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Chair: Yuehe Lin 

 

From diagnosis of life-threatening diseases to detection of biological agents in the human body 

and environment, biosensors are becoming a critical part of modern life. The fast detection 

process and accurate detection results have posed high requirements in the sensitivity and 

specificity of the biosensors. Recently, some nanomaterials have been found to possess 

unexpected peroxidase-like activities, and great progress has been made to fabricate colorimetric 

biosensors based on the peroxidase-like activities of these nanomaterials. These nanomaterials 

exhibit flexibility in structural design and composition, easy separation and storage, high 

stability, simple preparation, and tunable catalytic activity. Fe-based single-atomic site catalysts 

(SASCs), with the natural metalloproteases-like active site structure, have attracted widespread 

attention in biosensing applications. Precisely controlling the isolated single-atomic Fe-N-C 

active site density and structure is crucial to improving the SASCs’ performance.  

In this dissertation, different strategies are used to increase the enzyme-like activity of Fe-N-C 

SASCs. Using ion-imprinting technology to precisely control ions at the atomic level, form 

numerous well-defined single-atomic Fe-N-C sites, and achieve in situ detection of H2O2 
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generated from cells. The use of nanoconfinement force can greatly increase the number of Fe-

Nx active sites in the material, thereby greatly improving the enzyme-like properties of the 

material, which can then be used for biosensing and sensitive and selective detection of disease 

biomarkers. Furthermore, harnessing the advantages of two-dimensional (2D) materials to 

synthesize SASCs can further enhance their activity, as the 2D structure can help expose more 

single-atomic sites that can directly participate in the reaction. This strategy has been 

successfully used to fabricate biosensing systems for herbicide detection. More importantly, 

different SASCs can be further designed by using appropriate precursors to achieve structural 

mimicry of the natural enzyme, through control size and morphology to achieve point-of-care 

detection via lateral-flow immunoassay. 

Fe-N-C SASCs synthesized in this work have significant potential to replace natural enzymes for 

high-sensitive biosensing applications. Their unique single-atomic geometrical structure exhibits 

significant advantages in biocatalytic activity, stability, and selectivity. We believe the 

continuously developed strategies can enable the Fe-N-C SASCs to explore their wider 

applications in various biosensing applications with excellent detection performance.  
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CHAPTER ONE: INTRODUCTION 

Over the years, the development of highly sensitive biosensors has received increasing attention, 

and some major breakthroughs in biosensing have been recognized due to the application of 

nanomaterials with enzyme-like properties that can amplify signals. In which Single-atomic site 

catalysts (SASCs), containing atomically dispersed metal active sites, holding great promise in 

biosensors. 

1.1 Introduction of biosensors  

A biosensor is an analytical device consisting of biological elements, biological receptors, and 

physicochemical detectors for the detection of chemical substances in biosensing applications. It 

combines biological elements and physicochemical detectors to convert biological reactions into 

optical, electrical, and other detectable signals, electrochemical and colorimetric signals.[1-3] 

Biomolecules capable of detecting or recognizing target analytes, such as antibodies, aptamers, 

enzymes, nucleic acids or cells, are used as biological receptors. These sensors have advantages 

such as high selectivity towards the target analyte, this is due to the specific interaction between 

the biological receptors present in their structure and the target analyte.[4]  

Figure 1.1[5] shows the schematic diagram of biosensors. The first biosensor was invented by 

Clark Jr. in 1956 to continuously detect oxygen in the blood during cardiopulmonary bypass 

surgery,[6, 7] the mechanism was that the oxygen could be reduced on a metal electrode by the 

gas permeable membrane. Clark also built the first prototype glucose sensor in 1962 using glucose 

oxidase.[8] Since then, numerous efforts have been put into developing various biosensors.  
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Figure 1.1 Schematic diagram of biosensors [5] 

Compared to traditional analytical methods, the main advantages of biosensors are miniaturization, 

portability, and minimal sample preparation.[9, 10] Biosensors have a wide range of applications 

ranging from medical diagnostics,[11] to drug discovery,[12, 13] food quality,[14] environmental 

monitoring.[15, 16] More importantly, biosensors need to meet stringent requirements, such as 

good selectivity, high sensitivity, portability, reproducibility, low-cost, chemical and mechanical 

stability.[17, 18]  

According to the principle of biometrics, biosensors are divided into catalytic biosensors and 

affinity or non-catalytic biosensors.[19] In catalytic biosensors, analyte-bioreceptor interactions 

lead to the development of new biochemical reaction products. Such biosensors include enzymes, 

microorganisms, tissues, and whole cells.  

Enzymes are common biocatalysts that can effectively increase the rate of biological reactions. 

The working principle of enzyme-based biosensors relays on the catalytic reaction and binding 
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capacity of analyte detection.[20] Due to the long history of enzyme-based biosensors 

development, various biosensors can be produced on the basis of enzyme specificity, and the most 

common enzyme-based biosensors are glucose and urea biosensors. However, enzyme structures 

are extremely sensitive, and improving the sensitivity, stability, and adaptability of enzyme is 

expensive and complex.  

With advances in nanotechnology, exploring nanomaterials, different nanomaterials with various 

characteristics provide the possibility of improving the performance of biosensors and increase the 

power of detection through size and morphology control. 

1.2 Enzyme-like nanomaterials in boosted biosensors 

As an emerging alternative to natural enzymes that require stringent physiological conditions to 

perform catalytic functions, nanomaterials with intrinsic enzyme-like activity (also known as 

Nanozyme) have attracted much attention due to their unique advantages such as high catalytic 

stability, easy modification, and low fabrication cost, showing great potential in biosensors to 

enhance signal and improve the detection performance. The properties of various nanozymes and 

their advantages over enzymes are shown in Figure 1.2.[21] 

 

Figure 1.2 The properties of various nanozymes and the comparison between nanozyme and 

enzymes.[21] 
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1.2.1 Enzyme-like properties 

Peroxidase-like (POD-like) activity is an important enzyme-like activity for nanomaterials. 

Peroxidase [22] is a natural enzyme that enables the substrate of hydrogen peroxide (H2O2) to be 

converted to H2O in the presence of reducing substrate, and the substrate is oxidized to its 

corresponding oxide during this process.[23, 24] The peroxidases reactions can be simply 

summarized as the following equation:[25] 2RH + H2O2 → 2R˙ + 2H2O, (RH represents a reducing 

substrate, R˙ stands for the formed free radical). Horseradish peroxidase (HRP), as a typical 

peroxidase, has been studied over the years as a useful tool to catalyze H2O2.[26] However, the 

disadvantages such as difficulty in extraction and purification, weak environmental stability, high 

cost and poor reusability have limited its application in many fields.[27-29] Nanomaterial-based 

peroxidase mimics have received great attention in biomedical applications for the past few 

years.[30] Compared with natural peroxidase, these nanomaterials are easier to produce at a low 

cost and have outstanding catalytic stability, high specific surface area, and good stability against 

harsh environmental conditions.  

One of the catalytic mechanisms of nanomaterials with POD-like activity can be described as 

reactive oxygen species (ROS) generated through some specific catalyzing reactions such as 

Fenton (hydroxide (OH−) and hydroxyl radical formed from a reaction between Iron (II) (Fe2+) and 

H2O2) and Haber-Weiss reactions (•OH (hydroxyl radicals) generated from H2O2 and superoxide 

(•O2
−) catalyzed by iron ions), thus catalyzing the peroxidase substrate 3,3’,5,5’-

tetramethylbenzidine (TMB) to produce a blue color reaction.[22, 31] The other mechanism is the 

electron transfer between reducing substrates like TMB and H2O2.[32, 33]  

Besides peroxidase, another major enzyme-like nanomaterial is oxidase-like.[34] Substrates can 

be directly catalyzed to their oxidation form without H2O2 participation. 
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Instead, dissolved oxygen is often involved in the reactions catalyzed by these mimetic 

oxidases.[35] To some extent, oxidase mimetics are more suitable for biochemical assays than 

peroxidases due to their simpler reaction conditions. Other than the above two important enzyme-

like activities, superoxide dismutase (SOD), as a type of enzyme, can catalyze the dismutation of 

unstable superoxide radicals to O2 and H2O2. SOD catalyzes the dismutation of superoxide anion 

to molecular oxygen and H2O.[36] Catalase (CAT) is a common enzyme found in nearly all 

oxygen-exposed organisms (such as bacteria, plants, and animals) that catalyzes the breakdown of 

hydrogen peroxide into water and oxygen.[37] Catalase is essential for the removal of H2O2, which 

is produced in peroxisomes by photorespiration. [38, 39] 

1.2.2 Biosensing applications 

In the past decade, the application of nanomaterials in various biosensors is considered to have 

great potential to improve the detection performance of the biosensors. In this part, we will focus 

on the introduction of biosensors using nanomaterial with POD-like activities. The various types 

of biosensors, such as nanozyme-enzyme cascade, enzyme-based immunosensors, and lateral flow 

assay, have been deliberated to highlight their indispensable applications. 

Enzyme immunoassays (EIAs) and enzyme-linked immunosorbent assays (ELISAs) have become 

the gold standard for medical laboratories, in vitro diagnostic products, regulatory agencies, and 

external quality assessment and proficiency testing organizations.[40, 41] ELISA are derived from 

radioimmunoassay (RIA) which was firstly described by Yalow and Berson in 1960.[42] In 

consideration of the radioactivity safety, RIA analysis was improved by replacing radioisotopes 

with enzymes, thereby creating the modern ELISA, representing a simple, reliable, and sensitive 

analytical tool for the rapid detection of target analytes.[43, 44] EIA/ELISA uses the basic 

immunological concept of the binding of an antigen to its specific antibody, and the interaction 
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between the antigen and antibody can be converted into a visible color change,[45] allowing 

detection of very small amounts of antigens such as proteins, peptides, antibodies in virus, 

hormone, or fluid samples.[46, 47]  

In general, ELISA models can be classified into three types: direct ELISA, sandwich ELISA, and 

competitive ELISA (Figure 1.3).[48] In a direct ELISA, the antigen is directly immobilized on 

the plate, and a conjugated detection antibody binds to the target protein.[49, 50] The detection 

process is quick and simple but has the disadvantage of low specificity because only one antibody 

is used, and there can be high background produced.  

Sandwich ELISA is the most commonly used type of ELISA, which is often used for large 

molecular detection. A sandwich ELISA measures antigen between two layers of antibodies 

(capture and detection antibody).[51, 52] This type of ELISA has the highest sensitivity and 

specificity, and is compatible with complex sample matrices.  

Lastly, competitive ELISA is widely used for small molecules when the detection target is too 

small and has only one epitope or antibody binding site. Competitive ELISA is a powerful and 

effective tool for small molecule detection. Competitive ELISA relies on the competition between 

the antigen of interest (the analyte) and the same antigen that is coated to the multi-well plate.[53, 

54] The more antigen present in the sample the less bound antigen will be bound to the capture 

antibody.  
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Figure 1.3 Scheme of the basic steps of direct ELISA (A) Sandwich ELISA (B) and competitive 

ELISA (C).[48] 

Although ELISA has outstanding advantages of high sensitivity and high throughput, it is time-

consuming and not favorable for point-of-care testing (POCT). Compared with the ELISA, lateral-

flow immunoassay (LFIA) is a simple, rapid, cost-effective, and sensitive detection method to 

https://www.sciencedirect.com/topics/chemistry/enzyme-linked-immunosorbent-assay
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detect a specific biomarker that can overcome these limitations, making LFIA a widely used paper-

based immunochromatographic test strip suitable for POCT.[55, 56]  

The first lateral flow immunoassay (LFIA) was described and patented in late 1970. A few years 

later, LFIAs measuring levels of the human hormone chorionic gonadotropin in urine to determine 

pregnancy entered the market. Since then, the concept of "point-of-care testing" and eventually 

"personalized medicine" has been a popular research field.[57, 58] LFIA is based on the 

recognition of one or more analytes of interest, mainly proteins, through the use of antibodies. 

Antibodies are immobilized on nitrocellulose membranes and interact with the analyte in a 

sandwich (for detecting relatively large analytes) or competition format (used when the analyte is 

too small for two antibodies to bind simultaneously) using appropriate labels, the mechanism is 

shown in Figure 1.4.[59] 

 

Figure 1.4 Illustration of the sandwich and competitive lateral-flow immunoassay 

1.3 Single-atom engineering 

Nanomaterials with POD-like activity have received great attention in biomedical applications due 

to the advantages such as low cost and outstanding catalytic stability, high specific surface area, 

and good stability against harsh environmental conditions.[60] However, the bulk nanomaterials 
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have suffered from relatively limited surface areas exposure and restricted active sites for 

enzymatic catalysis, which would hinder the reaction efficiency.  

Single-atomic site catalysts (SASCs), on the other hand, own completely isolated active metal sites 

through precise design at the atomic level, have attracted widespread attention for their remarkable 

catalytic activity, satisfactory stability, homogeneous active sites, maximum metal atom utilization, 

and specialty geometric structure.[61, 62] Recently, some single-atomic site catalysts, especially 

Fe-based SASC with isolated Fe atoms, have shown superior enzyme-like characteristics due to 

the following two reasons. From the catalysis perspective, single-atom engineering can be used to 

decrease the size of the metal particles and own a low-coordinated metal atom, thereby increasing 

the intrinsic activity of each metal atom.[63] In our group, Ding et al. designed a Fe-N-C-based 

SAC with atomically dispersed Fe-Nx active sites, the synthesized SASC can effectively mimic 

the active sites of heme enzymes and the peroxidase-mimic activity of SASC reached 42.8 U mg-

1.[64] From the enzyme-mimic perspective, the Fe-Nx active sites of Fe-N-C-based SACs can 

mimic the active center of natural HRP, further enhancing the catalytic specificity.[65] Fe-SASCs 

have been developed to achieve theoretically maximum atom utilization and utilized as a 

promising alternative to natural HRP.[66, 67] Nowadays, the SASCs have found their extensive 

application in immunoassays,[68] environmental treatment,[69] biodetection and biosensing,[70] 

as shown in Figure 1.5. [71]  
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Figure 1.5 Schematic illustration of single-atom catalysts (SACs)-triggered catalysis for 

versatile biomedical applications. [71] 

1.4 Research projects 

In this dissertation, my research work mainly focused on designing single atomic site catalysts 

(SASCs) with high POD-like activity through different approaches. A series of characterizations 

proved that the Fe-N-C single atomic sites could achieve structural mimic of natural HRP. Also, 

different strategies to increase the density of single-atomic sites and expose the active sites on the 

surface to better participate in the reaction. Then, we used the synthesized SASC in different 

biosensing applications. Specific research work on structure controlling, specific activity, and 

biosensing applications are shown as follows. 
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1.4.1 Project I: Iron-Imprinted Single-Atomic Site Catalyst Based Nanoprobe for Hydrogen 

Peroxide Detection in Living Cells 

In this work, precisely controlling the isolated single-atom Fe-N-C active site structure is crucial 

to improving the SASCs’ performance. A facile ion-imprinting method (IIM) is used to 

synthesize isolated Fe-N-C single-atomic site catalysts and realize the structural mimic of 

natural HRP. Then, the designed Fe-N-C SASC was used as a nanoprobe in colorimetric 

biosensing of hydrogen peroxide (H2O2) generated from cells. 

