-fold dilution was 

tested in this study, which might further reduce the concentration of the already low-abundant 

miRs in real samples.  
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Chapter 4: Development of a “switch-on” HCR-AgNCs 

biosensor based on externalised end-to-end cluster 

transfer of AgNCs for the detection of DNA 

4.1 Overview 

In this chapter, the possibility of developing a HCR-AgNCs biosensor with 

externalised AgNCs fluorogenic probes from the HCR amplification system is explored. The 

rationale behind this lies in simplifying the design process of a stable leak-proof HCR 

system, without the need of integrating long C-rich AgNCs templating sequences onto DNA 

hairpins. By externalising AgNCs signal transduction, an end-to-end cluster-transfer 

approach is utilised to activate a fluorescence response that corresponds to HCR 

amplification. Preliminary work of this study focuses on designing the DNA hairpins and 

probes for both HCR amplification and AgNCs fluorescence activation. This is followed by a 

series of experiments to prove the feasibility of the proposed HCR-AgNCs biosensor. Results 

indicated a strong red fluorescence emission that is detectable with the naked eye down to 1 

pM. Moreover, the quantitative analysis from the proposed HCR-AgNCs biosensor reported 

great sensitivity and selectivity towards a DNA target. The biosensor also performed well in 

human serum samples, with a good recovery and reproducibility. Overall, the cluster-transfer 

approach provides a good alternative to construct HCR-AgNCs assay with a lower risk of 

circuit leakage and produce AgNCs in a controllable manner. At the end of this chapter, the 

key findings are summarised and potential of translating the proposed HCR-AgNCs 

biosensor for real-world application is highlighted. 

 

4.2 Background 

In Section 2.4.4.4, the mechanism and application of proximity-dependent NCBs 

were covered in detail. Briefly, non-fluorescent ‘dark’ AgNCs species can be optically 

activated with an enhancer sequence that is in close proximity. G-rich strands are the most 

common enhancer sequences used for NCBs [138,139,262,263]. Interestingly, AgNCs 

fluorescence can also be activated via ‘cluster transfer’. This approach was initially 

introduced as means of transferring AgNCs from polymer to DNA sequences [109,264,265]. 
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The cluster transfer approach was then adapted for application between DNA sequences (i.e., 

dark and bright AgNCs species) [225]. A study by Teng et al. reported the cluster transfer of 

AgNCs from a dark AgNCs templating sequence to a C-rich sequence for an intense red 

fluorescence activation [149]. The deduced mechanism was that the C-rich sequence captured 

AgNCs from the dark AgNCs templating sequence presumably due to the higher specific 

affinity of Ag+ towards C-rich sequences. Furthermore, it was demonstrated by Teng et al., 

that the different positions of both dark AgNCs templating and C-rich sequence (i.e., on the 

same or opposite sides of DNA duplexes) could result in different degree of enhancement 

[149]. Nonetheless, these studies undoubtedly reveal the high sensitivity of AgNCs towards 

subtle changes in their environment, endowing them the versatility to integrate with 

amplification methods for biosensing purposes [266,267]. With regards to HCR-AgNCs 

biosensors, the concept of NCBs is under-utilised within the field. The only reported NCB-

based HCR-AgNCs biosensor was by Liu et al. with their four-hairpin ‘switch-on’ system. 

The design featured a dark AgNCs templating sequence and a G-rich enhancer sequence on 

the hairpin toehold, for red fluorescence activation in the presence of a mRNA target [169].  

Most HCR-AgNCs biosensors have the AgNCs templating sequence tailored into the 

DNA hairpin structure, to yield significant fluorescence change during HCR amplification. 

This approach, while feasible, poses several key challenges for HCR-AgNCs biosensors. 

Firstly, most AgNCs templating sequences are long C-rich sequences, and these can 

destabilise DNA hairpin structures, according to the HCR design guidelines highlighted in 

Section 2.3.3 [49,62–65]. On top of that, the purification and production of long 

oligonucleotides are costly, which limits the practical application of HCR-AgNCs in the long 

run. Next, the preparation of AgNCs is dependent on a specific ratio of reactants (i.e., Ag+ 

and NaBH4) to a AgNCs templating sequence. When AgNCs are prepared post-HCR 

amplification, the cluster can nucleate within different molecules (i.e., HCR product, C- and 

G-rich RNA and DNA probes, proteins, and metal ions) [7,232,268–273], resulting in multiple 

AgNCs species. As a result of the inconsistent preparation of a specific AgNCs species, the 

reliability and accuracy of the biosensor could be compromised. That said, the approach of 

externalising AgNCs from the HCR system, can simplify the design of stable and leak-proof 

HCR system based on the established guidelines [49,62–65], and ensure that AgNCs form 

specifically and consistently on a desired AgNCs templating sequence. Among the reported 

HCR-AgNCs studies, only the HCR-AgNCs design by Liu et al. utilised an external AgNCs 

templating sequence probe [169].  



 
 

67 

 

Herein, the proposed HCR-AgNCs biosensor is designed with a DNA target, DNA-

214. The selected DNA-214 is modelled as the DNA analogue of miR-214, which is a 

potential miR biomarker in different types of diseases, such as cancer, viral infections and 

autoimmune diseases. With regards to cancer, miR-214 has been reported to exhibit both 

tumorigenic and tumour-suppressive behaviour in different types of cancer. For example, 

miR-214 is significantly downregulated in gastric, pancreatic, melanoma and ovarian cancer, 

and significantly upregulated in CNS lymphoma and cervical cancer. In addition, the aberrant 

expression of miR-214 is correlated to cancer progression in patients, depending on the type 

of cancer. These findings suggest that miR-214 can be established as a potential diagnostic 

and prognostic biomarker for cancer detection [274–276].  

 The design of the HCR-AgNCs biosensor is as illustrated in Scheme 4.1. The first 

part of the biosensor is HCR amplification with two DNA hairpins (i.e., H1 and H2), both of 

which strictly follow the established guidelines for HCR system design mentioned in Section 

2.3.3. HCR is only feasible when DNA-214 is introduced into the biosensor. The next part 

concerns the AgNCs fluorogenic probes. In this work, two DNA probes (i.e., P1 and P2) are 

designed to induce proximity-dependent fluorescence activation. P1 contains a C-rich AgNCs 

templating sequence (indicated as red strand) that is known to host bright red-emissive 

AgNCs [149]; whereas P2 hosts dark AgNCs species prepared using a reported AgNCs 

templating sequence (indicated as grey strand) [262]. Prior to HCR amplification, AgNCs will 

be prepared in a controlled environment on P2, for a non-fluorescent AgNCs species. The 

hybridisation of P1 and P2 will activate a distinct red fluorescence, via end-to-end cluster 

transfer from P2 to the C-rich AgNCs templating sequence on P1. In the study by Teng et al., 

end-to-end cluster transfer was reported to emit significantly stronger fluorescence 

enhancement as compared to side-to-side NCBs [149]. To ensure a distinct change in the 

fluorescence response during HCR amplification, the hybridisation sequence between P1 and 

P2 is modelled to be similar to a portion of H1. Hence, in the absence of DNA-214, P1 

hybridises with H1, and the dark AgNCs remain encapsulated in P2. On the other hand, 

DNA-214 triggers HCR amplification, thus allowing P1 to hybridise with P2-AgNCs for red 

fluorescence activation. As seen in Scheme 4.1, both P1-P2-AgNCs and the HCR product 

remain as separated entities, and the resultant fluorescence intensity is expected to correspond 

with the concentration of DNA-214. Overall, this homogenous HCR-AgNCs biosensor 

minimises the complexity of the designing process, with an effective fluorescence detection 

of DNA-214. 



 
 

68 

 

 

 

Scheme 4.1 Outline of HCR-AgNCs biosensor with externalised AgNCs probes for the 

detection of DNA-214. 

 

4.3 Methodology 

4.3.1 Materials 

The materials used in this study were similar to the study in Chapter 3, and the 

details were as described in Section 3.3.1. 

All DNA samples were of standard desalted grade and obtained from IDT (Iowa, 

USA). The sequences of DNA-214 and non-target controls were adapted from 

www.mirbase.org, and listed in Table 4.1. Prior to usage, the oligonucleotides were dissolved 

in molecular grade water to produce stock concentrations of 100 µM. 

 

http://www.mirbase.org/
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Table 4.1 Oligonucleotide sequences used in this work. Red letters indicate the C-rich 

AgNCs templating sequence. Blue letters indicate the dark AgNCs templating sequence. 

Italicised letters indicate hairpin stem region. Bold letters indicate hairpin loop. Underlined 

letters indicate mismatch base(s). 

DNA Sequence (5’ – 3’) 

H1 ACT GCC TGT CTG TGC CTG CTG TG CAT T CAC AGC AGG CAC AGA 

CA CAC CTC 

H2 ACA GCA GGC ACA GAC A GGC AGT TGT CTG TGC CTG CTG T GAA 

TGC 

P1 CCC CCC CCC CCC GAG GTG TGT CTG CAG ACA GGC AGT 

P2 CCC CTA ATT CCC ACT GCC TGT CTG CAG ACA CAC CTC 

DNA-214 ACA GCA GGC ACA GAC AGG CAG T 

DNA-141 TAA CAC TGT CTG GTA AAG ATG G 

DNA-199a CCC AGT GTT CAG ACT ACC TGT TC 

DNA-205 TCC TTC ATT CCA CCG GAG TCT G 

DNA-200a TAA CAC TGT CTG GTA ACG ATG T 

mismatch 1 ACA GCA GGC ACA GAC ACG CAG T 

mismatch 2 ACA GCA GGG ACA GAC ACG CAG T 

mismatch 3 ACA GGA GGG ACA GAC ACG CAG T 

 

4.3.2 Design of DNA oligonucleotides 

DNA hairpin and probes (i.e., H1, H2, P1 and P2) were designed according to the 

sequence of DNA-214 using NUPACK, OligoAnalyser tool and Kinetics Calculator.  

 

4.3.3 Preparation of P2-AgNCs 

AgNCs was first prepared on P2. Briefly, AgNO3 was mixed with P2, then reduced 

with NaBH4. The molar ratio of P2: AgNO3: NaBH4 used was 1: 15.4: 15.4 (μM). The 

solution was incubated in dark for 3 h prior to DNA-214 detection. 

  



 
 

70 

 

4.3.4 DNA-214 detection in buffer 

To ensure the most stable hairpin structures were formed, H1 and H2 were first heated 

at 90 oC for 2 min and snap-cooled in ice bath for 30 min before usage. HCR was initiated by 

mixing both H1 (2 μM) and H2 (2 μM) with DNA-214. The solution was topped up to 100 

μL with HCR buffer (20 mM tris-acetate, 2 mM Mg(NO3)2, pH 8.0) and incubated at 32 oC 

for 1.4 h in a thermomixer. Next, P1 (2 μM) was added into the solution and further 

incubated for 55 min, followed by P2-AgNCs for another 55 min. The resultant solution was 

collected for fluorescence measurement. 

 

4.3.5 Gel electrophoresis 

Agarose gel electrophoresis was conducted similarly as described in Section 3.3.4. 

 

4.3.6 Fluorescence measurement 

Fluorescence images were obtained with a UV transilluminator (Extra Gene Inc., 

Taiwan). Fluorescence measurements were performed using a Hitachi F-7000 Fluorescence 

Spectrophotometer (Hitachi, Japan) with similar settings, as described in Section 3.3.5. In 

this study, the λEX was set at 562 nm for a corresponding λEM of 611 nm.  

 

4.3.7 P1-P2-AgNCs characterisation 

To validate the AgNCs transfer from P2 to P1, P1-P2-AgNCs were characterised with 

TEM and X-ray photoelectron spectroscopy (XPS). TEM images were taken using a FEI 

Tecnai G2 F20 Transmission Electron Microscope (FEI Company, United States of America) 

equipped with a Gatan Orius SC 1000 B camera (Gatan Inc., United States of America). For 

XPS analysis, the as-synthesised P1-P2 AgNCs was ethanol precipitated before drying, for 

better stability in aerobic and high temperature environment in XPS characterisation [277]. 

XPS spectra were recorded using an XPS Quanterra II (ULVAC-PHI, Inc., Japan). 
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4.3.8 DNA-214 detection in human serum sample 

Human serum samples obtained from Universiti Teknologi Mara (Selangor, Malaysia) 

were prepared similarly as described in Section 3.3.7. In this study, the 100-fold diluted 

human serum was spiked with different concentrations of DNA-214 (500 nM, 50 nM, 500 

pM and 5 pM). In addition, five technical replicates were performed from one biological 

human serum sample. These spiked samples were detected as described in Section 4.3.4, with 

their fluorescence measured as described in Section 4.3.6. 

4.3.9 Data analysis 

GraphPad Prism 7.4.6 was used to analyze the data, and the data were presented as 

mean ± SEM. Student’s t-test was used to compare data between two groups. One-way 

ANOVA and the Tukey’s test were used to compare data between more than two groups. 

Statistical significance was denoted by p < 0.05. 

 

4.4 Results and Discussion 

4.4.1 Sensing strategy 

For the selection of AgNCs as an external fluorescence signal transducer, a variation 

of NCBs was incorporated [149], that involved an end-to-end cluster transfer of AgNCs from 

a dark to a homo-polyC AgNCs templating sequence when brought into close proximity. 

Scheme 4.2A showed two ssDNA probes (i.e., P1 and P2). P1 had a homo-polyC (-CCC 

CCC CCC CCC-) AgNCs templating sequence (indicated as red strand), whereas P2 has a 

dark AgNCs (-CCC CTA ATT CCC-) templating sequence (indicated as grey strand). Both P1 

and P2 featured a complementary hybridisation segment (indicated as orange and yellow 

strands, respectively). After preparing AgNCs on P2 in a controlled environment, the caged 

AgNCs could be shuttled to the homo-polyC AgNCs templating sequence of P1, when both 

probes were hybridised. This was expected to activate a red fluorescence emission, common 

for homo-polyC AgNCs templating sequence [121–123]. 

 When AgNCs was introduced as an external fluorescence signal transducer, it was 

also anticipated to evoke a change in the fluorescence properties upon HCR amplification. To 
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do this, a portion of H1 was designed to hybridise with P1. Moreover, a 2o toehold was added 

onto H1 to facilitate a complete hybridisation of H1 and P1. This interaction between H1 and 

P1 was only possible when HCR amplification did not occur (i.e., in the absence of DNA-

214). In Scheme 4.2B, P1 would partially open and bind to the toehold segments of H1, 

thereby forming a H1-P1 duplex structure. Subsequently, P2-AgNCs would remain a non-

fluorescent species, as the AgNCs caged within the templating sequence of P2 would not be 

transferred to C-rich AgNCs templating sequence on P1.  

 On the other hand, when DNA-214 was introduced into the pool of H1 and H2, HCR 

was expected occur and this process would utilise both H1 and H2 (Scheme 4.2C). 

Henceforth, P1 would be able to hybridise with P2-AgNCs upon addition, to form the P1-P2 

complex, as shown in Scheme 4.2A. This hybridisation would facilitate the end-to-end 

cluster transfer of AgNCs, thereby activating the red fluorescence emission. The intensity of 

the fluorescence signal would be proportional to the concentration of DNA-214. 

Interestingly, P1 could also serve as a HCR terminator, as the hybridisation between P1 and 

H1 rendered the toehold of H1 inaccessible for hairpin opening and subsequent hybridisation 

with H2.   

 

A. 
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B. 

 

C. 

 

Scheme 4.2 (A) Red fluorescence activation upon hybridisation of P1 and P2-AgNCs, via 

end-to-end cluster transfer. (B) HCR-AgNCs biosensor without DNA-214. (C) HCR-AgNCs 

biosensor with DNA-214. 

 

As previously mentioned, the only other HCR-AgNCs biosensor with an external 

AgNCs probe was by Liu et al. However, their work featured more DNA hairpins, with long 

C- and G-rich toeholds. As a result, the reported HCR structure featured long two-tail 

extensions on one side of the complex [169]. As highlighted in Section 2.3.3, two-tail 

appendages from DNA structures present unnecessary steric hindrance which might reduce 

the rate and efficiency of DNA hybridisation [65]. This could have led to the longer HCR 

incubation period (i.e., 4 h) in the study by Liu et al. [169]. In contrast, the proposed HCR 

design in this work would only contain a shorter one-tail extension at one side of the HCR 

product. 

 

4.4.2 Computational design of HCR-AgNCs biosensor 

To translate the design for practical applications, the sequence of DNA probes was 

optimised to ensure a leak-proof HCR circuit, and efficient hybridisation between the 

respective probes. The computational optimisation process was performed in two parts. 
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First, a feasible and stable HCR circuit was designed. The HCR portion of the 

biosensor comprised a simple two-hairpin system. Taking into consideration the guidelines 

discussed earlier in Section 2.3.3 [49,62–65] and the results of the ratiometric HCR-AgNCs 

biosensor reported in Chapter 3, the structures of H1 and H2 were carefully optimised. 

Similarly, the combined length of the toehold and stem of both H1 and H2, was dependent on 

the length of DNA-214 (22-mer). The toehold lengths were fixed at 6-mer, which was 

common in most HCR studies and shown to be feasible with the HCR-AgNCs biosensor 

reported in Chapter 3. In addition, the loop size was truncated for an additional C-G bp in 

the stem of H1, to confer better DNA hairpin metastability. For H1, a 2o toehold was added to 

facilitate its hybridisation with P1. This toehold was set to six bases, which was suggested by 

Ang et al. that the maximum recommended toehold length was 12 bases [62]. Overall, the 

final hairpin structure of H1 and H2 adopted the toehold: stem: loop length ratio of 12: 17: 4 

and 6: 16: 6, respectively.  

The DNA design was run in NUPACK, to determine the best loop and toehold 

sequence for H1 and H2. This was performed with a NUPACK script input as shown in 

Figure S1 (Appendix II). From here, a list of sequences was generated and these were 

screened with NABLAB for the best kinetic conditions [278]. Henceforth, the best sequence 

was selected based on a balance between thermodynamic and kinetic aspects determined 

from computational screening. The final sequence of H1 and H2 were as listed in Table 4.1. 

 These thermodynamic properties of these sequences were validated with 

OligoAnalyser Tool, to study oligonucleotide folding through Tm and ΔG. From Table S1 

(Appendix 2), the ΔG was estimated to be -21.02 and -19.12 kcal.mol-1 for H1 and H2, 

respectively. Based on the guidelines discussed earlier [63], both H1 and H2 met the 

minimum energy threshold (i.e., -16 kcal.mol-1) for metastable DNA hairpins.  

Whilst both H1 and H2 were confirmed to be thermodynamically stable, NUPACK 

analysis was performed to gauge the feasibility and functionality of the design and identify 

the possibility for HCR circuit leakage. The parameters for the prediction were set at 2 μM 

H1 and H2, 1 μM DNA-214, with the temperature of the reaction fixed at 37 oC. From 

Figure S2A (Appendix II), HCR amplification was shown to be feasible, and this was 

evidenced by both depletion of DNA hairpins (i.e., 0.37 μM H1 and 0.62 μM H2) and the 

formation of DNA concatemers between DNA-214, H1 and H2 (e.g., DNA214-H1-H1-H2-

H2, DNA214-H1-H2, and DNA214-H1-H1-H2). Figure S2B (Appendix II) illustrated the 
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structure of the HCR product based on a total of five strands (i.e., DNA214-H1-H1-H2-H2). 

The ΔG of the HCR complex was estimated to be -130.31 kcal.mol-1. The HCR product in 

Figure S2B (Appendix II) also confirmed the complementary base-pairing between DNA-

214, H1 and H2, as well as the short (6-mer) hanging tail that corresponds to the 2o toehold of 

H1. The equilibrium probability of base-pairing throughout the structure remained mostly at 

1.0, except for the A-T bp at the terminal ends of the DNA strands. This was addressed 

earlier in Section 3.4.2 because of fraying and the weak hydrogen bonds of A-T bp [76]. 

Based on the thermodynamic calculation and prediction by NUPACK, the absence of DNA-

214 did not initiate any interactions between H1 and H2 (Figure S2C (Appendix II)), thus 

indicating a stable and leak-proof HCR system.  

The second part of the HCR-AgNCs biosensor concerned the application of the end-

to-end AgNCs transfer between two DNA probes. As mentioned earlier, both DNA probes 

(i.e., P1 and P2) shared a complementary hybridisation segment. Whilst the length of this 

complementary hybridisation segment was previously reported to be 13 bp [149], the 

hybridisation efficiency between P1 and H1 had to be considered. From preliminary 

screening of the interaction between P1 and H1, the 12-mer toehold of H1 was not sufficient 

to maintain a stable duplex structure (H1-P1) with P1. With this in mind, the number of 

hybridisation bp between P1 and H1 was increased. The increase in hybridisation bases 

meant that part of the stem of H1 would open and hybridise with P1. By increasing the 

number of hybridisation bp by 4-mer (i.e., 16, 20, 24 and 28), the stability of the H1-P1 

duplex could be determined with the aid of NUPACK. The findings shown in Figure S3A 

(Appendix II) displayed an increase in stability of the H1-P1 duplex, which was proportional 

to the number of interactive bases. This was also reflected in the estimated ΔG value of the 

duplex structure. For example, the ΔG values of H1-P1 at 12 and 24 bp were estimated to be -

32.89 and -41.09 kcal.mol-1, respectively. Moreover, the equilibrium H1-P1 duplex 

concentration of 12 and 24 bp were 1.3 and 98%, respectively. Based on these evaluations, 24 

bases were selected as the length of the hybridisation segment between H1 and P1. Figure 

S3B (Appendix II) illustrated the MFE H1-P1 duplex structure with the estimated ΔG of -

41.09 kcal.mol-1, with complementary base-pairing throughout the sequence. This sequence 

was then translated to the complementary hybridisation segment between P1 and P2. Figure 

S3C (Appendix II) illustrated the MFE P1-P2 duplex structure with an estimated ΔG of -

35.58 kcal.mol-1. 
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4.4.3 Feasibility of HCR-AgNCs design 

To experimentally verify the feasibility of the HCR-AgNCs design, the HCR 

performance was first investigated. As depicted in Figure 4.1A, in the presence of DNA-214 

(lane 4), a series of high molecular weight bands were detected, indicating that DNA-214 

specifically initiated HCR and formed elongated products. In contrast, without DNA-214 

(lane 3), the sample did not show any signs of hybridisation, indicating that the two hairpin 

probes can coexist stably in solution. This finding was consistent with the NUPACK analysis 

shown earlier in Figure S2 (Appendix II). 

Next, the fluorescence properties of P2-AgNCs and P1-P2-AgNCs, which represent 

dark and bright AgNCs respectively, were studied. P2-AgNCs displayed a weak fluorescence 

emission at 611 nm; whereas P1-P2-AgNCs showed a significantly enhanced fluorescence 

emission in the same region (Figure 4.1B). The λEM was in accordance with the reported 

value for AgNCs caged in C-rich sequence (i.e.,610 nm) [149]. This confirmed the successful 

end-to-end transfer of the dark AgNCs species from P2 to P1 upon hybridisation, despite the 

distance between them (i.e., 24 bp) being almost twice the reported distance (i.e., 13 bp). 

After proven the successful end-to-end cluster transfer, P1 and P2-AgNCs were sequentially 

introduced to the HCR system. Without DNA-214, the conformation of hairpins remained 

intact, thereby enabling the toehold region of H1 to hybridise with P1. As such, the dark 

AgNCs could not be transferred to P1 and remained in P2, as evidenced from the low 

fluorescence intensity of the sample without DNA-214 (Figure 4.1C). Comparatively, in the 

presence of DNA-214, H1 probes were used for HCR amplification, leading to formation of 

P1-P2-AgNCs duplexes. The close proximity, as well as higher binding affinity of AgNCs to 

C-rich region of P1, facilitated the end-to-end cluster transfer from P2 to P1, and activated 

the red emission of the AgNCs. Notably, the fluorescence was so intense that it was even 

observable with naked eyes under a UV transilluminator (Figure 4.1C).  

P1-P2-AgNCs were further characterised using TEM and XPS. The TEM image in 

Figure 4.1D shows that the as-synthesised AgNCs have an average diameter of ~3 nm, which 

was comparable to other C-rich DNA AgNCs species [266]. The XPS spectrum shows two 

peaks at 367.9 and 373.9 eV (Figure 4.1E), which correspond to 3d5/2 and 3d3/2 transition 

bands of Ag(0), respectively. This indicated successful formation of AgNCs [279]. 
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A.  

 

 

B.  

 

 

 

C. 

 

 

D. 

 

E. 

 

 

Figure 4.1 (A) Agarose gel image of 

samples after HCR. (B) Excitation (dashed) 

and emission (solid) spectra of P2-AgNCs 

(black) and P1-P2-AgNCs (red). (C) 

Fluorescence profile of samples with and 

without DNA-214, with their real images 

shown as inset. Data presented as mean ± 

SEM. ****, p<0.0001. (D) TEM image of 

P1-P2-AgNI (E) XPS spectrum of P1-P2-

AgNCs. 

 

 

4.4.4 Condition optimisation of HCR-AgNCs biosensor 

Since the biosensor performance was dependent on both HCR amplification and 

AgNCs transfer from P2 to P1, their respective reaction conditions were further optimised to 

enhance the biosensor sensitivity. The optimisation was performed using JMP, whereby 

fluorescence intensities of the samples measured under each experimental condition were 

used as inputs for the software. A response surface model was then built to illustrate the 

changes in fluorescence intensity across the tested parameters [235,236]. To determine the 
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optimum reaction conditions, a prediction profiler based on the maximum desirability factor 

was employed [237].  