1.4.2 Project II: Single-Atomic Site Catalyst Enhanced Immunosorbent Assay for Alzheimer’s 

Disease Detection 

From work I, it was proved that the Fe-N-C single-atomic sites could mimic the structure of active 

sites in natural HRP. In this work, the density of single-atomic sites was enhanced to increase the 

enzyme-like activity of SASC further. Herein, we have developed a novel Fe-N-C single atom site 

catalyst (Fe-Nx SASCs) with increased active sites density through the surface coating to introduce 

the nanoconfinement effect and used to substitute the enzymes in the ELISA kit to enhance the 

detection sensitivity of amyloid beta 1-40, which is a biomarker of Alzheimer’s disease. 

1.4.3 Project III: Two-Dimensional Fe-N-C Single Atomic Site Catalysts with Boosted 

Peroxidase-Like Activity for Sensitive Immunoassay 

It’s well known that the active sites on the surface can easily participate in the reaction. Thus, a 

better catalytic behavior can be achieved by exposing more sites on the surface. In this project, we 

combined the advantage of two-dimensional nanomaterials and SASC to get the 2D Fe-N-C SASC, 

this novel SASC possesses high POD-like activity due to the more exposed single-atomic sites. 

What’s more, we have used iron (II) phthalocyanine (FePc) in preparing the precursor, in this way, 
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the Fe-N structure has been induced into our SASCs, thus achieving a structural mimic of natural 

HRP. Later, the SASC was used for sensitive detection of 2,4-Dichlorophenoxyacetic acid (2,4-

D). 

1.4.4 Project IV: Single-Atomic Site Catalyst Enhanced Lateral-flow Immunoassay for Herbicide 

Detection 

The biosensing platform used in the previous work is time-consuming and requires laboratory 

equipment and fails to realize the on-site detection. The lateral-flow immunoassay (LFIA) 

developed in this work can be used as an effective point-of-care detection method. To be specific, 

SASC with excellent enzyme-like activity is designed and synthesized from hemin-doped ZIF-8, 

creating active sites that mimic the Fe active center coordination environment of natural enzyme 

and their functions. Utilizing its outstanding catalytic activity, the Fe-SASC is used as the label to 

construct LFIA (Fe-SASC-LFIA) for herbicide detection. 
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CHAPTER TWO: IRON-IMPRINTED SINGLE-ATOMIC SITE CATALYST BASED 

NANOPROBE FOR HYDROGEN PEROXIDE DETECTION IN LIVING CELLS 

This chapter is published as: Zhaoyuan Lyu, Shichao Ding, Maoyu Wang, Xiaoqing Pan, 

Zhenxing Feng, Hangyu Tian, Chengzhou Zhu, Dan Du, Yuehe Lin. Iron-Imprinted Single-

Atomic Site Catalyst-Based Nanoprobe for Detection of Hydrogen Peroxide in Living Cells. Nano-

micro letters, 2021, 13(1): 1-13. 

Contributions: Zhaoyuan Lyu: Conceptualization, Methodology, Investigation, Formal analysis, 

Validation, Writing-original draft, Writing-review & editing. Shichao Ding: Resources, Formal 

analysis, Investigation, Writing-review & editing. Maoyu Wang: Resources. Xiaoqing Pan: 

Resources. Zhenxing Feng: Resources. Hangyu Tian: Writing-review & editing. Chengzhou Zhu: 

Writing-review & editing. Dan Du: Supervision, Writing-review & editing, Project administration, 

Funding acquisition. Yuehe Lin: Conceptualization, Supervision, Project administration, Writing-

review & editing, Funding acquisition. 

2.1 Introduction 

Hydrogen peroxide (H2O2), playing an important role in physiological processes and as a 

messenger molecule for cellular effects, is crucial for immune response and cell growth/senescence, 

[1, 2] and also serve as potential biomarkers for diagnosis or monitoring diseases, such as diabetes, 

cancers, inflammation, cardiovascular and neurodegenerative diseases.[3, 4] Therefore, sensing 

H2O2 generated from living cells with high sensitivity and specificity will be of vital clinical value 

for disease diagnosis and better comprehension of disease mechanisms.[5, 6] However, due to the 

relatively low concentration of H2O2 in physiological environments, in vivo H2O2 sensing for 

clinical applications remains a challenge.[7] Developing highly sensitive H2O2-responsive probes 

has paramount importance for biosensing in living cells. 
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Single-atomic site catalysts (SASCs) containing atomically dispersed metal active sites 

demonstrate distinctive advantages in catalytic activities and selectivity for various catalytic 

reactions.[8-14] Recently, SASCs with peroxidase-like activity characteristics have attracted 

numerous attentions in the biosensing field due to their attractive properties of high stability and 

unprecedented catalytic performance towards H2O2.[15-18] Therefore, Fe-based SASCs are 

considered as substitutes of natural horseradish peroxidase (HRP) owing to their maximum 

specific activity and atomic utilization and have been applied in biosensing and bioremediation. 

[19-22]  

To rationally design Fe-based SASCs, researchers are usually devoted to selecting special 

precursors that either already contain single-atom metal species or use the coordination between 

the complex ligands and surface groups of support materials.[23, 24] Moreover, adsorbing iron 

ions to bulk materials or using a top-down synthetic method to peel off iron from metal bulk can 

also synthesize SASCs.[25-27] These methods have drawbacks of using expensive organic 

macromolecule complexes and running the risk of aggregating single-atom metal species into 

nanosized metal counterparts.[28, 29] The resulted SASCs either require high cost or possess a 

relatively low density of the active sites, which limit their large-scale practical applications. 

Therefore, new strategies for constructing coordination sites for preparing Fe-based SASCs are 

urgently needed. 

Ion-imprinting technology (IIT) is a type of molecularly imprinted technology that involves self-

assembly of the interested ion (the template), complementary functional monomers, and cross-

linkers to synthesize imprinted materials.[30-32] Generally, pre-polymerized complex systems can 

be formed during the preassembled system with each isolated template ion interacting with 

function monomer independently, and the template ions are embedded and isolated in the cross-
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linked matrix after the polymerization process. Due to the pro-coordination process between ions 

and functional monomers, the activate sites are precisely controlled at the atomic level and high-

density single-atom irons are obtained. Hence, based on the advantages of IIT, it is believed that 

utilizing IIT can effectively confine the ion in the matrix and achieve a high yield of SASCs with 

a low-cost and straightforward process.[33]  

Hence, a facile ion-imprinting approach was used to synthesize the Fe-based single-atomic site 

catalyst (IIM-Fe-SASC),[34] and the developed Fe-SASC was used as a nanoprobe for in situ 

intracellular H2O2 detections (Figure 2.1). For synthesizing the IIM-Fe-SASC, the 

mesoporous silica was used as the matrix in the imprinted materials to prevent aggregation of the 

isolated iron ions. The [3-(2-Aminoethylamino)propyl]trimethoxysilane (A-Tri-EOS) was 

selected as functional monomers for that it could provide coordination sites to immobilize the iron 

atom. Precisely controlled high density single atomic activate sites were achieved during the pro-

coordination process between iron ions and A-Tri-EOS. IIM-Fe-SASC with inherent peroxidase-

like activity could catalyze H2O2 to reactive oxygen species. In this paper, we successfully applied 

IIM-Fe-SASC as the sensing probe in a typical colorimetric assay to detect H2O2 with ultrahigh 

sensitivity and specificity. The IIM-Fe-SASC showed better peroxidase-like ability than that of 

non-imprinted references. Importantly, in situ detection of H2O2 generated from breast cancer cells 

(MDA-MB-231) was performed using the IIM-Fe-SASC based assay, which demonstrates the 

practical clinic applications of SASC nanoprobe. 
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Figure 2.1 Schematic diagram of the process steps for IIM-Fe-SASC nanoprobe synthesis 

and in situ intracellular hydrogen peroxide detection. 

2.2 Experimental 

2.2.1 Preparation of single-atomic site catalyst nanoprobe 

To prepare IIM-Fe-SASC, the mesoporous structure-directing micelles (solution 1) was first 

prepared by adding 0.6 g cetyltrimethylammonium bromide (CTAB) in a NaOH solution under 

vigorous stirring. 11 mg ion template Fe (NO3)3 and 0.25 mL functional monomers A-Tri-EOS 

were dissolved together and shaken for 15 min (solution 2), aiming to form the pre-coordination 

complexes of iron ions-functional monomers. Then, solution 2 and 2.5 mL cross-linking agent 

tetraethyl orthosilicate (TEOS) were added dropwise to solution 1, and the Fe-imprinted 

mesoporous SiO2 could be obtained through filtration after reaction for 2 h. Meanwhile, to analyze 

and compare the performance of IIM-Fe-SASC, two more materials were synthesized and used as 

compare samples: Fe-based SASC synthesized using an adsorbing method (NIM-Fe-SASC) and a 

non-imprinted nanomaterial without Fe ions (NIM).  

For the adsorbing method, non-imprinted mesoporous SiO2 was prepared with the same route 

without adding iron ions. Subsequently, the obtained mesoporous SiO2 was used to absorb the 
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same amount of Fe (NO3)3 solution and then the Fe-adsorbed mesoporous SiO2 was collected after 

filtration. The Fe-imprinted mesoporous SiO2, Fe-adsorbed mesoporous SiO2, and mesoporous 

SiO2 were pyrolyzed at 900oC for 30 min in N2 atmosphere and then 30 min in NH3 atmosphere. 

Then, the isolation matrix SiO2 was removed by soaking in 3 M NaOH at 80oC for 48 hours. The 

synthesized samples are named IIM-Fe-SASC (by imprinting method), NIM-Fe-SASC (by 

adsorbing method), and NIM (without adding Fe iron), respectively.  

2.2.2 Detect H2O2 produced from the breast cancer cells 

In order to evaluate the H2O2 released from MDA-MB-231 cells, the cells were placed in a 96-

well plate for 24 hours. After that, the plates were washed three times using PBS solution. Then, 

PMA solution (20μL, 2μM) and 100μL PBS were sequentially added, and incubated for 30 minutes. 

Finally, IIM-Fe-SASC (10 mg/mL, 50μL), TMB (1 mM, 100μL) and HAC-NaAC buffer (100μL, 

pH 4.0) were subsequently added and incubated for 5 minutes. Finally, a multi-mode reader was 

used to record the absorbance at 652 nm. 

2.2.3 Intracellular imaging 

For live/dead cell imaging, MDA-MB-231 cells were seeded in 6-well plates and incubated 

overnight at 37oC in a cell culture incubator. Adding IIM-Fe-SASC nanoprobe or TMB with 10 

mg/mL and 1 mM and incubate in the dark for 30 minutes, respectively. Subsequently, the calcein-

AM (2 µM) and EthD-1 (4 µM) solutions from the live/dead viability kit were added to each well 

and incubated for 15 minutes. Finally, after washing thoroughly with PBS, observe the cells with 

CLSM (Leica TCS SP8). Here, the green fluorescence from Calcein-AM represents living cells, 

and the red fluorescence from EthD-1 represents dead cells. For the intracellular ROS imaging, 

DCFH-DA was used to stain cells as a ROS fluorescent probe. MDA-MB-231 cells were seeded 

in 12-well plates and incubated for 24 h in a cell culture incubator containing 5% CO2 and 95% 
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humidity. Then the cells were incubated with IIM-Fe-SASC nanoprobe for 4 h under 0 μg mL-1, 

2.5 μg mL-1, 5 μg mL-1, and 10 μg mL-1, respectively. Herein, the IIM-Fe-SASC nanoprobe was 

broken down to nanosize via an intense ultrasound treatment for use in endocytosis. 10 μM DCFH-

DA was added to each well, followed by incubation for 20 min. The cells were washed using PBS. 

Finally, fluorescence images were obtained by CLSM. 

2.3. Results and discussion  

2.3.1 Materials characterizations 

Transmission electron microscopy (TEM) was used to study the structures and morphologies of 

as-prepared samples. Figure 2.2 shows that well-defined mesoporous structures in both Fe-

imprinted and non-Fe-imprinted mesoporous SiO2 precursors. No obvious structural difference is 

found, indicating that the sol-gel polymerization and mesoporous SiO2 precursor structures are not 

affected when adding Fe ions.  

 

Figure 2.2 TEM images of Fe-doped (a) and without doped (b) mesoporous SiO2 precursor. 
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Figure 2.3 (a-c) TEM images of IIM-Fe-SASC, NIM-Fe-SASC, and NIM in different 

resolutions, respectively. (d-f) STEM bright-field images for IIM-Fe-SASC, NIM-Fe-SASC, and 

NIM at higher magnification, respectively. 

 

Figure 2.4 (a-b) HAADF-STEM images of IIM-Fe-SASC and NIM-Fe-SASC, respectively. (c) 

Elemental -mapping images of IIM-Fe-SASC. 

The obtained IIM-Fe-SASC, NIM-Fe-SASC, and NIM show the inhomogeneous structure (Figure 

2.3a-c). Moreover, in Figure 2.3d and f, distorted graphite layers were observed by scanning TEM 

(STEM), which makes the catalysts rich in defects and nanopores, thus accommodates a large 

amount of single-atomic active sites. The STEM images of IIM-Fe-SASC are the same as that of 

NIM, where no nanoparticles are observed, suggesting that iron atoms embed into the IIM-Fe-
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SASC as dispersive isolated atoms. However, nanocrystal can be found in NIM-Fe-SASC and is 

marked in the red circle in Figure 2.3e, illustrating that the adsorption method can easily produce 

metal clusters and are hard to remove.  

To further prove the state of single iron atom, aberration-corrected high-angle annular dark-field 

STEM (HAADF-STEM) was employed to investigate the wall structure of the as-made IIM-Fe-

SASC and NIM-Fe-SASC at the atomic level. For IIM-Fe-SASC, as marked in red circles in 

Figure 2.4a, uniformly dispersed single-atomic Fe sites show on the carbon matrix. Nevertheless, 

NIM-Fe-SASC, prepared by the traditional adsorption method, has both single iron atoms and 

some stacked metal crystals (Figure 2.4b), further demonstrating that the doped Fe species are not 

purely single atoms. Elemental composition and distribution in IIM-Fe-SASC were detected by 

Auxiliary Energy-dispersive X-ray spectroscopy (EDS) elemental analysis. Figure 2.4c shows the 

corresponding element maps of carbon, nitrogen, and iron in IIM-Fe-SASC. All elements 

uniformly distribute in the IIM-Fe-SASC, indicating that nitrogen coordinated with Fe atoms can 

be doped into the carbon matrix.  

 

Figure 2.5 (a) Fe K-edge XANES spectra of IIM-Fe-SASC, and reference samples of FePc, Fe 

foil, FeO, Fe2O3, and Fe3O4. (b) FT k2-weighted EXAFS R-space spectra of IIM-Fe-SASC, NIM-
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Fe-SASC, FePc, Fe foil, and Fe2O3. (c)K-edge EXAFS oscillations of IIM-Fe-SASC, NIM-Fe-

SASC and reference samples of FePc, Fe foil, FeO, Fe2O3, and Fe3O4. (d-e) C 1s and N 1s XPS 

spectra of IIM-Fe-SASC, respectively. (f) Fe 2p XPS spectra of IIM-Fe-SASC, NIM-Fe-SASC, 

and NIM, respectively. 

X-ray absorption spectroscopy (XAS) measurements[35, 36] were performed to determine the 

local structural and electronic states of Fe atoms in the as-synthesized catalysts. The absorption 

edge of Fe K-edge X-ray absorption near edge structure (XANES) spectrum of IIM-Fe-SASC is 

located at higher energy compared to that of Fe foil, but in between two reference samples (FeO 

and Fe2O3), indicating that the Fe atoms in IIM-Fe-SASC have a positive charge (Figure 2.5a) 

that is between +2 and +3. Note that the absorption edge of IIM-Fe-SASC almost overlaps with 

that of FePc, which may indicate the similarity of their local structure surrounding Fe atoms. 

Moreover, in Figure 2.5b, the Fourier-transformed (FT) k2-weighted EXAFS curve of IIM-Fe-

SASC only shows a main peak at about 1.4 Å, which is aligned with the Fe-N peak in the FePc 

reference sample, suggesting that Fe is in single‐atom dispersed form with Fe-N bonding. In 

comparison, besides the Fe-N scattering path, a Fe-Fe peak at 2.2 Å (comparing with Fe foil) exists 

in NIM-Fe-SASC, demonstrating Fe exists as both Fe-Nx motifs and metallic Fe clusters. These 

results are consistent with the HAADF-STEM results shown above.  

It is also noted that the k-space EXAFS oscillations (Figure 2.5c) reveal that IIM-Fe-SASC 

spectrum is different from those of Fe foil and Fe oxides, but similar to that of Fe single atom 

reference FePc, which mainly due to the fact that the selected functional monomers effectively 

coordinate iron atoms during the ion imprinting process.[23]  

The chemical composition of the obtained IIM-Fe-SASC was conducted by X-ray photoelectron 

spectroscopy (XPS). The high-resolution C 1s spectrum of the IIM-Fe-SASC (Figure 2.5d) can 

be deconvoluted into four components of C-sp2 (283.6 eV), C-sp3 (284.0 eV), C-N (285.2 eV), C-

O (287.1 eV), C=O (288.6 eV) and O-C=O (289.1 eV). [37-39] The ratio of C-sp2 in IIM-Fe-SASC 
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is 33.4%, much lower than the reported high graphitized carbon materials (like graphene),[40, 41] 

indicating that the IIM-Fe-SASC has a lower degree of graphitization and abundant defects and 

edges. The complex N 1s spectrum of IIM-Fe-SASC is deconvoluted into several main peaks 

(Figure 2.5e), which correspond to pyridinic N (398.2 eV), pyrrolic N (400.9 eV), graphitic 

N (402.4 eV), and oxidized N (404.7 eV), respectively.[23, 42] Most important, a spectral 

valley between two dominating pyridinic peak and pyrrolic peak at 399.3 eV indicates the presence 

of Fe-Nx single-atomic sites,[43] which is in good agreement with the result of EXAFS. Besides, 

the Fe 2p spectra are shown in Figure 2.5f, which further illustrates the successful Fe doping. 

2.3.2 Peroxidase-like activities evaluation 

The peroxidase-like activities of the IIM-Fe-SASC, NIM-Fe-SASC, and NIM are verified, and the 

results of the chromogenic reaction are shown in Figure 2.6a. The obvious color change of IIM-

Fe-SASC can be observed and is caused by the oxidation of colorless substrates to their 

corresponding oxidized products. Notably, NIM cannot trigger any chromogenic reaction 

regardless of the existence of H2O2, which proves that the peroxidase-like property of IIM-Fe-

SASC is mainly originated from Fe-Nx sites. The peroxidase-like activity of IIM-Fe-SASC and 

control samples were conducted, the results are shown in Figure 2.6b. Absorbance at 652 nm 

increases along with reaction time, and linear relations with R2 coefficient close to 1 are obtained 

by linear regression analysis during the first minute. It is clear that IIM-Fe-SASC has the best 

peroxidase-like catalytic performance.  

Then the catalytic activities expressed in units (U) of IIM-Fe-SASC, NIM-Fe-SASC, and NIM 

were further evaluated (Figure 2.6c). The peroxidase-mimic activity of IIM-Fe-SASC is 

calculated to be 48.5 U mg-1, which is much higher than that of NIM-Fe-SASC (16.6 U mg-1) and 

NIM (4.4 U mg-1). The peroxidase-mimic activity of IIM-Fe-SASC is more than ten-fold than that 
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of NIM, which further illustrates that the activity is derived from Fe-Nx active sites. What’s more, 

the huge activity gap between IIM-Fe-SASC and NIM-Fe-SASC proves that applying IIT results 

in relatively high-density atomic Fe-Nx active sites, thus boosting the peroxidase-like 

performance. For comparison, the specific activity of natural HRP is evaluated to be 263.8 mg/mL 

under the same process, which is in accordance with the manufacture's value (≥ 250 U mg-1), and 

the specific activity of the IIM-Fe-SASC is approaching that of natural HRP.  

By comparing the detection performances of H2O2 (100 mM) and its interfering substrates (500 

mM) of cysteine, ascorbic acid, NaCl, glucose, alanine, and sucrose, the selectivity of IIM-Fe-

SASC towards H2O2 was revealed and shown in Figure 2.6d, indicating IIM-Fe-SASC has a 

satisfactory selectivity towards H2O2. 

 

Figure 2.6 (a) Mechanism illustration of IIM-Fe-SASC catalyzed and chromogenic reaction with 

different substrates. (b) Absorbance-time curves and magnified initial linear portion of TMB 

chromogenic reaction catalyzed by IIM-Fe-SASC, NIM-Fe-SASC and NIM.(c) Specific 
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activities of IIM-Fe-SASC, NIM-Fe-SASC and NIM. (d) Specificity evaluation of IIM-Fe-SASC 

for various interferences  

Furthermore, the steady-state kinetics curves of IIM-Fe-SASC towards H2O2 and TMB substrates 

were obtained and shown in Figure 2.7a and b. Michaelis-Menten parameters of IIM-Fe-SASC 

and nature HRP towards TMB and H2O2 are obtained (Table 2.1). IIM-Fe-SASC shows a 

comparable Km towards H2O2 compare with natural HRP, and Km of IIM-Fe-SASC to TMB is 

lower than that of natural HRP, indicating the IIM-Fe-SASC has a higher affinity toward TMB 

and a similar affinity level towards H2O2. As shown in Figure 2.7c and d IIM-Fe-SASC can 

preserve their activity in a wide pH range of 2.5-8.5, while maintained above 80% activity from 4 

to 80°C, which shows satisfaction robustness against the harsh environment.  

 

Figure 2.7 (a) and (b) Steady-state kinetics curves of IIM-Fe-SASC toward TMB and H2O2, 

respectively. (c) and (d) Robustness of IIM-Fe-SASC against the harsh environment of 

temperature and pH, respectively. 
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Table 2.1. Steady-state kinetics parameters of IIM-Fe-SASC and the natural HRP. 

Materials 

[E] 

(M) 

Substrate 

Km 

(mM) 

vmax 

(μM min-1) 

Kcat 

(min-1) 

Kcat/Km 

(M-1 min-1) 

IIM-Fe-

SASC 

2.23×10-11 

H2O2 6.63 5.65 2.49×105 3.7×107 

TMB 0.17 48.45 2.17×105 12.8×109 

Natural 

HRP 

5.2×10-11 

H2O2 4.52 64.08 1.23×106 27.2×107 

TMB 0.439 75.51 1.45×106 3.3×109 

2.3.3 Mechanisms for peroxidase-like activity  

Thiocyanate ions (SCN-) were used to evaluate the role of single atom Fe in catalytic efficiency 

because SCN- and Fe-centered catalytic sites can form a stable chelate complex, thereby block Fe 

activity sites, and fail to decompose H2O2. The mechanism illustration is in Figure 2.8a. [44].  

As shown in Figure 2.8b, the inhibitory effect of peroxidase-like activity is significantly enhanced 

with the increase of SCN-. These results further prove that the peroxidase-like activity of Fe-SASC 

is mainly generated from the atomically dispersed Fe-Nx active sites, which is consistent with the 

huge specific activity difference in Figure 2.7c.  

The active intermediates were also investigated using various scavengers (Figure 2.8c-f). In 

Figure 2.8c, the absorbance value of ox-TMB decreases significantly with the addition of NaN3, 

indicating that the participation of •OH/1O2 is related to the oxidation coloration reaction. [45] The 

generated •OH was detected by the enhanced isopropanol inhibition ability (Figure 2.8d). The 

higher fluorescent signal of terephthalic acid (TA) catalyzed by IIM-Fe-SASC nanoprobe 

demonstrated that more •OH is generated (Figure 2.8e). [46, 47] Besides, experimental results 

related to β-carotene verified the little presence of 1O2 (Figure 2.8f). [48] 

https://www.sciencedirect.com/science/article/pii/S1748013220301407#fig0020
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Figure2.8 (a) Schematic illustration of the mechanism of KSCN influence. (b) Percent inhibition 

and absorption change of IIM-Fe-SASC+TMB+H2O2 solution upon the addition of various 

concentrations of KSCN. (c) Absorbance changes after adding various amounts of NaN3. (d) 

Percent inhibition and absorption change after adding isopropanol. (e) TA as a •OH fluorescent 

probe. (f) Absorption changes after adding β-carotene with different concentrations. 

2.3.4 Biocompatibility of IIM-Fe-SASC nanoprobe 

A standard MTT assay was carried out to verify the potential toxicity of TMB and IIM-Fe-SASC 

(Figure 2.9a-c). It is clear that the added TMB has little effect on cell viability. Furthermore, after 

24 hours of incubation in IIM-Fe-SASC with a concentration range of 1.0 to 10 μg mL-1, MDA-
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MB-231 cells can still retain their high viability, revealing the excellent biocompatibility of IIM-

Fe-SASC. A standard staining method was also used to evaluate the biocompatibility by a 

live/dead viability kit. The calcein-AM can combine with the living cell through the cell membrane 

and green fluorescence can be observed in the cytoplasm through a fluorescent microscope. As 

shown in Figure 2.9d, MDA-MB-231 cells were cultured with IIM-Fe-SASC nanoprobe and TMB 

under testing concentrations. The CLSM images show that the TMB has minor effects on cell 

viability. And for IIM-Fe-SASC nanoprobe, no significant cell viability changes. 

 

Figure 2.9 MTT assay of IIM-Fe-SASC in MDA-MB-231 cells (a), TMB in MDA-MB-231 

cells (b), and IIM-Fe-SASC in HBEC-5i cells (c), respectively. (e)Fluorescence imaging of 

MDA-MB-231 cancer cells cultured with TMB and IIM-Fe-SASCs nanoprobe. 
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2.3.5 Hydrogen peroxide detection in living cells 

The linear detection range of IIM-Fe-SASC nanoprobe to H2O2 is determined and the results are 

shown in Figure 2.10a. Accordingly, a fine linear relationship of H2O2 concentration to 

absorbance curve is achieved in the range of 0.25 - 5 mM (Figure 2.10b). The MDA-MB-231 

breast cancer cells were used for intracellular hydrogen peroxide detection. First, Adenosine-5-

diphosphate (ADP), N-formylmethionyl-leucyl-phenylalanine (fMLP), and phorbol-12-myristate-

13-acetate (PMA) were used to stimulate MDA-MB-231 cells and the released H2O2 were detected 

(Figure 2.10c), in which PMA exhibited the optimal stimuli.[49]  

Then PMA was then selected to treat MDA-MB-231 cells under different concentrations. The 

results in Figure 2.10d show that the absorbance value is highly dependent on PMA concentrations. 

Furthermore, different cell numbers were treated with or without PMA. A higher colorimetric 

response is observed as the cell number increased, which can be ascribed to more H2O2 produced 

during PMA stimulation (Figure 2.10e).  

Also, according to the H2O2 detection calibration curve in Figure 2.10b, H2O2 concentration 

produced from the MDA-MB-231 cells (2.5×105 cells/plate) is calculated to be 4.92 mM. This 

value is in good agreement with the previous reports,[47, 50] indicating that the colorimetric 

detection method based on IIM-Fe-SASC nanoprobe can be used in practical clinic applications. 

Intracellular H2O2 detection was also performed through transporting IIM-Fe-SASC nanoprobe 

into MDA-MB-231 cells by endocytosis. Since we have already proved that the •OH and 1O2 are 

active intermediates during the peroxidase-like catalytic reaction, these intracellular reactive 

oxygen species can be evaluated using a fluorescence probe 2′,7′-dichlorofluorescein diacetate 

(DCFH-DA).[51]  
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Figure 2.10 (a) UV-vis spectra of TMB oxidized by the IIM-Fe-SASC under different H2O2 

concentrations. (b) Absorbance changes and linear calibration plot (inset) for H2O2 detection. (c) 

Absorbance values of ox-TMB toward the fMLP, ADP, and PMA. (d) Absorbance values of 

H2O2 generated from MDA-MB-231 cells after treating with various concentrations of PMA. (e) 

Absorbance comparison toward MDA and PMA-treated MDA-MB-231 cells. (f) CLSM images 

of active intermediates generated in MDA-MB-231 cells treated with different amount of IIM-

Fe-SASC nanoprobe (I: 0 μg mL-1; II: 2.5 μg mL-1; III: 5 μg mL-1; IV: 10 μg mL-1). The 

intracellular ROS generation was detected by the DCFH-DA (Scale bar: 60 μm). 

As illustrated in Figure 2.10f, MDA-MB-231 cells show insignificant green fluorescence when 

incubating with IIM-Fe-SASC nanoprobe. In contrast, obvious green fluorescence is observed in 

control cells, suggesting IIM-Fe-SASC nanoprobe can produce massive intracellular active 
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intermediates. In addition, the intensity of the green fluorescence signal is also enhanced with the 

increasing concentration of nanoprobes. These results further demonstrate the excellent 

intracellular H2O2 detection ability of IIM-Fe-SASC nanoprobe. 