The correlation between molar ratio of P2: Ag+: NaBH4 and the incubation time of P1 

and P2-AgNCs, was first investigated in a full factorial design. The former was to determine 

the best molar ratio to produce the dark AgNCs; whereas the latter was to ensure sufficient 

time for an efficient end-to-end cluster transfer of dark AgNCs from P2 to P1. Based on the 

surface plot (Figure 4.2A) and prediction profiler (Figure 4.2B), a molar ratio of 1: 15.4: 

15.4 with an incubation period of 55 min were chosen. Next, the correlation between HCR 

incubation temperature and HCR duration, was also studied in a full factorial design. The 

experiments were conducted from 25 to 40 oC with a 5 oC interval, across a 2 h period with a 

0.5 h interval. The plot (Figure 4.2C) and prediction profiler (Figure 4.2D) showed that 32 

oC for 1.4 h incubation produced the maximum fluorescence intensity. These optimised 

conditions were then used throughout the experiments. 

A. 

 

B. 

 

 

C. 

 

 

D. 

 

 

Figure 4.2 (A) Surface contour plot of fluorescence intensity as a function of P2-AgNCs 

molar ratio and P1-P2-AgNCs incubation period. (B) Screenshot of JMP prediction profiler 

used to find the optimised AgNCs preparation conditions. (C) Surface contour plot of 
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fluorescence intensity as a function of HCR incubation temperature and duration. (D) 

Screenshot of JMP prediction profiler used to find the optimised HCR incubation conditions. 

The prediction profilers utilise a desirability function, where the values from 0 to 1 indicates 

the scale of desirable response [237]. 

 

4.4.5 Analytical performance of HCR-AgNCs biosensor 

4.4.5.1 Sensitivity test 

Under the optimised conditions, the performance of the proposed HCR-AgNCs 

biosensor towards DNA-214 detection was investigated. As shown in Figure 4.3A, the 

fluorescence intensity at 611 nm gradually increased with increasing concentrations of DNA-

214. Notably, the colour change was also observable to the naked eye, with the minimum 

concentration detected at ~1 pM. In contrast to the known HCR-AgNCs biosensors, only a 

handful of studies actually reported visible fluorescence emission (i.e., intracellular imaging) 

[11,160,164]. The lack of qualitative fluorescent HCR-AgNCs studies could be due to the 

selection of AgNCs templating sequence, preparation method, and the presence of interfering 

molecules. 

Figure 4.3B represented the detection ranges of the biosensor. Note that the RSD of 

the first detection range (100 – 1000 nM) were below 8%, whereas those of second detection 

range (100 fM – 100 nM) were below 3%. This implied the high precision and reproducibility 

of the HCR-AgNCs biosensor. The LOD was calculated to be 3.35 fM based on LOD = k 

σB/b, where k represents the expansion factor, σB as the standard deviation and b as the slope 

of the line [238].  
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A. 

 

 

 

 

B. 

 

 

 

Figure 4.3 (A) Fluorescence emission spectra and sample images (inset) at different 

concentrations of DNA-214 (from bottom to top: 0 M, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 

10 nM, 100 nM, 200 nM, 400 nM, 600 nM, 800 nM, 1000 nM). (B) Calibration plot of 

fluorescence emission intensity at different concentrations of DNA-214 (n = 4). First detection 

range between 100 nM and 1 µM. Second detection range (inset) between 100 fM and 100 nM.  

 

The performance of the proposed HCR-AgNCs biosensor was compared with other 

recently reported methods used for DNA detection, including colorimetric, electrochemical 

and fluorescence strategies (Table 4.2). The wide detection range and low LOD can be 

ascribed to the simplicity of the HCR design, as well as versatility of the transferable AgNCs 

approach. 
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Table 4.2 Comparison of the proposed HCR-AgNCs biosensor with other reported DNA biosensors 

Method Material LOD Detection range Reference 

Electrochemical Cobalt oxide porous nanocubes 0.38 pM 1 pM – 1 μM [280] 

Electrochemical Peptide nucleic acid 57 fM 0.1 – 100 pM [281] 

Colorimetric PCR/gold nanoparticles 4.3 fM 16 fM – 1.6 nM [282] 

Fluorescence Plasmonic metasurface/peptide nucleic acid 50 fM 50 fM – 5 pM [283] 

Electrochemiluminescence gold nanotriangle/gold nanoparticles/carbon dots 514 aM 50 fM – 100 nM [284] 

Fluorescence Catalytic hairpin assembly/DNAzyme 0.5 pM 0.5 – 10 pM [285] 

Chemiluminescence Exonuclease-assisted HCR 5.7 fM 10 fM – 100 pM [286] 

Electrochemical Carbon nanotube 2 fM 1 pM – 1 μM [287] 

Fluorescence HCR-AgNCs 3.35 fM 100 fM – 1 μM This work 
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4.4.5.2 Selectivity test 

The selectivity of the HCR-AgNCs biosensor was further against different controls, 

including blank (i.e., without DNA-214), sequences with mismatched bases (i.e., mismatch n, 

where n indicates the number of mismatches in the sequence), and non-target sequences (i.e., 

DNA analogues of miR-141 (DNA-141), miR-199a (DNA-199a), miR-205 (DNA-205) and 

miR-200a (DNA-200a)), as well as mixture (i.e., DNA-214 mixed with the aforementioned 

non-target controls) were studied in this test. The concentration used for DNA-214 and 

controls (i.e., mismatch and non-target sequences) used in the selectivity test was fixed at 1 

μM. Figure 4.4 showed that the fluorescence intensities of samples containing DNA-214 

(i.e., DNA-214 and mixture) were about 5-fold higher than those without DNA-214. 

Moreover, the fluorescence intensities of the negative controls (i.e., mismatches and non-

targets) showed non-significant difference as compared to that of blank solution. This finding 

showed that the HCR-AgNCs biosensor was highly selective and capable of discriminating 

down to single-base mismatch even in a mixture sample with target DNA-214. 

 

Figure 4.4 Selectivity test of HCR-AgNCs biosensor against DNA-214 and its different 

controls (n = 4). The real sample images are shown as inset. Data presented as mean ± 

SEM. ****, p < 0.0001; ns, non-significant. 
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4.4.6 Detection of DNA-214 in human serum sample 

To evaluate the performance of the HCR-AgNCs biosensor in a real biological sample 

solution, spike-and-recovery experiments were conducted by spiking different concentrations 

of DNA-214 into diluted human serum samples, similar to other reported studies [288,289]. 

Based on the detection range obtained in Figure 4.3B, the concentrations of DNA-214 to be 

tested in diluted human serum samples were selected to be 5 pM, 500 pM, 50 nM and 500 

nM. Five independent biosensor responses to the spiked samples of DNA-214 were measured 

to calculate their respective concentrations from the calibration plot in Figure 4.3B. Then the 

average recovery (%) was calculated with the following Equation (1): 

Recovery (%)= 
Concentration of DNA-214 detected

Concentration of DNA-214 added
 𝑥 100 

(1) 

 

 As shown in Table 4.3, the recoveries of DNA-214 ranged from 92 to 102% with 

RSD less than 10%. These findings highlighted that the biosensor was relatively accurate and 

stable in complex samples. 

 

Table 4.3 Detection of DNA-214 in human serum samples using the proposed HCR-AgNCs 

biosensor (n=5). 

Sample Added   Detected  Recovery (%) RSD (%) 

1  500 nM 510 nM  102 9.87 

2 50 nM 50 nM 100 4.75 

3 500 pM 480 pM 96 6.16 

4 5 pM 4.6 pM 92 1.46 

 

4.5 Summary 

In summary, a new approach to build a HCR-AgNCs biosensor was adopted with 

AgNCs as externalised fluorogenic. This method facilitated the design of a stable HCR 

system without additional constraints posed by long C-rich AgNCs templating sequences and 
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detect DNA-214 with high precision. In addition, AgNCs could be prepared separately in a 

controlled environment, free from interfering molecules. Another key feature of the proposed 

HCR-AgNCs biosensor was the end-to-end cluster-transfer approach to activate AgNCs 

fluorescence. As previously mentioned, this approach lacked follow-up studies and 

adaptations since its introduction [147]. However, the results reported in this chapter showed 

a significant fluorescence enhancement in conjunction to HCR amplification. The proposed 

HCR-AgNCs biosensor produced a strong red fluorescence that was proportional to the 

concentration of DNA-214, with fluorescence changes that were visible to the naked eye, 

down to 1 pM. The HCR-AgNCs biosensor exhibited good sensitivity with LOD of 3.35 fM, 

good selectivity to discriminate single-base mismatch and non-target sequences, as well as 

the satisfactory accuracy and reproducibility in human serum samples. However, further 

experiments are required to validate its overall performance, especially in human serum. For 

example, more sample concentrations within the detection range (i.e., 100 fM – 1 μM) should 

be evaluated (e.g., at every magnitude from 100 fM – 1 μM). Similar to the work in Chapter 

3, specific limitations in the study included incomplete gel data evaluation and the 

insufficient use of biological replicates to test applicability of the HCR-AgNCs biosensor, 

which could be considered for future work in the field. Given the simplicity and versatility of 

the working principle, the proposed HCR-AgNCs biosensor is highly adoptable and can be 

easily translated to detect other types of analytes by simply replacing the target sequence with 

a specific DNA aptamer sequence. 

 

 

  



 
 

85 

 

Chapter 5: Development of a magnetic-assisted HCR-

AgNCs biosensor for the detection of miR-144-3p 

5.1 Overview 

 In this chapter, the process of integrating a magnetic module into a ratiometric HCR-

AgNCs biosensor for the detection of miR-144-3p is described. The rationale behind this is to 

isolate the target miR directly from its source and analyse it, instead of the conventional 

processing and dilution of an already low miR abundance. With this in mind, magnetic 

separation is suggested and designed to be compatible to the operation and performance of 

HCR-AgNCs, through the use of assistive DNA probes for an isothermal bidirectional strand 

displacement strategy. In addition, this study also serves as a follow-up study of the 

ratiometric HCR-AgNCs biosensor introduced in Chapter 3. In this work, a split AgNCs 

chemopalette templating sequence is utilised for a red-yellow dual-emissive fluorescence 

response. Preliminary work focuses on DNA probe design with computational analysis, for a 

feasible magnetic separation process, as well as a stable and efficient HCR-AgNCs 

ratiometric analysis. Results from this study validate the feasibility of the MB-HCR-AgNCs 

biosensor, with great sensitivity and selectivity towards miR-144-3p. Towards the end of the 

study, the effectiveness and reliability of the MB-HCR-AgNCs biosensor are tested in raw 

human serum sample, with a satisfactory recovery percentage. At the end of this chapter, the 

key findings of this MB-HCR-AgNCs biosensor study are summarised, that highlight its 

potential to translate conventional HCR-AgNCs biosensors from the laboratory to real world 

application. 

 

5.2 Background 

 As implied in Section 2.2.2, most of the currently available miR detection strategies 

require high quality extraction, preparation, and purification, aside from the technical skills 

and equipment that are necessary for accurate and precise analysis. For that reason, more 

cost, labor and time are added into the process of miR detection [24,43,44]. To reiterate from 

Section 2.5, HCR-AgNCs biosensors operate on a simple DNA hybridisation mechanism and 

have reported practical applications in complex samples (i.e., human serum), with remarkable 

accuracy and reproducibility. However, the practical applications of these HCR-AgNCs 
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biosensors would still require a dilution (10- to 100-folds) of the complex sample solution, 

due to the interfering molecules in the solution that can affect specific AgNCs formation after 

HCR amplification. This was evidenced in Section 3.4.6, where even with 100-fold dilution, 

there was a relative difference in the calibration plots when compared to buffered condition in 

Section 3.4.5.1. In fact, the dilution of complex samples can further reduce the concentration 

of the already low-abundant miRs [12,75,161,165]. That being the case, the accuracy and 

reliability of HCR-AgNCs biosensors may be compromised, especially when extremely low 

levels of miRs are concerned. 

 To curb with this issue, it is suggested that miRs need to be separated from their 

complex matrices. Some of the separation techniques, such as mass-based centrifugation and 

size-based filtration, are unable to discriminate the target sequence from non-targets of 

relatively similar sizes. Moreover, these methods are only strictly operational in the lab and 

unsuitable for on-site applications. On the contrary, MBs are one of the most commonly used 

tools in biosensing for purification, detection and quantification of biomolecules from 

complex matrices, with better versatility, accuracy and sensitivity [290–292]. These beads are 

normally functionalised with a biological recognition element, such as nucleic acids and 

antibodies. As compared to centrifugation and filtration, magnetic separation features good 

specificity, better recovery of biological targets, and avoids undesired sample dilution due to 

the lesser buffer used. As demonstrated by Yao et al. on a HCR assay for detection of 

pesticides, introducing magnetic separation has significantly reduced the background 

interference with LOD for chlorpyrifos as 2 ng.mL-1 [293]. Similarly, a recent study reported 

by Zhang and co-workers have shown that magnetic separation could eliminate inner filter 

effect of their fluorogenic biosensor, resulting in a wider detection range and a lower LOD, as 

compared to that without magnetic separation [294]. To the best of found knowledge, studies 

have been done on magnetic-based HCR sensors [86,293,295–300], but not all three MBs, 

HCR and AgNCs in a single assay. 

In the process of developing the MB-HCR-AgNCs biosensor, miR-144-3p is selected 

as a model target, which is a potential biomarker for NPC. NPC is a type of head and neck 

cancer, which is highly prevalent in Southeast Asia and North Africa. Current NPC detection 

(i.e., nasopharyngoscopy, biopsy and imaging tests) are rather invasive, costly, and require 

both highly skilled professionals and well-equipped medical facilities. Thus, alternative 

strategies, like miR cancer biomarker detection, are sought to facilitate NPC detection. MiR-

144-3p has been identified to be consistently upregulated in NPC tissues, with an oncogenic 
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and pro-angiogenic role in NPC tumorigenesis. MiR-144 directly targets the tumour 

suppressor PTEN that regulates cell proliferation, invasion, and metastasis in NPC samples. 

In contrast, the downregulation of miR-144 led to cell cycle arrest of NPC cells [301–306]. 

This implies that the detection of miR-144-3p can assist with the assessment of NPC. 

Herein, a MB-HCR-AgNCs ratiometric biosensor is developed as illustrated in 

Scheme 5.1. The entire detection procedure operates at mild isothermal conditions, with the 

use of only DNA hairpins and probes (i.e., C1, C2, C3, H1, H2 and H3). MiR-144-3p is first 

magnetically isolated by C1-MBs from a complex solution, and then displaced by two short 

assistive probes, C2 and C3, for subsequent HCR amplification. HCR amplification is 

performed by a set of three DNA hairpins (i.e., H1, H2, and H3). Finally, AgNCs will be 

prepared, and their fluorescence emission measured for ratiometric analysis. The ratiometric 

fluorescence approach in this biosensor bears some resemblance to that introduced in 

Chapter 3, with another proximity-dependent AgNCs strategy. In this study, a split AgNCs 

chemopalette templating sequence is hosted on H2 for a red-yellow fluorescence response. 

Split AgNCs templating sequences were previously introduced in Section 2.4.4.4, whereby 

the fragmented pairs would not initiate any fluorescence response from partial AgNCs 

formation. Only when these split pairs are brought in close proximity, the AgNCs templating 

sequence can be completed for the fluorescence emission can then be re-activated. By 

combining the three components into a single MB-HCR-AgNCs assay, direct and simple 

detection of low-abundant miR in complex samples could be achieved. 

 

 

Scheme 5.1 Outline of MB-HCR-AgNCs for the detection of miR-144-3p. 
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5.3 Methodology 

5.3.1 Materials 

Most of the materials used in this study were similar to the study in Chapter 3, and 

the details were as described in Section 3.3.1. In addition, Streptavidin MBs were purchased 

from New England Biolabs (Massachusetts, USA). EDTA ([CH₂N(CH₂CO₂H)₂]₂), sodium 

acetate (CH3COONa), sodium chloride (NaCl), sodium hydroxide (NaOH) and sodium nitrate 

(NaNO3) were obtained from Nacalai Tesque (Kyoto, Japan). Hydrochloric acid (HCl) and 

boric acid (H3BO3) were obtained from Fisher Scientific (New Hampshire, USA). 

DNA and miR samples were of standard desalted grade and obtained from IDT (Iowa, 

USA). The sequences of miR-144 and non-target controls were adapted from 

www.mirbase.org. The sequences are listed in Table 5.1. All mismatch and non-target 

sequences used were DNA analogues in place of their RNA counterparts, for cost-

effectiveness, stability and ease of handling. Prior to usage, the oligonucleotides were 

dissolved in molecular grade water to produce stock concentrations of 100 µM. MiR-144-3p 

was dissolved in DEPC-treated water to obtain stock concentration of 100 μM. 

Table 5.1 Oligonucleotide sequences used in this work. Red letters indicate AgNCs 

templating sequence. Italicised letters indicate hairpin stem region. Bold letters indicate 

hairpin loop. Underlined letters indicate mismatch base(s). 

DNA/RNA Sequence (5’ – 3’) 

C1 Biotin – TTA TTA TTA TCT CTC GAG TAC ATC ATC TAT ACT 

GTA TCA TGA 

C2 ATG ATG TAC TCG AGA G 

C3 TCA TGA TAC AGT ATA G 

H1 CCA TAG ATG ATG TAC TAG CGG TGA GTA CAT CAT CTA TAC TGT 

A 

H2 CAC CGC TAG TAC ATC ATC TAT GGC ATC GGC CAT AGA TGA 

TGT ACT TTT TGC CTT TTG GGG ACG GAT A 

H3 CCA TAG ATG ATG TAC TAG CGG TGA GTA CAT CAT CTA TGG 

CCG ATG 

miR-144-3p UAC AGU AUA GAU GAU GUA CU 

mismatch 1 TAC AGT ATA CAT GAT GTA CT 

http://www.mirbase.org/
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mismatch 2 TAC AGT TTA CAT GAT GTA CT 

mismatch 3 TAC AGT TTA CAT GAT GAA CT 

miR-9-5p TCT TTG GTT ATC TAG CTG TAT GA 

miR-21-5p TAG CTT ATC AGA CTG ATG TTG A 

miR-144-5p GGA TAT CAT ATA CTG TAA G 

 

5.3.2 Design of DNA oligonucleotides 

DNA hairpins and probes (i.e., C1, C2, C3, H1, H2 and H3) were designed according 

to the sequence of miR-144-3p using NUPACK, OligoAnalyser tool, and Kinetics Calculator.  

 

5.3.3 Functionalisation of MBs with C1 

Briefly, the MBs were first washed three times with binding buffer (20 mM tris-HCl, 

0.5 M NaCl, 1 mM EDTA, pH 7.5). Biotinylated C1 (5 μM) was then added to the MBs and 

incubated for 30 min at 30 oC with mild shaking. The C1-MBs were then collected and 

washed three times, to remove the excess unbound C1. Finally, the C1-MBs were dispersed 

in HCR buffer (10 mM tris-acetate, 1 mM Mg(NO3)2, 100 mM NaNO3, pH 8) and stored at 4 

oC prior to usage. 

 

5.3.4 Magnetic separation of miR-144-3p 

Sample solution containing miR-144-3p was mixed with C1-MBs and incubated for 4 

min with mild shaking. The captured miR-144-3p was magnetically separated, washed three 

times and re-suspended in HCR buffer. Next, excess C2 and C3 (1 μM each) were added to 

the mixture and incubated for 40 min with mild shaking to displace miR-144-3p. The MBs 

were then magnetically separated, and the supernatant containing miR-144-3p was collected 

for further analysis. 
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5.3.5 Quantitative analysis of miR-144-3p 

The DNA hairpins (H1, H2 and H3) were heated at 95 oC for 5 min and snap-cooled 

in an ice bath for 30 min before use. HCR was initiated when supernatant containing miR-

144-3p was mixed with H1, H2 and H3 (1: 2: 2; μM) and incubated for 2 h at 35 oC. 

Thereafter, AgNCs were prepared based on a H2: AgNO3: NaBH4 molar ratio of 1: 12: 6 

(μM) [148,150,307,308]. Briefly, AgNO3 solution was added into the hybridisation solution, 

followed by vigorous shaking for 30 s. After 15 min, NaBH4 was added with vigorous 

shaking for another 2 min. The reaction mixture was left in the dark for 1 h before 

fluorescence measurement. 

 

5.3.6 Gel electrophoresis 

Agarose gel electrophoresis was conducted similarly as described in Section 3.3.4. 

 

5.3.7 Fluorescence measurement 

Fluorescence measurements were performed using a Hitachi F-7000 Fluorescence 

Spectrophotometer with similar settings, as described in Section 3.3.5. In this study, the λEX 

used were 502 and 596 nm, for the respective peaks at λEM of 564 and 650 nm. Fy/Fr were 

calculated from the fluorescence intensities at λEM of 564 and 650 nm. 

 

5.3.8 Characterisation of AgNCs 

 The formation of AgNCs was characterised with TEM and XPS, similar to that 

described in Section 4.3.7. 

 

5.3.9 MBs regeneration  

To regenerate and reuse MBs, the MBs were suspended in 50 μL HCR buffer after 

magnetic separation of miR-144-3p. The MBs solution was heated at 95 oC for 90 s to 
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remove C2 and C3 probes from C1-MBs. The supernatant was discarded and the MBs were 

re-dispersed in 50 μL HCR buffer. The MBs solution was then stored at 4 oC prior to usage. 

 

5.3.10 Detection of miR-144-3p in human serum sample 

Human serum samples obtained from Universiti Teknologi Mara (Selangor, Malaysia) 

were prepared similarly as described in Section 3.3.7. In this study, a range of concentrations 

of miR-144-3p (500 fM, 50 pM, 5 nM and 50 nM) were spiked in different concentrations 

human serum samples (100% and 10%) and analysed immediately with the MB-HCR-

AgNCs biosensor. 10% human serum samples were diluted using HCR buffer. In addition, 

five technical replicates were performed from one biological human serum sample. These 

spiked samples were detected as described in Section 5.3.5, with their fluorescence measured 

as described in Section 5.3.7. 

5.3.11 Data analysis 

 GraphPad Prism 7.4.6 was used to analyze the data, and the data were presented as 

mean ± SEM. Student’s t-test was used to compare data between two groups. One-way 

ANOVA and the Tukey’s test were used to compare data between more than two groups. 

Statistical significance was denoted by p < 0.05. 

 

5.4 Results and Discussion 

5.4.1 Sensing strategy 

The MB-HCR-AgNCs biosensor consisted of three main steps as detailed below:   

a) Magnetic separation 

The process of magnetic separation was as shown in Scheme 5.2A, which involved 

three DNA probes (i.e., C1, C2 and C3). C1 probes were complementary to miR-144-3p on 

MBs to isolate miR-144-3p from sample solution. After magnetic separation and washing 

step, excess C2 and C3 were added to induce bidirectional strand displacement of miR-144-

3p, hence forming C1-C2-C3-MBs. Different ways to elute the captured miR-144-3p from 

MBs were studied, and it was found that conventional elution methods of nucleic acids, such 
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as heating, changing ionic strength or pH [309], were inappropriate in this case. This is 

because high temperature could degrade the miR [310,311], whereas changing ionic strength 

or pH may disrupt the performance of HCR and AgNCs in subsequent steps [312]. 

Additionally, unidirectional displacement would involve probes with the same sequence as 

target miR and cause false-positive results. As such, a bidirectional strand displacement 

strategy was chosen. The DNA probes (i.e., C2 and C3) were designed in a way that they 

would induce the bidirectional strand displacement of miR-144-3p, but these probes would 

not initiate HCR amplification with the DNA hairpins (i.e., H1, H2, and H3) when in excess. 

This could be ascribed to the short length of the probes (i.e., having half the length of the H1 

stem region) and the terminal sequence (i.e., non-complementary sequence to the H1 toehold) 

that are only complementary to C1. These characteristics would render C2 and C3 unreactive 

towards H1 and subsequent HCR amplification. 

 

b) HCR amplification 

The eluted miR-144-3p in supernatant was then amplified by HCR using a pool of 

three DNA hairpins (i.e., H1, H2 and H3) (Scheme 5.2B). Due to the relatively short length 

of miR-144-3p (20-mer), H1 was introduced as a preliminary capture probe, to better stabilise 

and improve efficiency of the subsequent HCR amplification process. H1 would also 

determine the specificity for the HCR-AgNCs biosensor towards miR-144-3p. In Chapter 3, 

it was shown that the effective design of the proposed ratiometric HCR-AgNCs yielded great 

sensitivity and selectivity. In this case, the toehold region of H2 contained split AgNCs 

templating sequences (i.e., -CAC CGC T- and -TTT TGC CTT TTG GGG ACG GAT A-), 

which were reported to generate dark and yellow/green-emissive species, respectively. 

Interestingly, when the two sequences were brought into close proximity, red emissive 

species was obtained instead [148,150,307,308]. Leveraging on the template transformation 

of AgNCs, locating these AgNCs templating sequences at the toehold region of H2 would 

enable a ratiometric analysis of miR-144-3p as described below. 

 

c) Detection using AgNCs 

After steps (a) and (b), AgNCs were prepared to generate emission signal (Scheme 

5.2B). Without miR-144-3p, only unreacted C2 and C3 were collected from the supernatant. 
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As such, H2 retained its hairpin conformation with the two toehold regions physically close 

to each other. Preparing AgNCs from this sample solution would hence result in red 

emission. However, in the presence of miR-144-3p, that had been magnetically isolated in the 

supernatant, HCR would be initiated among the DNA hairpins to form HCR products. During 

this process, part of the split AgNCs templating sequence (-CAC CGC T-) would be actively 

used in the hybridisation reaction and form dsDNA concatemers, thus leaving another part of 

the split AgNCs templating sequence (-TTT TGC CTT TTG GGG ACG GAT A-) hanging as 

tails from the HCR product to host yellow emissive clusters. Hence, measuring the Fy and Fr 

would enable a ratiometric analysis of miR-144-3p.  