2.4 Conclusion  

In summary, we have used a facile ion-imprinting approach to synthesize a Fe-based single-

atomic nanoprobe for hydrogen peroxide detection in living cells. The resultant IIM-Fe-SASC 

shows better peroxidase-like activity than that of non-imprinted references, demonstrating that the 

ion-imprinting process can precisely control ion at the atomic level and form numerous well-

defined single-atom iron. High sensitivity and specificity of IIM-Fe-SASC nanoprobe have been 

achieved for colorimetric detection of H2O2. Furthermore, in situ detection of H2O2 generated from 

the MDA-MB-231 cells was performed, exhibiting satisfactory sensitivity and specificity. This 

work opens a novel and easy route in designing advanced single atom nanoprobe and expands their 

biosensing applications. 
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ASSAY FOR ALZHEIMER’S DISEASE DETECTION  
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3.1 Introduction 

Alzheimer’s disease (AD) is a neurodegenerative brain disease that induces significant issues with 

thinking, learning, memory, or other cognitive skills. AD is extremely threatening to human health 

and reduces the life quality of aged people.[1, 2] Based on the report released by the Alzheimer's 

Association, approximately 5.8 million Americans have AD and this number is predicted to rise 

to 14 million in 2050, which makes the studying of AD a hot spot for governments and scholars.[3] 

Moreover, AD begins in the human body years before symptoms present, hence, diagnosing and 

detecting this disease in advance will have great importance for clinical treatment.[4, 5] Nowadays, 

although the cause of AD is not fully understood, it is believed that AD is associated with self-
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association and deposition of amyloid β peptide (Aβ). Among them, amyloid beta 1-40 (Aβ1-40) 

is the most plentiful existed form in humans and easy to form the insoluble toxic Aβ1-40 

aggregation, which is usually regarded as vital neuropathological hallmarks of AD.[6-8] Therefore, 

Aβ1-40 is usually qualified to serve as one of the diagnostic biomarkers and can be used to estimate 

the risk or show the presence of AD at the early stage.[9, 10] 

Typically, Aβ1-40 could be detected in cerebrospinal fluid (CSF), serum and plasma and serves as 

an objective and reliable indicator of AD’s progression.[11] Normally, serum detection is 

undoubtedly the top choice owing to its superior convenience and less pain to the patient. The 

commonly used technology is neuroimaging techniques,[12] while the high price limits its 

widespread use in patients.  

Currently, detecting electric signals like electrical impedimetric, electrochemiluminescence and 

localized surface plasmon resonance is regarded as an effective method.[13-15] Nevertheless, the 

operation process is complicated and lacks an established standard. With advancements in on-site 

and on-line techniques, commercial enzyme-linked immunosorbent assay (ELISA) has established 

a widely recognized standard in food safety, clinical diagnose, and environmental evaluation due 

to its high specificity and accuracy.[11, 16] Its work mechanism is converting the interactions 

between antigen and antibody into visible color change so one can easily get the results from 

observation. However, some limitations of ELISA have to be considered in the practical 

application, such as high cost of enzymes, prolonged incubation time, and moderate sensitivity. 

Moreover, it is challenging for ELISA to achieve accurate detection because of the ultralow 

concentration of biomarkers in the early stages of diseases and for enzymes as horseradish 

peroxidase (HRP) used in commercial ELISA, its performance is highly dependent on pH and 
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temperature.[17-19] Hence, the probing of stable and low-cost enzyme-like materials to develop 

ELISA with high sensitivity needs to be addressed.  

Nowadays, nanomaterials with enzyme-like characteristics have been selected as the potential 

next-generation artificial enzymes candidate.[20] Owing to their high stability and low cost 

compared with natural enzymes,[21, 22] they have attracted huge attention in fields of 

biosensing,[23] biotherapy,[24] and environmental treatment.[21, 22, 25] Up to now, extensive 

endeavors have been undertaken to develop novel ELISA by using various kinds of enzyme-like 

nanomaterials.[26] Recently, attention has been turned to Fe-Nx single atomic site catalysts (Fe-Nx 

SASCs) with peroxidase-like activity, which have been developed to achieve theoretically 

maximum atom utilization and utilized as a promising alternative to natural HRP.[27, 28] In 

Chapter 2, we have demonstrated the high peroxidase-mimicking effect of some SASCs.[29]  

Inspired by the idea above, a novel high-density Fe-Nx single atom peroxidase-like catalyst (Fe-

Nx SASCs) was successfully fabricated from pyrolyzed polypyrrole (PPy) nanotube via 

nanoconfined strategy. A series of analysis revealed the ultrahigh surface area and superior 

peroxidase-like activity. What's more, the peroxidase-like catalytic activity of the Fe-Nx SASCs 

was optimized and compared with natural HRP, which showed better thermal and pH stable 

catalytic properties. Streptavidin (SA) functionalized Fe-Nx SASCs were used to replace HRP in 

ELISA and detect Aβ1-40. The detection performance of the proposed Fe-Nx SASCs-linked 

immunosorbent assay (SASC-LISA) was examined and compared with commercial ELISA, 

results show that the SASC-LISA exhibited higher sensitivity, making Fe-Nx SASCs qualified as 

an HRP replacement and providing satisfactory feasibility in clinical diagnosis.  

3.2 Experimental  

3.2.1 Preparation of Fe-Nx SASCs  
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500mg of MO was dissolved in DI water, then 5 g of FeCl3 and 1.5 mL pyrrole were added under 

vigorous stirring to form Fe3+ doped PPy nanotube. MnO2 coated PPy nanotubes were prepared 

by dispersing a certain amount of KMnO4 into the aforementioned solution. The product was 

pyrolyzed at 900oC under the nitrogen atmosphere, and the MnO2 coating could be removed by 

leaching for 8 h with 5% H2SO4 (v/v). [30] Finally, the Fe-Nx SASCs was obtained after the second 

heat-treatment at 900oC under ammonia. 

3.2.2 Fabrication of streptavidin labeled Fe-Nx SASCs 

First of all, the tubed Fe-Nx SASCs were shattered under vigorous sonication and dispersed in PBS 

(0.5 mg/ml), then adjusted by K2CO3 to reach pH = 6.0 and ultrasonicated for 1h. Secondly, the 

solution was activated by EDC (2 mg/ mL) and NHS (4 mg/mL) under shaking for 30 minutes, 

and then centrifuged and washed three times to form the activated Fe-Nx SASCs. Streptavidin (SA, 

100 g/ml in PBS) was incubated with activated Fe-Nx SASCs at 37oC for 1 hour and the mixture 

was centrifuged for three times to remove unbonded SA. Lastly, the products were passivated with 

1% BSA for 30 minutes and dispersed in 1 mL of PBS. Herein, the SA labeled Fe-Nx SASCs were 

broken down to nano size via an intense ultrasound treatment before further using in ELISA. 

3.2.3 Detection of amyloid beta 1-40 by SASCs linked immunosorbent assay 

Firstly, different amounts of amyloid beta 1-40 standard were added into a 96-well and incubated 

at 37oC for 2.5 h. Each well was washed for three times, and then 200 L of PBST (PBS containing 

0.5 wt % of TWEEN-20) containing 1 wt % BSA was added into it to block the unbonded primary 

antibody at 37 °C for 1.5 h. Secondly, 100 L of the prepared biotinylated amyloid beta 1-40 was 

added to each well and incubated for 1h with gentle shaking, then the plate was washed with wash 

buffer for three times. Thirdly, 50 L of SA labeled Fe-Nx SASCs was added into each well, and 
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shaken for 45 min. Finally, a chromogenic reaction was conducted. Specifically, 100 L TMB was 

added to each well and the mixture was incubated for 10 min at room temperature under gentle 

shaking. Then 50 L stop solution was added to stop the reaction and absorbance data were 

collected at 450 nm immediately upon color change. 

3.3 Results and discussion 

3.3.1 Materials characterizations 

 

Figure 3.1 Schematic diagram of preparing SA-labeled Fe-Nx SASCs. 

The synthesis route of SA labeled Fe-Nx SASCs is shown in Figure 3.1, in which KMnO4 was 

added to form a layer of MnO2 coated on the surface of PPy nanotubes to produce more single 
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atom active sites due to nanoconfinement effect. Specifically, MnO2 coating can confine atoms 

into precursors, thus achieving high atomic distribution of Fe iron, reducing aggregation during 

pyrolysis, and greatly enhancing the number of Fe-Nx active sites. Moreover, free migration of 

iron species could be restricted, further improving its catalytic performance. [31, 32] 

 

 Figure 3.2 (a) and (b) Morphology of PPy nanotube and MnO2 coated PPy nanotube, 

respectively. (c) N2 adsorption-desorption isotherm of Fe-Nx SASCs (d) Fourier transform 

infrared spectra of the Fe-Nx SASCs and SA-labeled Fe-Nx SASCs 

The morphologies of PPy nanotube and MnO2 coating PPy nanotube were confirmed by 

Transmission electron microscopy (TEM), shown in Figure 3.2a and b. N2 adsorption/desorption 

test was carried out to evaluate detailed textural structure (Figure 3.2c). The Brunauer-Emmett-

Teller (BET) surface areas of Fe-Nx SASCs was 648.16 m²/g. The large surface area enabled the 

synthesized Fe-Nx SASCs to host more Fe-Nx-C moieties, and thus achieving high peroxidase‐like 
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activity. Next, the synthesized Fe-Nx SASCs were treated with EDC and NHS, then modified with 

streptavidin (SA) to bind biotinylated A 1-40 antibody, the strong peak at 1638 cm-1 which 

corresponds to the amide I show that streptavidin is already successful labeled on Fe-Nx SASCs, 

which proved that the SA was successfully modified on Fe-Nx SASCs (Figure 3.2d).[33] 

Thereinto, the biotin can react with SA conjugated labels, forming the strongest known 

noncovalent interaction between a protein and a ligand.[34] 

 

Figure 3.3 (a) TEM image of Fe-Nx SASCs. (b) HRTEM image of the Fe-Nx SASCs sample. (c) 

EDS elemental analysis of Fe-Nx SASCs. (d) STEM image of Fe-Nx SASCs and EDS elemental 

mapping results of C, N, and Fe. 

In Figure 3.3a, the well-defined Fe-Nx SASCs had a typical nanotube structure with a diameter of 

around 50nm. Moreover, distorted graphite layers were found in Fe-Nx SASCs (Figure 3.3b) by 
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high-resolution TEM (HRTEM). This graphite structure could provide enriched defects and 

nanopores, which would anchor abundant atomic Fe-Nx moieties. Auxiliary energy-dispersive X-

ray spectroscopy (EDS) elemental analysis demonstrated that the Fe-Nx SASCs were comprised 

of C, N and Fe (Figure 3.3c). Here, the absence of Mn signal meant that the MnO2 coating was 

removed successfully. Moreover, the EDS mapping of C, N and Fe was conducted, as shown in 

Figure 3.3d. All elements were distributed uniformly in the Fe-Nx SASCs, indicating that the Fe-

Nx could be incorporated into the PPy matrix. Besides, no Fe clusters were observed, which was 

because the aggregated Fe species were washed out during acid treatment and the remaining Fe 

existed as isolated atoms. 

 

Figure 3.4 (a) and (b) High-resolution N 1s and Fe 2p spectra of Fe-Nx SASCs, respectively. (c) 
N, O, and Fe contents in Fe-Nx SASCs. (d) Fe K-edge XANES spectrum of Fe-Nx SASCs and 

reference samples of FePc, Fe foil, FeO and Fe2O3. 
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In order to measure the chemical composition of Fe-Nx SASCs, high-resolution XPS spectra with 

curve fitting of N 1s and Fe 2p were adopted, and the results were shown in Figure 3.4 a and b. 

For N 1s, the spectrum of Fe-Nx SASCs could be fitted into four peaks at 397.7 eV, 399.7 eV, 

400.7 eV and 402.1 eV, which corresponding to Fe-Nx or pyridinic N, pyrrolic N, graphitic N and 

oxidized N, respectively.[35] Here, we fitted the pyridinic N and Fe-Nx in one peak because of the 

small difference in binding energy between Fe-Nx and pyridinic N.[36] For Fe 2p, four peaks of 

707.9 eV, 712.1 eV, 718.9 eV, 723.5 and 725.9 eV were assigned to Fe2+ 2p2/3, Fe3+2p2/3, Fe2+2p1/2 

and Fe3+2p1/2 on the basis of binding energies, respectively.[37] The deconvolution method using 

Gaussian-Lorentz curve fittings was adopted to conduct the semiquantitative analysis of all the 

elements.[38, 39]  

Figure 3.4c showed that the N and Fe contents were 5.02 at. % and 0.41 at.%, respectively, which 

correspond to previously published works of single-atomic Fe-N-C materials.[35, 40] The 

percentage of defective N configurations (pyridinic and pyrrolic N), regarded as coordination sites 

for single Fe atoms was high. Moreover, compared to traditional PPy nanotube-based Fe-N-C 

materials (0.35 at. % [35]), the nanoconfinement strategy enhanced Fe loading significantly.  

The Fe K-edge X-ray absorption near-edge structure (XANES) spectra (Figure 3.4d) of Fe-Nx 

SASCs and reference samples of iron (II) phthalocyanine FePc, Fe foil, FeO and Fe2O3 were 

obtained. Obviously, the near-edge absorption energy of Fe-Nx SASCs located between standard 

bi-(FeO) and trivalent (Fe2O3) iron, illustrating that +2 and +3 coexisted in Fe-Nx SASCs, 

consistent with XPS results (Figure 3.4b).  

Fourier-transform EXAFS curve of Fe-Nx SASCs in Figure 3.5a showed the Fe-N peak at 1.4 Å 

and no Fe-Fe peak at 2.1 Å was observed. Moreover, from the K-edge EXAFS oscillations, the 

spectrum of Fe-Nx SASCs was distinct from those of Fe foil and Fe oxides, but almost the same 
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as that of Fe single atom reference FePc (Figure 3.5c), which could further demonstrate that Fe 

was atomically dispersed in Fe-Nx SASCs. Such a structure is also similar to natural HRP (Figure 

3.5d), thereby possessing intrinsic peroxidase activity.  

 

Figure 3.5 (a) FT k3-weighted EXAFS spectrum of Fe-Nx SASCs, FePc and Fe foil. (b) 

HAADF-STEM image of Fe-Nx SASCs sample. (c-d) Structure of natural Iron (II) 

phthalocyanine (FePc) and HRP, respectively. 

Subsequently, in order to confirm the distribution of Fe species in Fe-Nx SASCs at atomic levels, 

aberration-corrected scanning TEM (STEM) characterizations were carried out (Figure 3.5b). It 

clearly showed that the Fe species were uniformly dispersed into the PPy matrix and formed single-

atomic Fe sites, which were the bright dots circled with red marks. In addition, no nanoparticles 

were observed at the atomic level, which again proved that no aggregated Fe species existed in Fe-
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Nx SASCs. All the results illustrated that enriched atomic Fe-Nx moieties had been doped in the 

PPy matrix effectively.  

3.3.2 Peroxidase-like activities evaluation of Fe-Nx SASCs 

TMB chromogenic reaction curve of absorbance to time was obtained and the sample without 

adding H2O2 was served as a reference. The result was shown in Figure 3.6a. The absorbance at 

652nm increased with reaction time and the absorbance to reaction time was linear in the first 

minute with R2 coefficient close to 1 in linear regression analysis. 

The catalytic activity of Fe-Nx SASCs expressed in units (U) (Figure 3.6b) was further assessed. 

The peroxidase-mimic activity of the Fe-Nx SASCs was calculated to be 64.79 U mg-1, further 

proved that the synthesized SASCs possessed unprecedented peroxidase-like properties. This is 

due to that those active sites of Fe-Nx have similar effective structures to natural enzymes. What’s 

more, owing to single atom Fe, the atom utilization could become 100% theoretically. In other 

words, every single atom can work as an active site to catalyze H2O2. Kinetics of peroxidase-

mimicking catalysis of Fe-Nx SASCs was analyzed, as shown in Figure 3.6c and d.  

Also, the stability of Fe-Nx SASCs in harsh environments was evaluated (Figure 3.6e and f). The 

curve demonstrated that the SASCs maintained excellent stability with pH and temperature 

variation, while HRP gradually lost its activities when pH was higher than four or the temperature 

was not close to 40oC.  
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Figure 3.6 (a) Absorbance-time curve of TMB chromogenic reaction catalyzed by Fe-Nx SASCs 

and the corresponding magnified initial linear portion. (b) Specific activities of Fe-Nx SASCs. (c) 

and (d) Steady-state kinetics curves of Fe-Nx SASCs toward TMB and H2O2, respectively. (e) 

and (f) Robustness of Fe-Nx SASCs against the harsh environment of temperature and pH, 

respectively. 

The Steady-state kinetics curves of Fe-Nx SASCs towards TMB substrates and H2O2 were obtained 

and listed in Table 3.1. Michaelis constants (Km) of the steady-state kinetics were obtained by 

fitting in the Michaelis-Menten model and compared with that of HRP. The Km of Fe-Nx SASCs 
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with TMB and H2O2 as the substrate is slightly lower than that of HRP, demonstrating that the 

SASCs has a comparable affinity of HRP. 

Table 3.1steady-state kinetics parameters of Fe-Nx SASCs and natural HRP 

Materials 

[E] 

(M) 

Substrate 

Km 

(mM) 

vmax 

(μM min-1) 

Kcat 

(min-1) 

Kcat/Km 

(M-1 min-1) 

Fe-Nx SASCs 7.3×10-11 

H2O2 17.12 24.48 3.35×105 19.57×106 

TMB 0.3322 51.4 7.04×105 21.19×108 

Natural HRP 2.5×10-11 

H2O2 18.64 48.6 1.99×106 10.6×107 

TMB 0.4269 55.49 2.22×106 5.2×109 

3.3.3 Detection performance of SASCs-linked immunosorbent assay  

Amyloid beta 1-40 is a typical biomarker of detecting Alzheimer’s Disease (AD). However, the 

concentration of A 1-40 is in pg/mL to ng/mL level in human serum which requires sensitive and 

accurate detection in the early diagnosis of Alzheimer’s disease. Herein, a typical sandwich-type 

SASCs-linked immunosorbent assay (SASC-LISA) was built to detect A 1-40, shown in Figure 

3.7.  

 

Figure 3.7 Schematic illustration of SASC-LISA for the detection of Aβ 1-40. 



59 

The curve of SASCs detecting A 1-40 was obtained and was shown in Figure 3.8a. The linear 

range was 1 pg/mL to 2000 pg/mL. The low concertation range between 0-15 pg/ml was shown in 

inserted figure of Figure 3.8a, by applying to the equation 3S/K, where S and K referred to the 

standard deviation of blank sample and slope of the standard curve respectively, the limit of 

detection (LOD) was calculated to be 0.88 pg/mL, which is low enough to meet the detection 

requirement of human serum.  

 

Figure 3.8 (a) The curve of SASC-LISA for the detection of A 1-40 ranging from 1 pg/mL to 

2000 pg/mL. The inserted figure showed a low concentration of 0-15 pg/ml (b) Absorbance 

spectra of various concentrations of A 1-40 detected by SASC-LISA. (c) Standard curves of 

SASC-LISA (A 1-40 ranging from 1 to 2000 pg/mL) and ELISA (A 1-40 ranging from 100 

pg/mL to 100 ng/mL). (d) Specificity of SASC-LISA (A 1-40 of 400 pg/mL; CEA, BSA and 

IgG of 5 ng/mL, respectively). 

Absorbance spectra of various concentrations of A 1-40 detected by SASC-LISA and their 

corresponding colorimetric signal were shown in Figure 3.8b. It shown clearly that the signal 

intensities increased with elevated concentrations of A 1-40. By applying the previous equation, 
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the LOD of the traditional ELISA was calculated to be 9.98 pg/mL, which was almost 11 times 

higher than that of SASC-LISA. The enhanced sensitivity was due to the ultrahigh surface area 

which could hold more active sites. 

Furthermore, we evaluated the sensitivity of SASC-LISA by comparing the signal between 

traditional ELISA and proposed SASC-LISA. (Figure 3.8c). The results proved that SASC-LISA 

has better sensitivity, with much higher absorbance on much lower concertation of A 1-40. Lastly, 

the specificity of SASC-LISA was analyzed, as displayed in Figure 3.8d. A 1-40 exhibited a 

distinct signal, while the other competition protein had negligible signals, indicating the 

satisfactory specificity of SASC-LISA.  

As shown in Table 3.2, compared with previously reported detection results of A 1-40 using 

different methods, the proposed SANs-LISA method exhibits superior detection performance. 

Table 3.2 Reviews of the detection of A 1-40 with different methods 

Techniques LOD (pg mL−1) Linear Range (pg mL−1) Reference 

SASC-LISA 0.88 1-2000 This work 

Electrochemical Immunoassay 19 20-12500 [1] 

SWV* at GCE* 7×105 ## nonlinear [41] 

Microfluidic Droplet 2165 # NP [42] 

EIS* 2468 # 43.3-4.33×105 # [43] 

SPR* 14.3 ### 86.6-865.9 # [44] 

SWV* 8.6×105 # 1.772×106-8.66×106 # [45] 

SWV: Square Wave Voltammetry; GCE: Glassy Carbon Electrode; SPR: Surface Plasmon Resonance; 

ECL: Electrochemiluminescence (ECL) immunosensor; EIS: Electrochemical Impedance Spectroscopy 

#: Value was expressed in nM and converted to pg mL−1; ##: Value was expressed in ug mL−1 and converted to pg 

mL−1; ###: Value was expressed in pM and converted to pg mL−1 



61 

3.4 Conclusion 

In summary, we have successfully synthesized a Fe-Nx single-atomic site catalyst with outstanding 

peroxidase-mimicking activity, which is mainly attributed to the ultra-large surface area of carbon 

support that forms more active sites and enables 100% Fe atom utilization. It also shows excellent 

robustness in harsh environments. Most importantly, novel Fe-Nx SASC-LISA is built to enhance 

the detection performance of A 1-40, exhibiting a sensitivity with LOD of 0.88 pg/mL. This result 

is much lower than that of the commercial ELISA kit (9.98 pg/mL), which meets the requirement 

of effective detection of A 1-40. Based on the high activity of Fe-Nx SASCs and improved ELISA 

performance, the peroxidase-like SASCs show great potential and pave a new way to design novel 

ELISA kit with improved sensitivity for detecting various target biomarkers. 
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CHAPTER FOUR: TWO-DIMENSIONAL Fe-N-C SINGLE ATOMIC-SITE CATALYSTS 

WITH BOOSTED PEROXIDASE-LIKE ACTIVITY FOR SENSITIVE IMMUNOASSAY 

4.1 Introduction 

The broad usage and high consumption of herbicide have resulted in herbicide accumulation in the 

soil, air, ocean, food, water sources, and even in the human body, severely impacting the ecosystem 

and food safety.[1] Nowadays, researchers have found that exposure to herbicide can be associated 

with serious health problems such as endocrine-disrupting activities,[2] acute congestion and 

degenerative changes in the central nervous system.[3]. 2,4-Dichlorophenoxyacetic acid (2,4-D), 

a common and important phenoxy herbicide, was the first successful one ever developed since its 

commercial release in the 1940s.[4] It is considered as one of the “probably carcinogenic 

compounds to humans”.[5, 6] Since 2,4-D remains chemically stable in the human body and can 

be secreted through urine,[7] direct detection of 2,4-D concentration in human urine is a 

meaningful and effective way to judge a person’s exposure level. For example, for non-exposed 

adults and children in the USA and Canada, 2,4-D concentrations in urine samples are less than 

3.5 ng/mL,[8, 9] while for the workers who are occupationally exposed to herbicides, the average 

2,4-D concentrations of 7.8 and 33 ng/mL were detected in urine before and after 2,4-D spray, 

respectively.[10, 11] Up to now, the quantification of 2,4-D and other herbicides is usually based 

on its inhibitory effect on alkaline phosphatase (ALP) activity via electrochemical workstations or 

various chromatographic techniques.[12, 13] However, these methods suffer from poor 

reproducibility, expensive equipment, meticulous sample preparation, and highly qualified 

technicians, which limit their fast point-of-care (POC) applications.[13] Hence, developing 

effective methods for simple, rapid, cost-effective, and sensitive detection of 2,4-D becomes an 

important goal. 
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As a recognized standard, enzyme-linked immunosorbent assay (ELISA) has been widely used in 

food safety, clinical testing, environmental assessment, and other fields. It has the attractive 

advantage of fast detection, simple operation, and strong applicability. The mechanism of ELISA 

is that the interaction of antigen and antibody can be converted into visible color change, which is 

convenient for observation and detection. In which competitive ELISA is widely used in small-

molecule detection, such as residues (pesticides, antibiotics), environmental contaminants (heavy 

metals, mycotoxins), unapproved adulterants (food colorants), and process contaminants 

acrylamide, heterocyclic amines)[14, 15] In competitive immunoreaction, the principle is based 

on the competitive binding of the primary antibody between the target antigen in the sample and 

the same antigen coated on the plate. However, the detection performance of traditional ELISA is 

highly dependent on the activity of peroxidase (HRP). According to previous studies, the 

enzymatic activity of HRP is affected by detecting pH and temperature.[16-18] Thus, in practical 

applications, the limitations of high enzyme cost, detection dependence, long incubation time, and 

moderate sensitivity need to be addressed.  

Compared to traditional ELISA using natural HRP, applying nanomaterials with POD-like activity 

in ELISA is a promising method to address the challenges. Numerous studies have demonstrated 

that improved ELISA has been constructed based on the introduction of novel nanomaterials, 

resulting in significantly improved detection sensitivity and ease of operation. Many other types 

of nanomaterials like magnetic Fe3O4 nanomaterials[19, 20] and Au nanoparticles[21] have been 

utilized as carriers to enhance the sensitivity of ELISAs. But the used nanomaterials suffered from 

the low POD-like activity, so ways to increase the intrinsic activity of the used materials have been 

regarded as a problem that needs to be addressed. 
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Two-dimensional (2D) nanomaterials, as sheet-like structured nanomaterials, have received 

significant attention for their large surface, anisotropic chemical/physical properties, 

biocompatibility, and degradability.[22, 23] Researchers have used 2-dimensional nanomaterials 

and their derivatives in biological applications of bioimaging, biosensors, bioengineering, and drug 

delivery.[24-26] Regulating the size of nanomaterials, especially downsizing nanomaterials to 

single atoms, has been regarded as a potential way to address this challenge. Single-atomic site 

nanomaterials have attracted widespread attention as hot research fields due to their unique 

electronic/geometric structure containing massive isolated active metal sites. In the previous 

chapters, we have synthesized different kinds of Fe-N-C SASCs, but it is still hard to own the 

comparable activity with HRP. In this chapter, we have used iron (II) phthalocyanine (FePc) in 

preparing precursors, in this way, the Fe-N structure has been induced into our SASCs. Then, we 

have used the 2D graphene as carbon support to synthesize the SASCs, we believe the 2D structure 

can help to expose more active sites and better boost the catalytic activity, thus achieving sensitive 

detection of 2,4-Dichlorophenoxyacetic acid (2,4-D) by using 2D Fe-SASCs in the competitive 

ELISA (2D Fe-SASC-LISA). 

4.2 Experimental 

4.2.1 Preparation of 2D Fe-SASC 

A typical Hummer's method was used to prepare Graphene oxide (GO). Specifically, solution A 

was prepared by dissolving 1.8 g Zn (NO3)2 • 6H2O and 25 mg of iron (II) phthalocyanine (FePc) 

into 100 mL methanol. Solution B was prepared by dissolving 2-Methylimidazole into 40 mL of 

methanol. Solution C was 160 mL 0.5 mg mL−1 graphene oxide methanol solution. Then string the 

mixture of a solution of A and B to get FePc/ZIF-8 and 30 min later, add solution C to the mixture 

above. The precursor of FePc/ZIF-8/GO was collected 8h later by centrifugation, washed with 
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deionized water and ethanol, then freeze-dried. 2D Fe- SASCs were synthesized through 

pyrolyzing under N2 flow for 30 min and NH3 flow for another 30 min at 900 °C, then acidic 

washing using 0.5M H2SO4 at 80 °C for 6 h. 

4.2.2 Fabrication of 2D Fe-SASC labeled 2,4-D secondary antibody 

2D Fe-SASCs were dispersed in PBS (0.5 mg/ml) and adjusted by K2CO3 to reach pH equals to 

6.0, activating by EDC (2 mg/ mL) and NHS (4 mg/mL) under shaking for 30 minutes. Then 

centrifuged and washed three times to remove the extra EDC and NHS. 2,4-D secondary antibody. 

(100 g/ml in PBS) was incubated with activated 2D Fe-SASCs at 37oC for 1 hour, and the mixture 

was centrifuged and washed to remove unbonded 2,4-D secondary antibody. The final product was 

gotten through passivating with 1% BSA for 30 minutes and dispersed in 1 mL of PBS.  

4.2.3 Establishment of competitive 2D Fe-SASC-LISA  

Firstly, 2,4-D hapten was diluted 4000 times with PBS and added 100 L into a 96-well microtiter 

plate, then sealing the plate with cover and incubating at 4oC overnight. Each well was washed 

three times to remove the uncoated hapten. Adding 250 L of blocking solution of 3% BSA+0.05% 

Tween and incubating at 4oC overnight to block the nonspecific sites, then washed three times 

with PBS. Secondly, prepare a concentration range of 2,4-D standards (0.01-500 ng/mL), adding 

100 L of the diluted 2,4-D primary antibody (×10000) and 100 L of prepared 2,4-D with 

different concentrations into each well, then incubated for 2 h with gentle shaking at room 

temperature followed by three times washing with PBS.  