 

A. 
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B. 

 

Scheme 5.2 Principle of MB-HCR-AgNCs biosensor, involving (A) magnetic separation, 

(B) HCR amplification and detection with AgNCs. 

 

 

5.4.2 Computational design of MB-HCR-AgNCs biosensor 

With the outline in mind, the DNA hairpins and probes were designed for the MB-

HCR-AgNCs biosensor. For the process of magnetic separation, three DNA probes (i.e., C1, 

C2, and C3) were designed. C1 would be biotinylated at the 5’-end terminals for binding to 

the streptavidin-coated MBs. A spacer, comprising only A and T bases, was introduced 

between the biotin and capture region of C1 to prevent molecular crowding and mediate a 

better capture process. As implied earlier, C1 was responsible for capturing miR-144-3p and 

thus would be complementary to the sequence of miR-144-3p. To facilitate the bidirectional 

strategy, C1 would contain additional 6 bases at both ends of the complementary sequence. 

NUPACK was used to check the hybridisation efficiency between C1 and miR-144-3p. 

Figure S1A (Appendix III) showed complete hybridisation between C1 and miR-144-3p 

when equimolar concentration (1 μM) of both were analysed. Figure S1B (Appendix III) 

illustrated the duplex structure of C1-miR-144-3p, which showed that the hybridisation 

between C1 and miR-144-3p is complete with binding probability of 1.0 throughout the entire 

duplex. The ΔG of the duplex structure was estimated to be -23.15 kcal.mol-1. 

Following that, C2 and C3 were designed to each contain half the sequence of miR-

144-3p and the six additional bases at the terminal segments of C1. NUPACK was used to 
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check the efficiency of the bidirectional strand displacement strategy, with equimolar (1 μM) 

C1 and miR-144-3p, along with excess (2 μM) C2 and C3. Figure S2A (Appendix III) 

indicated the complete hybridisation of C1, C2 and C3. MiR-144-3p was noted to be 

unreacted, thus indicating the high possibility of displacement. The MFE complex structure 

in Figure S2B (Appendix III) showed the probability binding of C1, C2 and C3, with most 

bp having an equilibrium probability close to 1.0. The estimated ΔG of the duplex structure 

was -38.05 kcal.mol-1. 

The design of DNA hairpins (i.e., H1, H2 and H3) presented a challenge due to the 

short length of miR-144 (20-mer). As aforementioned, H1 was expected to serve as a capture 

probe for miR-144-3p, and a stabiliser for H2 and H3 hybridisation. H1 was designed to have 

a 2-mer 2o toehold to increase the stem length of H2 and H3 by two bp, which strengthens 

their structural stability. This was in compliance with the guideline that suggested 2o toehold 

length to be less than 3 bases [64]. H2 comprised the split AgNCs chemopalette templating 

sequence at the toehold segment. The loop was truncated to four bases and the stem 

lengthened by one bp, similar to earlier designs in Chapters 3 and 4. Overall, the final 

hairpin structure (inclusive of AgNCs templating sequence) of H1, H2 and H3 adopted the 

toehold: stem: loop length ratio of 8: 14: 7, 29: 17: 4 and 6: 16: 7, respectively. 

The DNA design was run in NUPACK, to determine the best loop and toehold 

sequence for H1, H2 and H3. This was performed with a similar script input as shown in 

Figure S3 (Appendix III). From here, a list of sequences was generated and these were 

screened with NABLAB for the best kinetic conditions [278]. Henceforth, the best sequence 

was selected based on a balance between thermodynamic and kinetic aspects determined 

from computational screening. The final sequence of H1, H2 and H3 were as listed in Table 

5.1. 

The thermodynamic properties of these sequences were validated with OligoAnalyser 

Tool, to study oligonucleotide folding through Tm and ΔG. From Table S2 (Appendix III), 

the ΔG was estimated to be -10.69, -18.71 and -13.49 kcal.mol-1 for H1, H2 and H3, 

respectively. Based on the guidelines discussed earlier [63], only H2 met the minimum energy 

threshold (i.e., -16 kcal.mol-1) for metastable DNA hairpins, even with the long C- and G-rich 

AgNCs templating sequence at the toehold segment. The weak ΔG of H1 and H3 could 

possibly be associated with the slightly larger loop size (i.e., 7 bases), and the base 

composition of the DNA hairpin (i.e., more A-T than C-G bp in the hairpin stem). This 
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finding indicated a substantial concern, as H1 and H3 might cause leakage in the HCR 

circuit. As a side note, this finding also highlighted the notion that loop size should be 

prioritised over both the base composition and length of toehold when designing metastable 

DNA hairpin probes. 

Similar to earlier works (Chapter 3 and 4), the DNA interactions between the DNA 

hairpin probes (i.e., H1, H2 and H3) were checked with and without miR-144-3p, through 

NUPACK analysis. The settings for the analysis were set to equimolar concentration (2 μM) 

DNA hairpin probes (i.e., H1, H2, and H3), and 1 μM miR-144-3p, with the temperature 

fixed at 37 oC. From Figure S4A (Appendix III), HCR amplification was shown to be 

feasible, and this was evidenced by both depletion of DNA hairpins (i.e., 0.99 μM H1, 0.42 

μM H2, and 0.99 μM H3) and the formation of DNA concatemers between miR-144-3p, H1 

and H2 (e.g., miR144-H2-H2-H3-H1, and miR144-H2-H3-H1).  Figure S4B (Appendix III) 

illustrated the structure of the HCR complex (ΔG = -114.04 kcal.mol-1), based on the 

equilibrium probability base-pairing. As predicted from the design, the HCR product had one 

tail, which corresponded to part of the split AgNCs templating sequence (-TTT TGC CTT 

TTG GGG ACG GAT A-). The base-pairing between the DNA probes and miR-144-3p 

displayed equilibrium probability of 1.0 throughout the entire complex. Since H1 and H3 had 

estimated ΔG less than the threshold value of -16 kcal.mol-1, the DNA hairpins were checked 

for any possible non-specific interaction without miR-144-3p. Based on NUPACK analysis, 

Figure S4C (Appendix III) indicated that there were no interactions between H1, H2 and 

H3, from a thermodynamic standpoint, thus indicating metastable DNA hairpins and a leak-

proof HCR system. 

As shown in Scheme 5.2, C2 and C3 were added in excess and would be collected in 

the supernatant along with the displaced miR-144-3p for subsequent HCR-AgNCs analysis. 

With a stable HCR system between the DNA hairpins and miR-144-3p, the possibility of C2 

and C3 initiating HCR amplification was determined with NUPACK analysis. Briefly, the 

interactions between C2, C3, H1, H2 and H3 were tested. The DNA probes were set at 

equimolar concentration of 1 μM, and the temperature fixed at 37 oC. Figure S5A (Appendix 

III) displayed the possible interactions between the DNA species. There was no indication of 

non-specific HCR amplification without miR-144-3p, evidenced by the lack of long DNA 

concatemer formation between all DNA probes, and the relatively unchanged concentration 

(i.e., 0.99 to 1 μM) of all DNA probes (except C2-C2 for their negligible duplex formation). 



 
 

97 

 

The only cross-species interaction was the formation of C3-H1 (ΔG = -26.08 kcal.mol-1) 

duplex, but the hybridisation event did not completely open H1 as seen in Figure S5B 

(Appendix III).  

 

5.4.3 Feasibility of MB-HCR-AgNCs 

The feasibility of HCR design was first evaluated using gel electrophoresis, as shown 

in Figure 5.1A. As displayed by a series of high molecular weight bands in Lane 6, HCR 

elongated products only formed in the presence of miR-144-3p and all three DNA hairpins. 

Without miR-144-3p, only bands that correspond to the unreacted DNA hairpins were 

observed (Lanes 1-5). This implied that all the three partially complementary DNA hairpins 

could metastably co-exist with each other. 

After confirming the successful HCR design, the bidirectional displacement strategy 

to elute miR-144-3p was tested for its feasibility. At the same time, the supernatant 

containing excess C2 and C3 was checked for possible effect on HCR performance. The 

supernatant samples collected after magnetic separation were incubated with the DNA 

hairpins and subjected to gel electrophoresis, with results shown in Figure 5.1B. Notably, the 

supernatant sample containing miR-144-3p showed bands of elongated products (Lane 3), 

similar as sample prepared by directly adding miR-144-3p to the HCR hairpins (Lane 4). This 

confirmed that miR-144-3p was successfully isolated using MBs, and initiated HCR. It was 

also note-worthy that both supernatant samples with or without miR-144-3p (Lanes 3 and 1) 

showed similar band patterns as those prepared directly without magnetic separation steps 

(Lanes 4 and 2). This indicated that excess C2 and C3 in the supernatant samples did not 

affect the HCR performance. 

Next, the AgNCs were studied to check whether their fluorescence emission signal 

would correspond to the amount of miR-144-3p. AgNCs were prepared by directly adding 

target miR with HCR hairpins as per above, without involving magnetic separation. As 

displayed in Figure 5.1C, sample containing miR-144-3p showed increased yellow emission 

(λEM = 564 nm) and decreased red emission (λEM = 650 nm), as compared to that without 

target miR. Such changes enabled a ratiometric measurement (Fy/Fr) to quantify miR-144-3p. 

Similarly, AgNCs were prepared using supernatant samples collected from magnetic 
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separation. Again, the AgNCs prepared from supernatant samples yielded similar results as 

those without magnetic separation step (Figure 5.1D). Thus, it could be concluded that the 

proposed MB-HCR-AgNCs was feasible, and that the addition of MBs did not compromise 

the performance of HCR-AgNCs. 

The AgNCs were further characterised using TEM and XPS. Based on the TEM 

image, AgNCs were spherical in shape with an approximate diameter of 3.34 nm (Figure 

5.1E). XPS spectrum (Figure 5.1F) displayed two peaks at 368.08 and 374.12 eV, which 

corresponded to Ag 3d5/2 and 3d3/2 transition bands, respectively [279]. These results 

demonstrated that AgNCs had been successfully prepared. 

A. 

 

 

B. 
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Figure 5.1 Feasibility of MB-HCR-AgNCs biosensor. (A) Gel image to study the feasibility 

of HCR design. (B) Gel image to compare HCR performance with (Lanes 1 and 3) and 

without magnetic separation (Lanes 2 and 4). (C) Fluorescence emission spectra of AgNCs 

with (solid) and without (dashed) miR-144-3p. (D) Comparison of relative intensity of 

AgNCs with (blue) and without (red) magnetic separation, in the presence and absence of 

miR-144-3p. Data presented as mean ± SEM and statistically analyzed relative to miR-144-

3p groups. ****, p < 0.0001.(E) TEM and (F) XPS spectrum of HCR-AgNCs. 

5.4.4 Condition optimisation of MB-HCR-AgNCs biosensor 

The reaction conditions of MB-HCR-AgNCs biosensor were optimised to enhance its 

performance. Firstly, the loading capacity of C1 probes on MBs was studied by preparing C1-

MBs using different amount of biotinylated C1. The amount of C1 probes conjugated on MB 

should neither be too little nor too pack. Having small amount of C1 would result in 

inefficient capture reaction. However, if the capture probes were too closely packed on the 

magnetic peaks, it may lead to crowding effect, where the DNA probes could not participate 

in hybridisation reaction due to excessive steric hindrance and electrostatic interactions [313]. 

The C1-MBs were then used for magnetic separation, HCR and AgNCs formation as 

described earlier. Their performance was analysed by comparing the Fy/Fr of AgNCs in the 

presence and absence of target miR. For easy comparison, the Fy/Fr values obtained were 

normalised to that of sample without target miR. The findings showed that using 1 nmol C1 

probes yielded the best result (Figure 5.2A), with the final concentration of C1-MBs 

calculated as 833 pmol.mg-1.  

Next, to determine the time needed for miR-144-3p to be captured by C1-MBs, excess 

target miR was incubated with C1-MBs and measured the leftover miR in supernatant over 

time. The best binding time was found to be 4 min, considering there was no significant 

increase in miR recovery as time increased further (Figure 5.2B).  
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For HCR conditions, the fluorescence intensity was measured for samples prepared at 

different HCR incubation temperatures (25 oC to 40 oC; with a 5 oC interval) and incubation 

periods (over a 2.5-h period; with a 0.5-h interval) (Figure 5.2C). The results showed that 

samples at 35 oC exhibited the highest relative fluorescence intensity. In terms of HCR 

duration, there was no significant difference between those prepared at 2 h and at 2.5 h. As 

such, HCR incubation at 35 oC for 2 h was used in subsequent experiments. 