Thirdly, dilute the secondary antibody of goat anti-mouse IgG to 1:10000 and add 50 µL into each 

well, seal the plates, incubate at room temperature for another 90 min with continuous shaking, 

and wash with PBS for 4 times. Lastly, adding 50 µL of TMB into the wells and incubating at 
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room temperature under dark environment for 30 min, then adding 50 µL stop solution of 

0.5M H2SO4 to each well and absorbance data were collected at 450 nm immediately upon color 

change to yellow. 

4.3 Results and discussion 

4.3.1 Materials characteristics 

Figure 4.1 illustrates the preparation process of material synthesis and the detection principle of 

the competitive immunoassay. The 2D Fe-SASC was synthesized via a ZIF-8 “thermal melting” 

method. [27, 28]  

 

Figure 4.1 Schematic diagram of 2D Fe-SASC synthesis and colorimetric detection of 2,4-

Dichlorophenoxyacetic acid (2,4-D) 
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Firstly, iron (II) phthalocyanine (FePc)-doped ZIF-8 (ZIF-8@FePc) growing on GO surface was 

prepared and used as a precursor. Herein, the 2D GO nanosheets can firmly host the ZIF-8@FePc 

due to the interactions between the metal ions in ZIF-8 and the functional groups on GO.[27] Then, 

2D Fe-SASC was obtained by pyrolyzing under high temperature and acid washing. Next, the 

synthesized 2D Fe-SASC was activated with N-(3-dimethylamino propyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS), then bonded with 2,4-D primary 

antibodies. The 2D Fe-SASC labeled primary antibody was applied in the competitive 

immunoassay. Hence, the more antigen in the sample, the less antibody is available to bind to the 

antigen in the wells, resulting in a signal reduction. Therefore, we utilized this peroxidase-like 2D 

Fe-SASC to develop a new 2D Fe-SASC-LISA for enhancing the detection performance of 2,4-D. 

Transmission electron microscopy (TEM) image of the precursor is shown in Figure 4.2a. It is 

shown that ZIF-8@FePc with a rhombic dodecahedral structure is anchored on the GO nanosheets. 

The structure of 2D Fe-SASC is shown in Figure 4.2b, and it can be seen that it had a wrinkled 

nanosheet structure. Here, the ZIF-8@FePc was disappeared through a thermal melting step.  

The STEM image in Figure 4.2c further proven the obtained SASC has the typical 2D structure. 

High-angle annular dark-field STEM (HAADF-STEM) was further employed to investigate the 

Fe configurations in 2D Fe-SASC at the atomic level. As shown in Figure 4.2d, the large amounts 

of bright dots represent isolated iron atoms in 2D Fe-SASC. Such abundant single Fe atom sites in 

the synthesized Fe-SASC endow it with outstanding peroxidase-like activity. Combining with 

energy-dispersive X-ray spectroscopy (EDS) analysis, we achieved the elemental composition and 

distribution in 2D Fe-SASC. As shown in Figure 4.2e, the uniformly distributed C, N, O, and Fe 

signals were detected, suggesting that Fe and N were successfully doped in 2D Fe-SASC.  
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Figure 4.2 (a) TEM image of the ZIF-8@FePc modified GO. (b-d) TEM, STEM, and HAADF-

STEM images of 2D Fe-SASC, respectively. (e) C, N, O and Fe elemental mapping images of 

2D Fe-SASC. 

X-ray absorption spectroscopy (XAS) measurements were used to determine the local structural 

and electronic states of Fe atoms in the 2D Fe-SASC. Compared with Fe foil, the absorption edge 

of Fe K-edge X-ray absorption near-edge structure (XANES) spectrum of 2D Fe-SASC is located 

at higher energies, but between the two reference samples (FeO and Fe2O3), indicating that Fe 
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atoms in 2D Fe-SASC have positive charges between +2 and +3 (Figure 4.3a). Moreover, in 

Figure 4.3b, only a main peak at about 1.5 Å exists in the Fourier-transformed (FT) k2-weighted 

EXAFS curve of 2D Fe-SASC, which is mainly attributed to the Fe-Nx first coordination shell. 

The wavelet transform (WT) shows remarkable resolution in both k and R space, and Fe K-edge 

EXAFS oscillations are analyzed here.  

 

Figure 4.3 (a) Fe K-edge XANES spectra of 2D Fe-SASC, and reference samples of FePc, Fe, 

FeO, and Fe2O3. (b) FT k2-weighted EXAFS R-space spectra of 2D Fe-SASC, FePc, Fe foil, and 

Fe2O3. (c) Full-range WT representation of the EXAFS signal for a representative 2D Fe-SASC. 

(d) N 1s spectrum of 2D Fe-SASC.  

In Figure 4.3c, the intensity maxima at ∼5 Å−1 for 2D Fe-SASC can be attributed to Fe-N bonding. 

Most importantly, no intensity corresponding to Fe-Fe is observed, which illustrates that all the 

doped Fe in the 2D Fe-SASC are existed as single atom form. All the above results are consistent 

with the HAADF-STEM results.  
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The chemical composition of 2D Fe-SASC was carried out by X-ray photoelectron spectroscopy 

(XPS). The complex N 1s spectrum of 2D Fe-SASC is deconvoluted into several main peaks 

(Figure 4.3d), which correspond to pyridinic N (398.0 eV), pyrrolic N (400.7 eV), graphitic N 

(401.8 eV) and oxidized N (404.3 eV), respectively.[29] Notably, the spectral valley between the 

two main pyridine and pyrrolic peaks at 399.5 eV indicates the presence of Fe-Nx single-atomic 

sites, [30] which is in good agreement with EXAFS results. 

4.3.2 Peroxidase-like activities evaluation of 2D Fe-SASC 

Based on the standard analytical procedure of the Nature protocol, the peroxidase-like activity of 

2D Fe-SASC was validated using TMB as a typical substrate, and the results are shown in Figure 

4.4a. The absorbance values show a typical chromogenic reaction, which can only be triggered in 

the presence of H2O2, while 2D Fe-SASC oxidizes the substrate to its corresponding oxidation 

product. The typical absorbance-time curve is in Figure 4.4b. Absorbance at 652nm increased 

along with time, and a linear relationship (R2=0.998) was obtained by linear regression analysis in 

the first minute.  

Then the catalytic activities expressed in units (U) of 2D Fe-SASC was calculated (Figure 4.4c), 

by plotting the catalytic activities against the amount of 2D Fe-SASC, the peroxidase-mimicking 

specific activity of the synthesized 2D Fe-SASC is calculated to be 90.11 U mg-1, which is superior 

to the most reported POD-like nanomaterials since 2D structure is beneficial for exposing single-

atomic sites, thus boosting the specific activity of the 2D Fe-SASC. Compared with bulk materials 

in which active sites are located inside and blocked, the 2D structure of our material helps to expose 

more single atomic active sites on the surface and achieve higher active site atom utilization. 

Another reason is that the high surface area and large pore volume can greatly facilitate a fast mass 

transfer, leading to the ultra-high catalytic activity of 2D Fe-SASC. Then the stability against pH 
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and temperature are verified and shown in Figure 4.4d and e, it is clear that the 2D Fe-SASC can 

maintain its activities under a large range of pH and temperature, indicating excellent stability in 

harsh environments. Finally, the selectivity of 2D Fe-SASC towards H2O2 was studied (Figure 

4.4f), and the neglectable absorbance of 2D Fe-SASC for different interfere revealed a satisfactory 

selectivity towards H2O2. 

 

Figure 4.4 (a) Absorption curves of the 2D Fe-SASC in TMB, H2O2, and TMB +H2O2 solutions, 

respectively. Insert: photographs of the color changes (blue). (b) Absorbance to time curve of 

TMB chromogenic reaction catalyzed by 2D Fe-SASC, inserted is the magnified linear portion. 

(c) Specific activities of 2D Fe-SASC. (d-e) Robustness of 2D Fe-SASC against temperature and 

pH, respectively. (f) Specificity evaluation of 2D Fe-SASC for various interferences. 



78 

To further understand the role of single atomic active sites in the catalytic process, KSCN was 

used because a stable chelate complex could be formed between SCN- and catalytic sites, thereby 

blocking Fe activity sites and failing to decompose H2O2, results are shown in Figure 4.5a. As the 

amount of KSCN increased, the absorbance value of ox-TMB dropped sharply, indicating that the 

greatly reduced catalytic activity is due to the blocked Fe active site, which in turn proves that the 

atomically dispersed Fe active sites are the main source for its peroxidase-like activity. It is 

believed that the active intermediates are involved in the colorimetric reaction which can be 

verified by several scavengers.[31]  

 

Figure 4.5 (a) Absorbance curves against KSCN with various concentrations. (b) Absorbance 

curves against various amounts of NaN3. (c) Absorption changes and percent inhibition after 

adding isopropanol with different concentrations. (d) Absorption changes after adding different 

amounts of β-carotene. 

In Figure 4.5b, NaN3 served as the •OH/1O2 scavenger, and the absorbance value of ox-TMB 

decreases significantly along with the NaN3 addition, proving the participation of •OH/1O2 in 

oxidation coloration reaction. Similarly, experimental results shown in Figure 4.5c verified the 
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little presence of 1O2, the signal decreased with the increasing addition of β-carotene.[32] Besides, 

the generated •OH was detected and its participation is verified by the enhanced isopropanol 

inhibition ability (Figure 4.5d).  

4.3.3 Optimization for 2D Fe-SASC-LISA 

2D Fe-SASC labeled secondary antibody was used in a competitive immunoassay (2D Fe-SASC-

LISA) for 2,4-D detection, and several parameters were optimized, the results are shown in Figure 

4.6a. Choosing the right blocking agent is critical in ELISA systems, and excellent blocking can 

help reduce the non-specific binding of proteins and produce low background reads. A variety of 

blocking buffers have been selected to reduce the non-specific adsorption of 2D Fe-SASC labeled 

secondary antibody, the blocking solution of 3% BAS+0.05% Tween was chosen for its relatively 

low absorbance value, expected to reduce nonspecific binding and subsequently increase the signal 

to background ratio, thus increasing the sensitivity of the 2D Fe-SASC-LISA.  

 

Figure 4.6 (a) Optimization of blocking solution with various solutions. (b) Optimization of 

incubation time of the mixture of primary antibody and 2,4-D 

The incubation time of the mixture of primary antibody and 2,4-D is critical for antibodies binding 

onto the hapten on the plate, which can contribute significant effects on the performance of the 

assay. It shows that with the increasing incubation time, the absorbance value first increased while 
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decreasing after 60 min, which could be ascribed to the activity of the antibody decreased with the 

prolonging of incubation time (Figure 4.6b). As a result, 60 min was chosen as the best incubation 

time for the 2D Fe-SASC-LISA. 

4.3.4 Detection performance of 2D Fe-SASC linked immunosorbent assay 

The detection performance of our 2D Fe-SASC linked immunosorbent assay (2D Fe-SASC-LISA) 

is shown in Figure 4.7, in which 2D Fe-SASC is used as the substitution of natural HRP. Figure 

4.7a shows the competitive immunoassay principle, 2,4-D hapten was immobilized directly on a 

96-well polystyrene plate, then conjugated with the 2D Fe-SASC labeled 2,4-D primary antibody 

specific for the hapten, thus catalyzing a colorimetric reaction with TMB into a visible signal.  

The 2D Fe-SASC-LISA detection results towards 2,4-D are shown in Figure 4.7b, the absorbance 

intensity at 450 nm dropped with the increasing addition of 2,4-D, which is in accordance with the 

principle of competitive ELISA. The relation between absorbance intensity and 2,4-D 

concentration is presented in Figure 4.7c, in the inserted figure, an excellent linear relation of 

5ng/mL to 250 ng/mL can be observed, and the linear regression equation was fitted as I=1.189-

0.43 lg (C) with the correlation coefficient of 0.995, in which I refers to the absorbance intensity 

and the C is the 2,4-D concentration. The limit of detection (LOD) is defined as the concentration 

of 2,4-D corresponding to the signal intensity which is equal to the mean signal intensity of 0 

ng/mL (measured 5 times) minus 3 times the standard deviation. The LOD of 2D Fe-SASC-LISA 

was calculated to be 0.72 ng/mL. The improved detection performance can be ascribed to the 

favorable active sites with enhanced catalytic activity provided by the 2D Fe-SASC.  

Finally, the specificity of 2D Fe-SASC-LISA was evaluated, and the results are shown in Figure 

4.7d, other herbicides and pesticides such as glyphosate (Gly), acetochlor (Ace), phosmet (Pho), 

and chlorpyrifos (Chl) with the concentration of 1ug/mL were used as interference molecules to 
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evaluate specificity, while the concentration of 2,4-D was 200ng/mL. Only 2,4-D can trigger the 

colorimetric response change while the interferences can only produce a neglectable color change, 

proving the high specificity of our 2D Fe-SASC-LISA. 

 

Figure 4.7 (a) Schematic illustration of the 2D Fe-SASC-LISA for 2,4-D detection. (b) 

Detection performance of 2D Fe-SASC-LISA towards 2,4-D (Inserted is the linear detection 

range). (c) Absorbance spectra of 2,4-D under different concentrations. (d) Absorbance values 

for different targets. 

Lastly, the spike and recovery experiments were taken out to evaluate the analytical reliability and 

accuracy of 2D Fe-SASC-LISA in real samples, as in Table 4.1. The recovery rates were in the 

range of 96.8-105.4%, with relative standard deviations (RSDs) of 1.87-7.02%. The high recovery 

level and low variability results indicate the reliability and accuracy of the proposed 2D Fe-SASC-

LISA on 2,4-D detection in actual samples. 
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Table 4.1 Spiked-recovery test of the proposed 2D Fe-SASC-LISA in human urine (n=3) 

Sample No. Added (ng mL-1) Found (ng mL-1) Recovery (%) RSD% 

1 5 5.27 105.4 5.73 

2 10 9.68 96.8 3.26 

3 50 49.38 98.8 1.87 

4 100 103.27 103.3 7.02 

4.4 Conclusion 

In summary, the 2D Fe-SASC catalyst was successfully synthesized with excellent peroxidase-

mimicking activity, which is mainly attributed to the 2-dimensional structure that can help expose 

more single atomic sites and enable 100% Fe atom utilization. Compared to natural HRP, 2D Fe-

SASC also shows excellent stability against harsh environments. Most importantly, using 2D Fe-

SASC in competitive ELISA achieves a satisfactory detection performance 2,4-D with high 

sensitivity (LOD is calculated as 0.72 ng/mL) and a wide detection range (1-500ng/mL). Based on 

the high activity of 2D Fe-SASC and improved ELISA performance, the peroxidase-like 2D Fe-

SASC shows great potential in designing a compactivity ELISA kit with improved sensitivity for 

detecting various target biomarkers. 
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CHAPTER FIVE: SINGLE-ATOMIC SITE CATALYST ENHANCED LATERAL-FLOW 

IMMUNOASSAY FOR HERBICIDE DETECTION  

5.1 Introduction 

Lateral-flow immunoassay (LFIA), as an effective POC detection method, is widely reported for 

monitoring and diagnosis of various specific targets.[1-3] However, the drawback of low 

sensitivity limits its further practical applications. In the past few decades, the continuous 

development of nanotechnology has brought vitality to the development of various nano-sized 

materials with enzyme-like activities.[4, 5] Having been introduced as the label for signal 

amplification since 2015,[6] these kinds of nanomaterials have allowed LFIA to achieve high-

sensitive detection and thus greatly benefited to trace detections. Our group has reported that the 

enzyme-like nanomaterials linked-LFIA could boost signal amplification for biosensing. An 

obvious color change on concerned lines can be produced through catalyzing enzyme substrates 

by the intrinsic peroxidase-like (POD-like) activity of nanomaterials; thus, the detection 

performance is greatly improved.[7, 8] Though the stability of enzyme-like nanomaterials is much 

better than their natural counterparts, substantially improving the catalytic activity of this type of 

nanomaterial still remains a grand challenge.  