C1-MBs could be regenerated by removing C2 and C3 from C1-C2-C3-MBs 

complexes via heating, which breaks hydrogen bonds between C1 and C2/C3. To ensure the 

heating step did not dissociate streptavidin-biotin bonds [314,315], the capture efficiency of 

C1-MBs was calculated instantly after each recovery process (Equation (2)). It was shown 

that the capture efficiency decreased to 90% only after three repeated cycles (Figure 5.2D). 

𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑚𝑖𝑅 − 144

𝑇𝑜𝑡𝑎𝑙 𝑚𝑖𝑅 − 144
∗ 100% 

(2) 

 

A. 

 

 

B. 

 

 

C. 

 

 

 

D. 

 

 

Figure 5.2 (A) Loading capacity of biotinylated-C1-MBs (n=3). Data presented as mean ± 

SEM and statistically analyzed relative to 1.0 nmol. ***, p<0.001; ****, p<0.0001. (B) 
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Optimisation of miR-144-3p capture time with C1-MBs (n=3). (C) Optimisation of HCR 

incubation duration (h) and temperature (oC) (n=5). (D) Capture efficiency of C1-MBs after 

beads regeneration (n=3). Data presented as mean ± SEM. ***, p<0.001; ****, p<0.0001. 

 

5.4.5 Analytical performance of MB-HCR-AgNCs biosensor 

5.4.5.1 Sensitivity test  

After validating the feasibility of the MB-HCR-AgNCs biosensor, its sensitivity 

towards miR-144-3p was studied. Figure 5.3A represented the detection ranges of the 

biosensor from 100 to 1000 nM and from 10 fM to 100 nM (inset), respectively. The RSD 

from five replicates of the former and latter range were below 8 and 4%, respectively, 

indicating high reproducibility and reliability of the biosensor. The LOD was calculated to be 

4.88 fM, based on LOD = k σB/b, where k represents the expansion factor, σB as the standard 

deviation, and b as the slope of the line.  

 

5.4.5.2 Selectivity test 

The selectivity of the MB-HCR-AgNCs biosensor was then tested with a panel of 

controls, including blank, mismatch sequences (i.e., mismatch n, where n indicates the 

number of mismatches in the sequence) and non-target sequences (i.e., miR-9, miR-21 and 

miR-144-5p) (Figure 5.3B). Results had proven the high selectivity of the MB-HCR-AgNCs 

biosensor, where it showed significantly low Fy/Fr for the control samples, even at ten-fold 

higher working concentration (i.e., 10 μM) than the target miR-144-3p (i.e., 1 μM). 
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A. 

 

 

 

B. 

 

 

Figure 5.3 (A) Sensitivity profile of MB-HCR-AgNCs, ranged between 100 and 1000 nM, 

and between 10 fM and 100 nM (inset) (n=5). First detection range between 100 nM and 1 

µM. Second detection range (inset) between 10 fM and 100 nM. (B) Selectivity study of MB-

HCR-AgNCs (n=5). Data presented as mean ± SEM. ****, p < 0.0001; ns, non-significant. 

 

5.4.6 Detection of miR-144-3p in human serum sample 

The performance of the proposed MB-HCR-AgNCs biosensor in human serum 

samples was evaluated with the spike-and-recovery method, whereby 500 fM, 50 pM, 5 nM 

and 50 nM of miR-144-3p were added into different concentration of human serum samples 

(100, 10 and 0%). Interestingly, the sensitivity performance showed no significant difference 

among all samples (Figure 5.4). The recovery range for all concentrations, calculated with 

Equation (1), were within 10%, with RSD (n=5) range less than 4% (Table 5.2). The robust 

and consistent performance of the biosensor even in 100% serum sample can be attributed to 
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the good magnetic separation efficiency of miR-144-3p. Overall, the findings suggested that 

the MB-HCR-AgNCs biosensor is highly potential for direct miR detection in biological 

samples.  

 

Figure 5.4 Performance of MB-HCR-AgNCs biosensor in different concentration of human 

serum samples (n=5). Data presented as mean ± SEM. ns, non-significant.                                                               
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Table 5.2 Detection of miR-144-3p in human serum samples using MB-HCR-AgNCs (n=5).   

Sample miR-144-3p (M) 

Found (M) 

Recovery 

(%) 

RSD  

(%) 
[serum] (%) 

100% 10% 0% 

1 5.0 x 10-8 4.8 x 10-8 5.3 x 10-8 5.0 x 10-8 95.0 – 106.7 1.0 – 3.0 

2 5.0 x 10-9 4.7 x 10-9 5.1 x 10-9 5.0 x 10-9 94.9 – 101.6 0.3 – 3.4 

3 5.0 x 10-11 5.2 x 10-11 5.0 x 10-11 5.0 x 10-11 99.3 – 104.7 1.4 – 2.8 

4 5.0 x 10-13 4.5 x 10-13 4.7 x 10-13 5.0 x 10-13 90.0 – 93.6 0.7 – 2.4 
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5.5 Summary  

Overall, this chapter presented a MB-HCR-AgNCs biosensor to magnetically isolate and 

detect miR-144-3p through fluorescence analysis. The study started with designing and 

optimising the magnetic module, inclusive of C1 functionalisation and bidirectional strand 

displacement strategy with C2 and C3 assistive probes. The results showed successful 

immobilisation of the magnetic platform into the HCR-AgNCs biosensor, with remarkable 

separation of miR-144-3p and regeneration of C1-MBs for multiple usage. The ratiometric 

approach for HCR-AgNCs, previously introduced in Chapter 3, was tested here in this work 

with an entirely different set of AgNCs templating sequence, and displayed a similar red-

yellow fluorescence response. As a result, the biosensor exhibited a relatively low LOD of 

4.88 fM and high selectivity towards miR-144-3p, with capabilities of sharply discriminating 

between target miR-144-3p, mismatch and non-target sequences. Lastly, it was demonstrated 

that the MB-HCR-AgNCs biosensor also exhibited remarkable performance in raw human 

serum samples, with reproducible and reliable detection. Similar to the work in the earlier 

Chapters, specific limitations in the study included insufficient gel data analysis and the 

insufficient use of biological replicates to test applicability of the MB-HCR-AgNCs 

biosensor.
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Chapter 6: Conclusion and future remarks 

6.1 Overview 

This thesis has described original research work towards the design and development 

of HCR-AgNCs biosensors. In addition, this thesis has demonstrated the simplification of 

HCR-AgNCs biosensors in terms of preparation and analysis, as well as their diagnostic 

efficiency in complex samples. In this chapter, the findings with regards to each HCR-

AgNCs design are summarised, followed by the perspectives for future research within the 

field of HCR-AgNCs biosensors and biodiagnostics.  

 

6.2 Summary 

 At the beginning of the thesis, multiple objectives were put together with the aim of 

improving the performance of nucleic acid biosensors, by the principles of HCR-AgNCs. The 

overall work presented in this thesis consisted of developing and testing different fluorogenic 

DNA-based biosensors for the detection of nucleic acid targets (i.e., DNA and miRs). In each 

of the proposed biosensor, DNA hairpin probes were successfully designed with dual 

functionality, i.e., for self-assembly during HCR amplification and to host AgNCs for 

fluorescence signal transduction.  

  The first project (Chapter 3) focused on developing a ratiometric HCR-AgNCs 

biosensor for the detection of miR-155. The proposed ratiometric approach incorporated a 

AgNCs templating sequence as the 2o toehold, adjacent to an actively HCR-participating C-

rich 1o toehold sequence. This design could induce a change in the fluorescence properties 

(i.e., red and yellow fluorescence emission) during HCR amplification. Since this strategy 

had not been explored in HCR-AgNCs studies, it was a challenge to design the DNA hairpins 

that can sustain both metastability and hybridisation efficiency. The feasibility of the 

ratiometric HCR-AgNCs biosensor was proven and its DNA nanostructure characterised. The 

fluorescence enhancement could also be correlated with the concentration of miR-155. At 

optimised conditions, the biosensor reported LOD at 1.13 fM and was able to sharply 

discriminate between miR-155, single-base mismatch and non-target sequences. The HCR-

AgNCs biosensor also exhibited good performance in human serum sample. In contrast to the 
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other reported ratiometric HCR-AgNCs biosensor [160,169], the approach with proximity-

dependent AgNCs featured a simpler and direct mechanism, with faster detection time and 

well-designed DNA hairpin probes.  

 In the next project (Chapter 4), the possibility of externalising AgNCs signal 

transduction from the HCR system was investigated, for target DNA detection. This was 

rationalised to simplify the designing stage of DNA hairpins, improve both DNA 

metastability and HCR predictability, as well as to reduce the production cost of DNA 

oligonucleotides. Aside from that, it was also anticipated that the formation of specific 

AgNCs in an externalised well-regulated environment, free from interfering molecules (i.e., 

non-specific nucleic acid sequences, metals, proteins, etc.), ensured reproducibility for each 

analysis with consistent fluorescence properties. However, this approach was challenged by 

the notion that the AgNCs signal transduction should reflect the changes brought about by 

HCR amplification. Therefore, another proximity-dependent AgNCs concept was employed, 

termed end-to-end cluster transfer. This approach reported the transfer of non-fluorescent 

AgNCs from a dark AgNCs templating sequence to a homo-polyC AgNCs templating 

sequence located at opposite ends of a hybridised DNA probe for fluorescence activation 

[109,149]. Through this strategy, a HCR-AgNCs biosensor was designed to yield fluorescence 

activation in the presence of the target DNA. Through the reported results, the effectiveness 

of the proposed design and working principle of the proposed compartmentalised HCR-

AgNCs biosensor were validated. The biosensor exhibited high sensitivity (i.e., LOD of 3.35 

fM) and selectivity towards the target DNA. Furthermore, the direct correlation between 

fluorescence intensity and target DNA concentration, could be observed with the naked eye 

down to 1 pM. In contrast to the externalised AgNCs probe in the HCR-AgNCs biosensor by 

Liu et al. [169], this approach worked with only two short DNA hairpins and an overall 

shorter detection time.  

In the final project (Chapter 5), a magnetic component was introduced into a 

ratiometric HCR-AgNCs biosensor to facilitate the isolation of miR-144-3p from raw human 

serum sample. In Section 2.2.2, the importance of precise extraction of miRs for high quality 

and yield during miR detection was highlighted, and this was normally achieved through 

tedious procedures with additional cost, time, and labour. This study aimed to simplify the 

extraction process with regards to the time and labour work. Aside from that, this project also 

served as a follow-up study to the proposed ratiometric approach previously introduced in 
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Chapter 3. This time, another proximity-dependent mechanism was employed with a split 

AgNCs templating sequence, for a red-yellow ratiometric fluorescence response. For 

magnetic assistance, the concept of bidirectional strand displacement was utilised to isolate 

miR-144-3p. From the findings, the efficiency of the magnetic separation of miR-144-3p, and 

the feasibility of the proposed ratiometric HCR-AgNCs biosensor were validated. At 

optimised conditions, the proposed MB-HCR-AgNCs biosensor exhibited high sensitivity 

(i.e., LOD at 4.88 fM) and selectivity towards miR-144-3p. At the end of the study, the MB-

HCR-AgNCs biosensor displayed good detection of miR-144-3p in raw human serum 

sample.  

From a collective understanding of this thesis, several key findings were implicated 

with regards to designing HCR-AgNCs biosensors. In all three studies, a DNA hairpin 

species was designed with a C-G bp to replace two bases of the DNA hairpin loop. This 

minor modification simultaneously increased the stem length and decreased the loop size, as 

means to improve the metastability of DNA hairpins by creating a high energy barrier, 

previously discussed in Section 2.3.3. The location of the C-G bp was also in accordance 

with the suggestion by Li et al. to close the fraying regions with a C-G bp [63], that was also 

discussed in Section 2.3.3. This design feature had led to the stable HCR systems presented 

in this work. Besides that, the underlying concept for all three HCR-AgNCs biosensors 

capitalised on proximity-dependent AgNCs to reflect the DNA structural changes brought 

about by HCR amplification. The design and implementation of proximity-dependent AgNCs 

have been challenging, but the findings reported in this thesis validated their feasibility and 

working principle.   

Another common aspect from all three HCR-AgNCs biosensors is the reported 

analytical performance (i.e., sensitivity and selectivity). Table 6.1 compares the three 

proposed HCR-AgNCs biosensors to other reported HCR-AgNCs biosensors with a nucleic 

acid-based target (i.e., DNA, miR, and mRNA). While it is understandable that the 

underlying mechanism for all the studies may differ, the three proposed HCR-AgNCs 

biosensors generally outperform the other fluorescence-based HCR-AgNCs biosensors, with 

regards to the LOD and detection range. However, the works from this thesis fall short when 

compared to the electrochemical-based HCR-AgNCs. Electrochemical-based HCR-AgNCs 

normally feature enzymatic components to further enhance their biosensing performance, but 

at the same time introduce additional steps, such as washing and deactivating the enzymes 
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[75,158]. All three proposed designs in this thesis have relatively similar fM-level LOD, and 

detection range from fM to nM levels. This covers the typical concentration range (i.e., fM to 

nM) of miRs in the body [316,317]. On the other hand, the slight deviations seen across the 

designs could be attributed to the different detection mechanisms, as well as the choice of 

AgNCs templating sequence. To reiterate, Chapters 3 and 5 reported ratiometric HCR-

AgNCs fluorescence analysis, where the former utilised a combination of AgNCs templating 

sequence and a C-rich emitter-pair, while the latter utilised a split AgNCs templating 

sequence. Meanwhile, Chapter 4 reported a compartmentalised HCR-AgNCs biosensor, with 

externalised AgNCs fluorogenic probes comprising a combination of a dark and a C-rich 

AgNCs templating sequence.  