Regulating the size of nanomaterials, especially downsizing the catalytically active sites on 

materials to several or even single atoms, has been considered as a potential way to address this 

challenge. Single-atomic site catalysts (SASCs) have recently attracted widespread attention due 

to their isolated active metal sites and unique electronic/geometric structures.[9-12] Different from 

traditional nanomaterials where the catalytic activity mainly comes from surface atoms, the 

increased catalytic abilities of SASCs come from almost one hundred percent utilization of active 

metal atoms.[13] Most importantly, the coordination structure of Fe-Nx sites on SASCs vividly 
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mimics the active sites of natural enzyme.[14-17] Based on these, SASCs not only show a myriad 

of advantages in electrocatalysis applications,[18, 19] but also exhibit high-performance enzyme-

like properties and huge potential in biosensing applications.[20-22] Our previous work developed 

Fe-Nx SASC to replace natural enzymes in a commercial enzyme-linked immunosorbent 

assay (ELISA) for early-stage detection of Alzheimer’s disease. The designed SASC labeled 

linked immunosorbent assay is over ten times more sensitive than that of commercial ELISA.[23] 

Therefore, we believe that the SASCs with enhanced catalytic activity and stability can be an ideal 

substitute for traditional nanomaterials in LFIA to improve their sensing sensitivity and detection 

ability. 

In this work, we synthesized a single-atomic site iron catalyst (Fe-SASC) and used it in competitive 

LFIA for POC detection of 2,4-D. Herein, hemin was selected as Fe precursor owing to the existed 

similar Fe coordination site of the natural enzyme. Owing to the nanoconfinement effect of ZIF-8, 

the dope hemin sites were directly converted to POD-like active center, and its atomically 

dispersed iron active sites were proved by aberration-corrected scanning transmission electron 

microscopy (AC-STEM) image and extended X‐ray absorption fine structure (EXAFS). A series 

of analyses were conducted to reveal the POD-like activity and catalytic mechanism of Fe-SASC. 

The 2,4-Dichlorophenoxyacetic acid (2,4-D) is selected as a kind of herbicide target in this work. 

The designed Fe-SASC labeled LFIA (Fe-SASC-LFIA) detection platform is illustrated in Scheme 

1. When 2,4-D is not present in the sample, Fe-SASC labeled 2,4-D antibody (Fe-SASC-Ab2,4-D) 

will be captured by the test lines where corresponding haptens (BSA-2,4-D) were immobilized, 

which the visible label will be displayed (Negative). Conversely, when 2,4-D exists in the sample, 

it will bind to the antibodies to prevent them from binding to the haptens immobilized on the test 

line so that no visible label will appear. The Fe-SASC has superior catalytic activity and can be 
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used as an antibody label to achieve the biorecognition process and amplify the signal. Highly 

sensitive and specific 2,4-D in human urine was demonstrated using the developed Fe-SASC-

LFIA. The results prove that the Fe-SASC-LFIA exhibited excellent sensitivity and practical 

applicability, making the fabricated bioassays with satisfactory detection ability and feasibility in 

clinical diagnosis. 

5.2 Experimental  

5.2.1 Preparation of Fe-SASC 

Hemin (160 mg) and Zn (NO3)2·6H2O (3.39 g) were added to 150 mL methyl alcohol and dissolved 

by stirring for 10 min (Solution A). MeIM (3.94 g) was dissolved in 150 mL methyl alcohol to 

prepare Solution B and then poured Solution B into Solution A with stirring for 1 min. After that, 

the obtained mixture was allowed to stand overnight at 60°C. The hemin-doped ZIF-8 precursor 

was collected after centrifugation at 8000 rpm. Finally, Fe-SASC was obtained from the pyrolytic 

process at 1100°C under nitrogen and ammonia atmosphere for 30 min, respectively. Then acid 

washing using 3M HCl at 60°C for 4h was performed. 

5.2.2 Preparation Fe-SASC labeled antibody  

The Fe-SASC labeled antibody (Fe-SASC-Ab2,4-D) was successfully prepared through an amide 

binding between Ab2,4-D and carboxy-terminated Fe-SASC by EDC/NHS amidation reaction. [24-

26] Specifically, 1.0 mL of 1.0 mg/mL Fe-SASC was dispersed in 0.05% Nafion (in Ethanol), and 

the pH value was adjusted to 6 with 0.02 M K2CO3. Subsequently, the Fe-SASC solution was 

activated with NHS (4 mg/mL) and EDC (2 mg/mL) by gently shaking for 30 minutes, then washed 

by centrifuging with PBS three times to obtain the active Fe-SASC. 10 μL of 2,4-D antibody (1 

mg/mL in PBS) with active Fe-SASC was incubated at 37 °C for 1 hour and centrifuged at 13000 
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RPM for three times to remove the unbonded antibodies. Finally, 1% BSA in PBS was used to 

passivate the products for 30 minutes and the final product was dispersed in 1 mL of PBS and 

stored at 4 °C for further use.  

5.2.3 Preparation of Fe-SASC labeled competitive LFIA 

The Fe-SASC-LFIA was comprised of the following components: a sample pad, a conjugate pad, 

a nitrocellulose membrane, an absorbent pad, and a backing pad. The sample pad (glass fiber, 17 

mm × 30 cm) was treated with a buffer (PBS containing 2% BAS and 2% Sucrose), then dried at 

37 °C for 2 h. Test line (1 μL/cm, 30 μL 2,4-D BSA) and control line (1 μL/cm, 30 μL Goat anti-

mouse IgG) prepared at different locations on the nitrocellulose membrane (25 mm× 30 cm) by 

BioJet BJQ 3000 dispenser (BioDot, Irving, California, USA), then dried at 37 °C overnight and 

stored at 4 °C. The treated sample pad, nitrocellulose membrane and fiber absorbent pad were 

laminated on a backing card (60 mm × 30 cm). The overlapping length between each pad was 

approximate 1-2 mm to ensure the migration of solution. After all components were assembled on 

the backing card, this card is cut into strips with a width of 4 mm using a BioDot module CM4000 

paper cutter (Irvine, CA, USA). These lateral flow strips were then ready to use for 2,4D tests. 

5.3. Results and discussion  

5.3.1 Synthesis and structure characterization of Fe-SASC  

The designed Fe-SASC labeled LFIA (Fe-SASC-LFIA) detection platform is illustrated in Figure 

5.1. Preparation of hemin-doped ZIF-8 precursor is similar to the previous report[27] except for 

adding a certain amount of hemin, as shown in Figure 5.1a.  
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Figure 5.1 Schematic illustration of (a) preparation process of the Fe-SASC and Fe-SASC-Ab2,4-

D. (b) Fe-SASC enhanced competitive lateral flow immunoassay (Fe-SASC-LFIA) for detection 

of 2,4-D. 

Figure 5.2a-c exhibit the morphologies of the hemin-doped ZIF-8 precursor and the synthesized 

Fe-SASC, respectively. Similar to the hemin-doped ZIF-8 precursor, the dodecahedral structure is 

well maintained after the pyrolysis process to form the Fe-SASC (Figure 5.2b and c). The average 

size of the synthesized Fe-SASC is around 100 nm, and such a small size meets the liquidity 



92 

requirements of the LFIA sensing process. The selected area electron diffraction (SAED) pattern 

in Figure 5.2c shows no diffraction spots, which means no crystalline phase is present in Fe-SASC.  

 

Figure 5.2 (a) TEM image of hemin-doped ZIF-8 precursor. (b and c) Low and high 

magnification TEM images of Fe-SASC, Inset in Figure 1c: The SAED pattern of Fe-SASC. (d) 

BF-STEM image of Fe-SASC. 

The bright-field scanning TEM (BF-STEM) image (Figure 5.2d) confirms that Fe-SASC is 

composed of distorted graphitic carbon without any metal clusters. These analysis results support 

that catalytically active sites of SASC are formed at the single Fe atomic level. Such active sites 

are believed rich in high specific surface area and vast nanopores of the SASC. Besides, due to the 

doping of macromolecule hemin as the Fe precursor, lots of micropores are also formed here to 

improve the specific surface area and enhance catalytic efficiency.[28]  
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Figure 5.3 (a) The N2 adsorption/desorption isotherm curves of Fe-SASC. (b) Pore distribution 

of Fe-SASC by NLDFT. (c) HAADF-STEM image of Fe-SASC. (d) HAADF-STEM image and 

the corresponding EDS elemental mapping of Fe-SASC. 

The specific surface area of Fe-SASC was evaluated by N2 adsorption-desorption measurement, 

which is calculated around 664.91 m2 g-1 from Brunauer-Emmett-Teller (BET) method. The 

corresponding isotherm curve (Figure 5.3a) indicates that Fe-SASC has both micropores and 

mesopores, supported by the obvious adsorption and hysteresis in the low-pressure zone (P/P0 = 

0-0.1). Nonlocal density functional theory (NLDFT) was also carried out to analyze the specific 

pore distributions (Figure 5.3b). Application of high-angle annular dark-field STEM (HAADF-

STEM) imaging was applied to study the atomic level structure of Fe-SASC (Figure 5.3c). The 

observed isolated bright spots are circled by red circles, indicating that plentiful single atom Fe 

sites are anchored on Fe-SASC. In addition, the energy-dispersive X-ray spectroscopy (EDS) 
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elemental mapping is applied to verify that the C, N, and Fe elements are uniformly distributed on 

the nanostructure (Figure 5.3d). 

The chemical state and coordination environment of Fe center was investigated by X-ray 

absorption spectroscopy analysis, and the X-ray absorption near-edge structure (XANES) spectra 

reveal that the absorption edge position of Fe-SASC is between FeO and Fe2O3, indicating that the 

average valence state of Fe atoms is between Fe+2 and Fe+3 (Figure 5.4a). In Figure 5.4b, Fourier 

transforms (FT) from extended X-ray absorption fine structure (EXAFS) indicate that Fe-SASC 

only exhibits a prominent peak at 1.57 Å, which corresponds to the Fe-N first coordination shell 

in the hemin reference sample. Most importantly, no obvious Fe-Fe peak (2.22 Å) nor other high-

shell peaks are observed, confirming that Fe in Fe-SASC exists as the isolated atom form. 

Moreover, Fe K edge EXAFS oscillations were analyzed by Wavelet transform (WT). In Figure 

5.4c, from the WT contour plots, only one intensity maximum at about 5.5 Å-1 can be observed, 

and no Fe-Fe intensity maximum corresponding is detected compared with the WT plots of Fe foil, 

Fe2O3, and FeO (Figure 5.4d and f).  

X-ray photoelectron spectroscopy (XPS) analysis was conducted to evaluate the chemical 

composition of iron atoms, and results show that the quantified Fe content in Fe-SASC is about 

0.86 at% (Figure 5.4g). The high-resolution N 1s is shown in Figure 5.4h, the peaks near 398.4, 

399.6, 401.5, and 402.5 eV can be divided into pyridinic, pyrrolic, graphitic, and oxidized N, 

respectively, which confirms that the nitrogen is indeed incorporated into the carbon matrix. [29] 

Based on binding energy, a 400.8 eV spectral valley between two main peaks of pyridinic and 

pyrrolic can be attributed to Fe-Nx species.[15, 30] The inset of Figure 5.4h indicates that the 

percentage of Fe-Nx configuration is 13.2% in all doped N species.  
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Figure 5.4 (a) Fe K-edge X-ray absorption near-edge structure (XANES) spectrum of Fe-SASC 

and reference samples of Hemin, FePc, Fe foil, FeO, and Fe2O3. (b) FT k3-weighted extended X-

ray absorption fine structure (EXAFS) spectrum of Fe-SASC, Hemin, FePc, Fe foil, FeO, and 

Fe2O3. (c) Full-range WT representation of EXAFS signal for a representative Fe-SASC sample. 

(d-f) WT of Fe foil, Fe2O3, and FeO, respectively. (g) XPS survey spectra with an inset of the 

high-resolution Fe 2p spectrum. (h) N 1s spectrum of Fe-SASC. Inset: the percentage of N 

1s configuration. 
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5.3.2 Peroxidase-like properties of Fe-SASC  

Peroxidase-like properties of Fe-SASC were verified by typical chromogenic reactions, in which 

3,3′,5,5′-tetramethylbenzidine (TMB) was used as substrates. As shown in Figure 5.5a, the 

obvious color change and enhanced absorbance intensity prove that TMB is oxidized by the Fe-

SASC in the presence of H2O2.  

 

Figure 5.5 (a) Absorption curves of the Fe-SASC in the solution of TMB, H2O2, and TMB + 

H2O2, respectively. Insert: photographs of the color changes. (b) TMB chromogenic reaction 

curve of absorbance to time catalyzed by Fe-SASC and the inset is the initial linear portion. (c) 

The relationship between specific activity (SA) of Fe-SASC and its amount. (d) Specificity 

evaluation of Fe-SASC for various interferences. 

The typical absorbance curve of TMB-Fe-SASC chromogenic reaction within 600s is presented in 

Figure 5.5b, where the absorbance increases with reaction time. In the first 60 s, linear regression 

analysis can confirm a linear reaction between absorbance and time (R2=0.998). These results 

indicate that the Fe-SASC possesses excellent POD-like characteristics and can be used in 

bioapplications. Catalytic activity expressed in units (U) of Fe-SASC was calculated (Figure 5.5c). 
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The specific activity (SA) was determined to be 46.9 U mg-1, further proving the unprecedented 

POD-like activities of the synthesized Fe-SASC. This high activity originated from the structural 

similarity between Fe-SASC and effective structure in natural enzymes.[15, 23] The selectivity of 

Fe-SASC towards H2O2 was analyzed. As shown in Figure 5.5d, the presence of H2O2 results in 

a distinct signal, while other competing interference can only produce negligible signals, indicating 

the satisfactory selectivity of Fe-SASC. 