Despite the conceptual success of the three HCR-AgNCs biosensors proposed in this 

thesis, the performance and application of these concepts can be further improved with 

additional optimisation and validation experiments. These will be discussed in detail in the 

following section (Section 6.3). 
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Table 6.1 Comparison of the proposed HCR-AgNCs biosensors with reported HCR-AgNCs biosensors towards a nucleic acid target. 

Method Target Material LOD Detection range Reference 

Fluorescence miR-17-5p HCR-AgNCs 2.8 pM 1 pM – 1 nM [160] 

Fluorescence miR-21 HCR-AgNCs 19.9 pM 0.25 nM – 8 nM [166] 

Fluorescence miR-145 HCR-AgNCs 16 pM 0.1 nM – 1.6 nM [165] 

Fluorescence HIV DNA GO/HCR-AgNCs 1.18 nM 10 nM – 0.2 μM [13] 

Fluorescence let-7 HCR-AgNCs 0.78 nM 1.56 nM – 0.4 μM [157] 

Fluorescence mRNA HCR-AgNCs 7 pM 10 pM – 0.1 μM [169] 

Fluorescence miR-21 GO/HCR-AgNCs 2.8 pM 5 pM – 1 nM [156] 

Electrochemical DNA Autocatalytic strand displacement amplification/HCR-AgNCs 0.16 fM 0.2 fM – 1 pM [158] 

Electrochemical miR-155 T-rich nucleic acid-enhanced HCR-AgNCs 0.39 fM 0.5 fM – 1 nM [163] 

Electrochemical miR-199a Target-assisted polymerisation nicking reaction/HCR-AgNCs 0.64 fM 1 fM – 0.1 nM [75] 

Fluorescence miR-155 HCR-AgNCs 1.13 fM 100 fM – 1 μM Chapter 3 

Fluorescence DNA HCR-AgNCs 3.35 fM 100 fM – 1 μM Chapter 4 

Fluorescence miR-144-3p MB-HCR-AgNCs 4.88 fM 10 fM – 1 μM Chapter 5 
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6.3 Perspectives and future remarks 

 DNA-based biosensors rely on the structural and mechanistic properties of DNA for a 

highly selective binding interaction with a particular target. In this thesis, several HCR-

AgNCs biosensors were designed by integrating AgNCs into HCR amplified circuits. In 

Section 2.5, the advantages of HCR-AgNCs biosensors were highlighted, from its simplicity 

in operation with a mix-and-measure method in a one-pot system, to the automatic and mild 

operational conditions. On the contrary, there are also challenges that limit their potential and 

application, namely the design of stable DNA hairpins with a functional AgNCs templating 

sequence (as described in Section 2.5.5). Throughout this thesis, these limitations were 

investigated through the development of three HCR-AgNCs biosensors with their respective 

mechanisms and design features, followed by the reported findings that validate their 

biosensing performance (summarised in Section 6.2). Nonetheless, these proposed HCR-

AgNCs biosensors can be further improved with future research and applied fundamentally in 

future HCR-AgNCs systems. Herein, the key areas of improvement for each of the proposed 

HCR-AgNCs biosensor are evaluated. 

  In Chapter 3, the HCR-AgNCs biosensor design utilised a C-rich emitter-pair 1o 

toehold sequence that actively participated in HCR amplification, to induce a change in the 

fluorescence properties and subsequent ratiometric response. This strategy was never 

reported before in prior HCR-AgNCs studies, and the findings in Chapter 3 proved the 

feasibility and practicality of its working principle. However, more work can be performed to 

validate the mechanism, such as testing with a different target, and a different combination of 

emitter-pair/AgNCs templating sequences. 

 In Chapter 4, the proposed HCR-AgNCs biosensor featured multiple innovative 

approaches. Firstly, P1 comprised a hybridisation region and a AgNCs templating sequence, 

and it was primarily responsible for the fluorescence activation via end-to-end cluster 

transfer. However, the hybridisation of P1 with H1 could also be seen as HCR termination. 

This can be explored further in future studies, as a dual-functional DNA probe (i.e., signal 

transduction and HCR terminator) can provide precise regulation of an otherwise automated 

HCR process. That being the case, specific sizes of HCR products can be optimised and 

isolated for downstream analysis. Next, it was proven in Chapter 4 that the end-to-end 

cluster-transfer concept initiated a significant fluorescence activation and was applicable for 

the HCR-AgNCs biosensor to detect the target DNA. The end-to-end cluster-transfer concept 
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is generally an underexplored AgNCs strategy, let alone in HCR systems. However, the 

reported findings in Chapter 4 offer an alternative method to introduce AgNCs instead of the 

conventional side-by-side (i.e., emitter-pair/AgNCs templating sequence, G-rich 

enhancer/AgNCs templating sequence, etc.) proximity-dependent approach. For instance, 

end-to-end cluster-transfer can be implemented in HCR products with AgNCs templating 

tails at both sides of the concatemer, instead of crowding everything on one side and slowing 

down the DNA hybridisation process. Likewise, as aforementioned in Section 4.5, the 

applicability of the HCR-AgNCs system in human serum could be further optimised and 

validated by including more sample concentrations within the detection range (i.e., 100 fM – 

1 μM) for human serum testing (e.g., at every magnitude from 100 fM – 1 μM). Lastly, the 

proposed HCR-AgNCs biosensor exhibited qualitative fluorescence response with respect to 

the concentration of the target DNA. Qualitative analysis with HCR-AgNCs systems is rarely 

studied, and future work in this direction can result in more direct analysis as compared to 

quantitative measurement, with the potential for point-of-care application. 

 In Chapter 5, the novel design of MB-HCR-AgNCs reported feasibility and 

practicality for the detection of miR-144-3p. In addition to reported results, there are several 

aspects in this work that can be further explored in the future. Firstly, this work utilised 

commercial MBs, which arrived in a small volume and a high cost. While this was shown to 

work with the MB-HCR-AgNCs biosensor, it might not be a viable and sustainable option for 

long-term application. Hence, in-house MBs can be easily prepared with better regulation of 

their properties (e.g., size, coating substance, and core material), and thus, could be a 

potentially better option, in terms of cost per unit volume [318]. Besides that, the present 

study worked with MBs with 1 µm diameter. Smaller MBs, ideally within the nm range, 

provides a larger surface area to volume ratio, which could enhance the binding capacity, 

subsequent capture efficiency of miR-144-3p, and dispersion. As part of the work, magnetic 

nanoparticles (MNPs) were briefly explored as an option, with some assistance to 

comprehend the preparation, characterisation, and functionalisation of MNPs. However, this 

option was not integrated into the final design due to the lack of resources and time. Next, the 

proposed MBs recovery method in this work was performed with thermal dissociation of 

DNA probes (i.e., C1, C2 and C3). An alternative MBs recovery method should be explored, 

preferably with mild reaction conditions which would ensure that the entire operation of MB-

HCR-AgNCs is consistent [315]. This would make it even more practical when applied at 

areas with low-resource settings. Even so, the condition should specifically target the 
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hydrogen bonds of DNA (i.e., between C1, C2 and C3), without affecting the streptavidin-

biotin bond of C1-MBs. Also, the design of H2 featured the two base loop replacement with a 

C-G bp (similar to the H1 of the HCR-AgNCs designs in Chapters 3 and 4), and a relatively 

bulky C- and G-rich toehold segment (29-mer). In terms of DNA hairpin metastability, the 

reported findings highlighted the notion that loop size should be prioritised over both the 

toehold base composition and length when designing metastable DNA hairpin probes. This 

warrants further research not only to verify the claim but also to develop a systematic 

guideline towards designing metastable DNA hairpins for HCR-AgNCs systems. Lastly, this 

work also validated the ratiometric approach with a HCR-active 1o AgNCs templating 

toehold (i.e., part of a split AgNCs templating sequence in this work), that was introduced in 

Chapter 3. This opens new possibilities that can indeed broaden the field of HCR-AgNCs 

biosensing. In addition to that, it is also important to note that the detection range tested for 

all three designs in this thesis may not represent the full working range of each these HCR-

AgNCs biosensors and require further experiments to fully realise their biosensing 

capabilities. Besides that, the mechanism of each design should be further validated with 

different miRs. This would involve a simple change in target sequence to yield relatively 

similar fluorescence properties, given that most conditions remain the same (i.e., nucleation 

sequence). But changing the target sequence might affect the thermodynamics and kinetics of 

the DNA hairpin probes. Hence, a quick and simple re-optimization of the temperature and 

duration of HCR incubation should finetune the reaction conditions for the HCR-AgNCs 

biosensor. 

 For the optimisation and characterisation of HCR-AgNCs biosensors, the DNA 

nanostructures from all the proposed designs could be further verified with other techniques. 

Atomic force microscopy (AFM) can provide a visual comparison of the DNA nanostructures 

(DNA hairpins vs HCR chains). AFM is more often utilised in branched HCR designs where 

their exponential amplification produces a more prominent DNA network, as opposed to one-

dimensional HCR amplification [174]. Moreover, AFM can also analyse the formation of 

AgNCs on DNA molecules [169]. From the reported HCR-AgNCs studies and this thesis, 

more effort should also be directed towards the molecular interaction of AgNCs towards 

DNA concatemers, such as the binding of Ag(I) to different DNA hairpin segments, or the 

preparation of AgNCs in a complex DNA network [319]. There were no detailed experiments 

performed to investigate the specific effect of AgNCs sequence on HCR kinetics, and the 

results from the different studies in the thesis cannot be compared directly. A quick 
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observation between the two ratiometric designs (Chapters 3 and 5) did not yield that much 

of a difference. For example, it was reported that HCR incubation was optimally performed 

for 2.2 hours in Chapter 3 and 2 hours in Chapter 5, but this might have been ascribed to the 

different components involved (e.g., size of DNA hairpins and DNA sequence). Hence, the 

effect of different AgNCs templating sequence, particularly length and sequence, should be 

investigated on the kinetics of HCR in future studies. Another component to explore would 

be the effect of AgNCs templated appended to the DNA hairpins (i.e., at the toehold or loop 

sequence), and investigate the possibility and extent of steric hindrance on HCR kinetics. 

 In order to apply HCR-AgNCs for actual clinical diagnostics, target analyte detection 

should be extended beyond simple complex matrices (human serum, blood plasma, etc.) and 

more into in vitro and in vivo settings. This is crucial because it gauges the stability and 

applicability of HCR-AgNCs in the relevant fields of diagnostics. For example, the studies in 

this thesis used human serum samples as the choice of complex matrix, but this is insufficient 

especially for miR targets. Although serum miRs in bodily fluids present remarkable stability 

(i.e., from encapsulation in exosomes, microvesicles and/or protein complex), there are miRs 

that are site-specific and concentrate near the cells and tissues. Hence, testing the HCR-

AgNCs biosensors in cell lysates and actual patient samples would solidify the potential of 

the HCR-AgNCs biosensors proposed in this thesis. Another area of improvement would be 

the comparison of HCR-AgNCs biosensors with current methods of detection. A direct 

comparison of HCR-AgNCs biosensors with qPCR and/or RT-qPCR for nucleic acid targets 

(i.e., DNA and miRs), can enable critical performance analysis, including the overall cost, 

runtime, and operational difficulty. Such comparison was only performed once by Liu et al. 

[169], and they reported relatively similar analytical performance between their HCR-AgNCs 

biosensors and RT-qPCR, to detect a target mRNA. Another area of interest is the possibility 

of preparing AgNCs on DNA hairpin probes prior to HCR amplification. Most of the current 

HCR-AgNCs biosensors function with AgNCs formation post-HCR amplification. This 

concept may be challenging to design and execute, but it offers more practical applications 

with real-time detection by monitoring the signal changes during HCR amplification, and an 

overall shorter operation time. 

To fully realise the potential of HCR-AgNCs biosensors for clinical application, 

future research in HCR-AgNCs biosensors should be directed towards multiplex detection 

and POCT. Multiplex detection enables the detection of multiple targets in a single reaction. 
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This can be challenging for HCR-AgNCs biosensors as it requires not only additional DNA 

hairpins, but also different AgNCs templating sequences to elicit different AgNCs species. 

Meanwhile, POCT typically means detection with a device in the presence of the patient and 

without the need to send a sample to a laboratory. Hitherto most of the reported studies 

developing HCR-AgNCs biosensors are conceptual and remain in the laboratory testing 

phase. To fully realise their potential in POCT, inter-disciplinary research should be initiated 

to integrate HCR-AgNCs into a versatile platform (e.g., lab-on-chip devices and smartphone 

attachments) [320–324]. Another area of improvement would be the long operational time of 

HCR-AgNCs biosensors. As it stands, HCR-AgNCs biosensors feature a relatively long 

operational time (i.e., at least 1 hour) to accommodate both HCR amplification and 

preparation of AgNCs, as shown in Table 2.3. Several propositions could significantly 

improve the operational time of HCR-AgNCs biosensors. The bulk preparation of stable 

AgNCs (i.e., on DNA hairpins or externalised AgNCs probes) prior to HCR amplification can 

prevent time-consuming AgNCs preparation after each run of HCR in conventional HCR-

AgNCs biosensors. Apart from that, the interaction between DNA hairpins and target during 

HCR could be improved by bringing them closer to one another if the reaction volume was 

significantly reduced. Another approach to reduce the overall biosensing time would be to 

utilise different variations of HCR, such as a branched design and/or target recycling for 

exponential signal amplification (previously introduced in Section 2.3.5). 

In its entirety, this thesis has contributed towards addressing and understanding the 

challenges of developing HCR-AgNCs biosensors. A solid foundation has been established 

from the aspects of material preparation, designing of DNA probes, biosensor 

characterisation, operational condition optimisation, and analytical performance. By way of 

comparison, the diagnostic potential achieved with the proposed HCR-AgNCs biosensors in 

this thesis (from Chapters 3, 4, and 5) has shown to be quite competitive with other recently 

published works thus far (as listed in Tables 3.2, 4.2 and 6.1). In this regard, HCR-AgNCs 

and MB-HCR-AgNCs offer a unique detection strategy for miRs as a supplementary tool to 

complement the diagnosis and understanding of cancer biology, taking into account the 

specificity of DNA probes, strong and sensitive AgNCs fluorescence, and the practicality of 

the designs (e.g., the successful implementation of MBs for miR extraction in complex 

serum). Additionally, with global efforts striving towards point-of-care diagnostics, there will 

undoubtedly be greater opportunities to integrate HCR-AgNCs into clinical diagnostics, 

within the field of miRs and other biomolecules. 
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6.4 Concluding remarks 

Overall, this thesis has presented original works that contribute to both disciplines of 

analytical chemistry and biotechnology, with particular emphasis on DNA-based biosensors 

and DNA nanotechnology. The presented results provide a framework for further research 

based on biosensor development, HCR amplification, DNA-AgNCs, and hybrid HCR-AgNCs 

biosensors. From ab initio design to proof-of-concept and complex matrix application, this 

thesis has provided the fundamentals to drive future research in the fields of DNA-based 

biosensing.  
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Appendix I: Computational data from Chapter 3 

 

# 

# design a HCR system 

# design material, temperature (C), trials, magnesium [M], sodium [M], dangles 

# 

material = dna 

temperature = 37.0 

trials = 10 

magnesium = 0.02  

sodium = 0.05 

dangles = none 

 

# 

# target structures 

# 

structure H1 = U6 D19 U4 U12 

structure H2 = D18 U6 U6 

structure miRNA155 = U24 

 

# 

# sequence domains 

# 

domain a = TTAATGCTAATCGTGATA 

domain b = GGGGTT 

domain c = C 

domain d = N4  

domain e = TTTACCCACCCA 

 

# 

# thread sequence domains onto target structures 

# 

H1.seq = b* a* c d c* a e 

H2.seq = a b a* c d* c* 

miRNA155.seq = a b 

 

Figure S1 NUPACK script for the design of DNA hairpins (i.e., H1 and H2) based on 

target miR-155 sequence.  
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A.  

 

 

B.  

 

 

C. 

 

 

Figure S2 (A) Equilibrium concentration of DNA hairpin probes, H1 and H2, with miR-155. 

and (B) MFE structure of HCR product, presented with probability of base-pairing. (C) 

Equilibrium concentration of DNA hairpin probes, H1 and H2, without miR-155.  
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Table S1 DNA hairpin structures and their free energy and melting point. 

DNA Structure ΔG 

(kcal.mol-1) 

Tm 

(oC) 

    

H1 

 

-18.38 67.6 

    

H2 

 

-15.57 61.8 
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Appendix II: Computational data from Chapter 4 

 

# 

# design a HCR system 

# design material, temperature (C), trials, magnesium [M], sodium [M], dangles 

# 

material = dna 

temperature = 37.0 

trials = 10 

magnesium = 0.02  

sodium = 0.05 

dangles = none 

 

# 

# target structures 

# 

structure H1 = U6 D17 U4 U6 

structure H2 = D16 U6 U6 

structure DNA214 = U22 

 

# 

# sequence domains 

# 

domain a = ACAGCAGGCACAGACA 

domain b = GGCAGT 

domain c = C 

domain d = N4  

domain e = N6 

 

# 

# thread sequence domains onto target structures 

# 

H1.seq = b* a* c d c* a e 

H2.seq = a b a* c d* c* 

DNA214.seq = a b 

 

Figure S1 NUPACK script for the design of DNA hairpins (i.e., H1 and H2) based on target 

DNA-214 sequence. 
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A. 

 

B. 

 

C. 

 

Figure S2 (A) Equilibrium concentration of DNA hairpin probes, H1 and H2, with DNA-

214. (B) MFE structure of HCR product, presented with the probability of base-pairing. (C) 

Equilibrium concentration of DNA hairpin probes, H1 and H2, without DNA-214.  
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A. 

 

B.  

 

C. 

 

Figure S3 (A) Effect of number of bases on the stability of H1-P1 duplex formation. (B) 

MFE structure of H1-P1 duplex. (C) MFE structure of P1-P2 duplex. 
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Table S1 DNA hairpin structures and their free energy and melting point 

DNA Structure ΔG 

(kcal.mol-1) 

Tm 

(oC) 

    

H1 

 

-21.02 77.2 

H2 

 

-19.12 76.8 
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Appendix III: Computational data from Chapter 5 

A. 

 

B. 

 

Figure S1 (A) Equilibrium concentration of C1 and miR-144-3p. (B) MFE structure of C1-

miR-144-3p duplex, presented with the probability of base-pairing. 
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A. 

 

B. 

 

Figure S2 (A) Equilibrium concentration between C1, C2, C3 and miR-144-3p. (B) MFE 

structure of C1-C2-C3 complex, presented with the probability of base-pairing. 
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# 

# design a HCR system 

# design material, temperature (C), trials, magnesium [M], sodium [M], dangles 

# 

material = dna 

temperature = 37.0 

trials = 10 

magnesium = 0.001  

sodium = 0.1 

dangles = none 

 

# 

# target structures 

# 

structure H1 = U2 D14 U7 U6 

structure H2 = U7 D17 U4 U21 

structure H3 = D16 U7 U6 

structure miRNA144 = U20 

 

# 

# sequence domains 

# 

domain a = TACAGT 

domain b = ATAGATGATGTACT 

domain c = AGCGGTG 

domain d = N2 

domain e = C 

domain f = N4 

domain g = TTTGCCTTTTGGGGACGGATA 

 

# 

# thread sequence domains onto target structures 

# 

H1.seq = d b c b* a* 

H2.seq = c* b* d* e f e* d b g 

H3.seq = d b c b* d* e f* e* 

miRNA144.seq = a b 

 

Figure S3 NUPACK script for the design of DNA hairpins (i.e., H1, H2 and H3) based on 

target miR-144-3p sequence. 
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A. 

 

 

  

B. 

 

 

  

C. 

 

 

Figure S4 (A) Equilibrium concentration of DNA hairpin probes, H1, H2 and H3, with miR-

144-3p. (B) MFE structure of HCR product, presented with the probability of base-pairing. 

(C) Equilibrium concentration of DNA hairpin probes, H1, H2 and H3, without miR-144-3p. 
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A. 

 

  

B. 

 

 

Figure S5 (A) Equilibrium concentration between C2, C3, H1, H2 and H3. (B) MFE 

structure of C3-H1 complex, presented with the probability of base-pairing.  
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Table S1 DNA hairpin structures and their free energy and melting point. 

DNA Structure ΔG 

(kcal.mol-1) 

Tm 

(oC) 

    

H1 

 

-10.69 59.9 

H2 

 

-18.71 57.7 

H3 

 

-13.49 62.4 
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Appendix IV: Research outcomes 

The following paper has been produced from this research. 

Journal paper(s): 

Z.W. Wong, J.F. Ng, S.Y. New, Ratiometric Detection of MicroRNA Using Hybridisation 

Chain Reaction and Fluorogenic Silver Nanoclusters, Chem. Asian J. 16 (2021) 4081–4086. 

https://doi.org/10.1002/asia.202101145  

(Impact factor = 4.568) 

(As referred to for Chapter 3) 

 

Z.W. Wong, S.Y. New, An enzyme-free turn-on fluorescent strategy for nucleic acid 

detection based on hybridisation chain reaction and transferable silver nanoclusters. (2022) 

(manuscript submitted for publication) 

(As referred to for Chapter 4) 

 

Z.W. Wong, K. Muthoosamy, N.A.H. Mohamed, S.Y. New, A fluorogenic biosensor based 

on magnetic-assisted hybridisation chain reaction and DNA-templated silver nanoclusters for 

sensitive microRNA detection. (2022) (manuscript submitted for publication)  

(As referred to for Chapter 5) 

 

This research has been presented on numerous occasions.  

Presentations (e.g., conferences, symposiums, forums, etc.): 

2022 Poster presentation - Chemical Nanoscience and Nanotechnology Early 

Career Researcher Virtual Poster Meeting, 20th June 2022 (virtual). 

 

2021 Poster presentation - Graduate Research Symposium 2021, Scientific 

Research Today: Borderless, Collaborative, and Innovative, 30th November 

2021 (virtual). 

  

Poster presentation - 7th Nano Today Conference, 16th – 18th November 2021 

(virtual). 

  

Oral presentation - Bio-Inspired Nanomaterials, Nature Conferences, 15th – 

https://doi.org/10.1002/asia.202101145
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17th November 2021 (virtual). 

Awarded: 2021 Travel Grant by Royal Society of Chemistry (RSC), Malaysia 

Local Section 

  

Poster presentation - 2nd International Online Conference on Polymer 

Science: Polymers and Nanotechnology for Industry 4.0, 1st – 15th November 

2021 (virtual). 

  

Poster presentation - EMBO | EMBL Symposium, Seeing is Believing: 

Imaging the Molecular Processes of Life, 5th – 8th October 2021 (virtual). 

Awarded: EMBO|EMBL Symposia Fellowship by EMBO|EMBL Corporate 

Partnership Programme 

  

Poster presentation - Norwegian NanoSymposium 2021, 5th – 6th October 

2021 (virtual).  

  

Poster presentation - 2nd Commonwealth Chemistry Posters, 30th September – 

1st October 2021 (virtual).  

Awarded: Poster Prize Winner (Health and Wellbeing) by Commonwealth 

Chemistry Executive Board 

  

Flash presentation - Early Career Researcher Living Light 2021, 22nd – 23rd 

September 2021 (virtual).  

  

Poster presentation - UNM Postgraduate Showcase 2021, 8th September 2021 

(virtual). 

  

Oral presentation - 1st Malaysia International Conference on Nanotechnology 

& Catalysis (MICNC) 2021, 1st – 3rd September 2021 (virtual). 

Awarded: Best Session Presenter (Nanosensor and Nanosafety) by Catalysis 

Research Center, Universiti Malaya 

Awarded: Researcher Development Grant by RSC 

  

Oral presentation - UNM Pharm/Biomed 6th Annual Postgraduate Research 

Symposium, Innovating Science: Evolution to Revolution, 26th August 2021 

(virtual).  

Awarded: First Runner Up (Oral presentation) by University of Nottingham 

Malaysia 

  

Oral presentation - 37th International Symposium on Microscale Separations 

and Bioanalysis (e-MSB) 2021, 12th – 15th July 2021 (virtual). 

  

Poster presentation - The Online Nucleic Acids Forum 2021, 9th July 2021 
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(virtual). 

  

Oral presentation - Monash Initiate 2021 (MINIT): A Virtual Conference, 

16th – 17th June 2021 (virtual). 

  

Oral presentation - 4th International Conference on Molecular Biology & 

Biotechnology (ICMBB) 2021, 1st – 3rd June 2021 (virtual). 

  

Poster presentation - YSN-ASM International Scientific Virtual Conference 

(ISVC) 2021, 29th March – 1st April 2021 (virtual). 

 

2020 Oral and poster presentation - UNM Postgraduate Research Showcase 2020, 

6th October 2020 (virtual). 

 

2019 Poster presentation - UNM-Biomed/AAPS-NUS PharmSci@Asia 

Symposium, 25th July 2019.  

 