 

Figure 5.6 (a-b) Robustness of Fe-SASC against various pH and temperature values. (c-d) 

Steady-state kinetics curves of Fe-SASC toward TMB and H2O2. 

To evaluate the potential effects of various harsh environments on Fe-SASC, the catalytic activity 

of Fe-SASC was measured under different pH values and temperatures (Figure 5.6a and b). The 

Fe-SASC can maintain its high activity in a wide range of pH values and temperatures. Fe-SASC 

has the maximum activity under the pH value of 3.5 as well as keeps above 50% activity under 

different pH values. The Fe-SASC can also preserve over 70% of its activity from 4 to 80°C and 
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exhibit the highest catalytic activity at 37°C. These results demonstrate that the Fe-SASC can 

maintain stability under harsh environments. The steady-state kinetics curves of Fe-SASC towards 

TMB substrates and H2O2 were obtained by fitting with the Michaelis-Menten equation, as shown 

in Figure 5.6c and d, and the corresponding Michaelis-Menten parameters were listed in Table 

5.1. Compared to natural Horseradish peroxidase (HRP),[34] Fe-SASC showed a comparable Km 

towards H2O2 and a relatively low Km towards TMB, indicating that Fe-SASC has a superior 

binding affinity toward TMB and a similar affinity level towards H2O2.  

Table 5.1 Comparison of steady-state kinetics parameters of Fe-SASC and HRP. 

Materials Substrate Km (mM) vmax(μM min-1) 

Fe-SASC 

H2O2 16.28 36.7 

TMB 0.24 37.8 

Natural HRP 

H2O2 18.64 48.6 

TMB 0.43 55.5 

5.3.3 Mechanisms for peroxidase-like activity of Fe-N-C SASC 

It is speculated that the excellent heme enzyme-like activity of Fe-SASC originates from the 

reactive oxygen species (ROS) generated by the decomposition of H2O2 on the complex. Based on 

this, we conducted a series of chemical experiments to study the mechanism of the catalytic process 

of POD-like Fe-SASC. Firstly, the role of single atom Fe in catalytic efficiency was verified by 

thiocyanate ions (SCN-). A stable chelate complex can be formed between SCN- and Fe-centered 

catalytic sites, thus blocking Fe activity sites and preventing decomposition of H2O2. As shown in 

Figure 5.7a, absorbance spectrums drop dramatically as more SCN- is added, indicating that the 

atomically dispersed Fe-Nx active sites are the main source of the POD-like activity of Fe-SASC. 

Then, various scavengers were used to study the active intermediates involved in the POD-like 
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process (Figure 5.7b-d). The intermediate •OH/1O2 was verified in Figure 5.7b. The absorbance 

value of ox-TMB decreased with increasing amounts of the added NaN3, showing that •OH/1O2 is 

involved in the oxidation coloration reaction.[31] Isopropanol and β-carotene were further used to 

confirm the existence of •OH and 1O2, respectively (Figure 5.7c-d). According to the above results, 

the oxidation coloration reaction is the result of the combined effect of •OH and 1O2. The strong 

oxidizing properties of ROS can effectively oxidize the chromogenic substrate. 

 

Figure 5.7 Absorption curves upon the addition of various concentrations of (a) KSCN and (b) 

NaN3 as the •OH/1O2 scavenger. (c) Absorption values and their corresponding inhibition 

percentage after adding isopropanol. (d) Absorption after adding different amounts of β-carotene. 

5.3.4 Optimization for the Fe-SASC labeled Ab2,4-D for LFIA application 

The prepared Fe-SASCs were conjugated with Ab2,4-D and used as the signal labels for 2,4-D 

detection in competitive LFIA. The properties of the labeled antibody (Fe-SASC-Ab2,4-D) were 

investigated by zeta potential characterization (Figure 5.8a). The reduced negative charge of Fe-
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SASC demonstrating the Ab2,4-D is successfully labeled with Fe-SASC. In LFIA application, the 

pre-treatment of conjugate pads and the loading amount of Fe-SASC-Ab2,4-D probes are crucial 

factors in obtaining the best detection performance. Pre-treatment of the conjugate pad will affect 

the flow rate of the probes to test line (T-line) and control line (C-line) on NC membrane, 

ultimately affecting the processing time and sensitivity. Herein, the LFIA assembling process and 

Fe-SASC-Ab2,4-D loading parameter were optimized. The sample pad treated with 2% BSA + 2% 

sucrose was chosen since it has the highest T-line intensity, indicating the lower nonspecific 

adsorption on the conjugate pad (Figure 5.8b).  

 

Figure 5.8 (a) Zeta potential analysis of Fe-SASC and Fe-SASC-Ab2,4-D conjugates. (b) 

Optimization of pre-treatment of the conjugate pads with various solutions. (c) and (d) 

Optimization of loading amount of concentration and volume of Fe-SASC-Ab2,4-D applied on the 

sample pad, respectively. 
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Loading amount of Fe-SASC-Ab2,4-D probes also play an important role since the visualization of 

the test area is due to the accumulation of probes on the T-line and C-line. Excessive loading of 

Fe-SASC-Ab2,4-D probes will increase background noise and limit the detection sensitivity, while 

an insufficient amount will cause weak signal which cannot be discerned compared to the C line 

or cannot be visualized.[32] As seen in Figure 5.8c, the T-line intensity increased along with the 

increasing concentration or volume of Fe-SASC-Ab2,4-D at first, no obvious difference in T-line 

intensity is observed when the concentration is above 0.5 mg/mL. After setting the Fe-SASC-Ab2,4-

D concentration at 0.5mg/mL, the Volume was also investigated and determined as 5L, as shown 

in Figure 5.8d. Based on these optimized results, 5 μL of 0.5mg/mL probe are selected as the 

suitable loading parameters for this system.  

5.3.5 Detection performances of the Fe-SASC based LFIA 

The optimized Fe-SASC-LFIA was used to detect 2,4-D in standard solutions (in PBS) and human 

urine samples, and the detection performance of the LFIA was systematically evaluated. Figure 

5.9a shows the photographs of test/control lines before and after the Fe-SASC enhancement for 

2,4-D detection with different 2,4-D concentrations ranging from 0 ng/mL to 250 ng/mL in PBS. 

For negative samples (no 2,4-D is presented), there is no color difference between T-line and 

control line that can be observed. For positive samples, the color on T-line is inversely proportional 

to the 2,4-D concentration and T-line becomes invisible when the 2,4-D concentration is high 

enough, which is consistent with competitive immuno-reactions. The dramatical enhancement of 

the detection signal is achieved through the reaction between the TMB and Fe-SASC. After adding 

TMB/H2O2, the T-line and control line colors change from light grey (color from Fe-SASC) to 

bright blue (results from Fe-SASC’s catalyzing effect), which significantly enhances the signal 

output and dramatically widen the detection range.  
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Figure 5.9 Detection performance of Fe-SASC-LFIA for 2,4-D detection. (a) and (c) Typical 

photographs of Fe-SASC-LFIA in the presence of different 2,4-D levels in PBS and in human 

urine before and after Fe-SASC enhancement, respectively. (b) and (d) Relationship between the 

T-line intensity and various concentrations of 2,4-D in PBS and in human urine, respectively. 

The accurate quantitative analysis of 2.4-D detection by Fe-SASC-LFIA is conducted by a digital 

camera and processed with Image J software. As shown in Figure 5.9b, there is a linear correlation 

between the grey T-line intensity and the concentration of 2,4-D in the range of 2.5 to 50 ng/mL 

before adding TMB/H2O2. The limit of detection (LOD) is defined as the concentration of 2,4-D 

corresponding to the signal intensity, which is calculated by S-3 (S is the average signal 

intensity of 0 ng/mL measured 10 times,  is the standard deviation).[33] LOD of Fe-SASC-LFIA 

is determined to be 1.54 ng/mL. After the signal enhancement via adding TMB/H2O2, we can see 

a much wider detection ranging from 1 to 250 ng/mL with a lower LOD of 0.82 ng/mL in the Fe-

SASC-LIFA. The improved sensitivity and LOD can be attributed to the enhanced signal generated 

by the enzyme-mimic activity of Fe-SASC. Such excellent detection performance of Fe-SASC-

LFIA for 2,4-D detection is also better than other published works (Table 5.2). We also analyzed 

the detection ability in real human urine samples, as shown in Figure 5.9c and d. Good linear 
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relations in the range of 2.5 to 50 ng/mL with LOD of 1.82 ng/mL and 1 to 200 ng/mL with LOD 

of 0.93 ng/mL before and after Fe-SASC enhancement are obtained, respectively. Comparable 

detection performance was achieved for detection of PBS-based standard solutions and detection 

of urine samples, proving that the urine matrix has a limited effect on the detection performance 

of Fe-SASC-LFIA. 

Table 5.2 Comparison of our work and other different methods for 2,4-D detetion. 

Techniques LOD (ng mL−1) Linear Range (ng mL−1) Reference 

Photoinduced electron 

transfer (PET) 

30.6 30.6-7657.5  [34] 

SPR immunosensor 0.5 0.5-1000 [35] 

ELISA 1 1-80 [36] 

Photoelectrochemical 

sensor 

2.2 110-2874 [37] 

Fluoroimmunoassay 0.25 0.25-1 [38] 

HPLC  53 160-40000 [39] 

HPLC 100 100-400000 [40] 

Immunoassay 15 50-1000000 [41] 

Fe-SASC-LFIA 0.82 1-250 This work 

Moreover, the selectivity of this assay for 2,4-D in human urine was verified by evaluating the 

impact of interfering substances such as Na+, K+, Cl-, glucose, uric acid (UA) (Figure 5.10).[42] 

Obvious color change on T-line is observed when in the presence of 2,4-D, while other interfering 
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substances are ineffective, indicating an outstanding selectivity of the proposed Fe-SASC-LFIA 

towards 2,4-D against potential interfering substances. Spike-recovery experiments evaluated the 

analytical reliability and accuracy of Fe-SASC-LFIA. Different concentrations of 2,4-D spiked 

human urine samples were prepared with satisfactory recoveries of 2,4-D in the range from 94.4 

to 113.4% are obtained (Table 5.3). The high recovery level and low variability results indicate 

the reliability and accuracy of proposed Fe-SASC-LFIA on 2,4-D detection in actual samples. 

 

Figure 5.10 (a) and (b) Photographs of Fe-SASC-LFIA towards 2,4-D and interference 

substances in human urine before and after Fe-SASC enhancement, respectively; (c) 

Corresponding T-line signal intensities (Concentrations of interfering substances were all 100 

ng/ mL, 2,4-D was 25 ng/ mL). 

 

Table 5.3. Spiked-recovery test of urine samples by proposed Fe-SASC-LFIA (n=3) 

Without TMB/ H2O2 

Sample No. Added (ng mL-1) Found (ng mL-1) Recovery (%) RSD 

1 5 4.72 94.4 5.43 

2 10 10.6 106 8.62 

3 20 21.9 109.5 7.54 

4 40 38.6 96.5 6.36 
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With TMB/ H2O2 

Sample No. Added (ng mL-1) Found (ng mL-1) Recovery (%) RSD 

1 5 5.2 113.4 7.26 

2 10 9.8 98 6.92 

3 20 20.5 102.5 3.43 

4 40 39.5 98.5 5.63 

 

5.4 Conclusion 

In summary, a single-atomic iron catalyst (Fe-SASC) was developed for rapid and ultrasensitive 

POC detection of 2,4-D. As expected, Fe-SASC has excellent peroxidase-like activity and 

exceptional stability due to the maximum utilization of active metal atoms and the structural 

mimicry of the active sites of natural enzyme. The Fe-SASC with high POD-like activity can 

trigger the colorimetric reaction of the chromogenic substrate to enhance the signal intensity, thus 

greatly improving the detection performance of LFIA. High-performance detection of 2,4-D with 

a low detection limit (0.82 ng/mL), wide detection range (1-250 ng/mL), and good selectivity have 

been demonstrated. Furthermore, the proposed Fe-SASC-LFIA exhibited high specificity and 

satisfactory recovery. The excellent detection abilities are sustained in the real human urine 

samples, further demonstrating its potential POC practicability. 
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SUMMARY 

Cost-effective biosensors with outstanding specificity and sensitivity to test environmental 

contaminants, control human biologic processes, and assess precise health diagnoses have been 

intensively studied and have good potential for the advantages such as simple, scalable, and 

efficient in the fabrication process. However, the natural enzyme used in biosensors suffers from 

disadvantages such as low stability, poor robustness, and high cost. Using single atom site catalysts 

in biosensors has been regarded as an effective way to solve the limitations of natural enzymes 

and can achieve the aforementioned detection goal. In this dissertation, we synthesized different 

kinds of SASC and used them for detecting different analytes with satisfactory detection 

performance. 

Firstly, a Fe-based single-atomic site catalyst was prepared through a facile ion-imprinting 

approach and used as a nanoprobe for hydrogen peroxide detection in living cells. Results show 

that the synthesized SASC possesses abundant Fe-Nx single-atomic sites, which can mimic the 

active center structure of natural HRP. Herein, the ion imprinting process can precisely control 

ions at the atomic level, resulting in the formation of large quantities of well-defined monoatomic 

iron during the pyrolysis process. Results show that SASC had an excellent peroxidase-like 

activity. High sensitivity and specificity of nanoprobe have been achieved for colorimetric 

detection of H2O2 in living cells. This work proved that the Fe-N-C SASC could structurally mimic 

the active site of natural HRP, thus opening a novel and easy route in designing advanced SASC 

used as nanoprobes and expanding their biosensing applications. 

The activity site density of SASC is an important factor affecting the enzyme-like activity. 

To further increase enzyme-like activity, we used a nanoconfinement strategy to increase the Fe-

Nx active site density in the matrix. Herein, manganese oxide was coated on the surface of the 
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processor, thus the nanoconfinement effect was introduced in the pyrolysis process. The obtained 

Fe-Nx SASC possessed outstanding peroxidase-mimicking activity, showing high activity and 

excellent robustness against harsh environments. Most importantly, novel Fe-Nx SASC was 

applied as the HRP replacement in ELISA to enhance the detection performance of A1-40, 

exhibiting an ultralow sensitivity that met the requirement of effective detection of A1-40. we 

believe this kind of peroxidase-like SASC will show great potential and pave a new way to design 

a novel ELISA kit with improved sensitivity for detecting various target biomarkers in real human 

samples. 

It is well known that the more active sites exposed on the surface, the easier for them to 

participate in the reaction, and the better activity can be obtained. Hence, a 2D Fe-SASC catalyst 

was successfully synthesized with excellent peroxidase-mimicking activity, mainly attributed to 

the 2-dimensional structure to expose more single-atom sites on the surface. Such structure design 

achieves the aim of continuously increasing the peroxidase-like activity. Besides, using 2D Fe-

SASC in competitive ELISA achieves a satisfactory detection performance 2,4-D with high 

sensitivity and wide detection range, showing great potential in designing compactivity ELISA 

kits with improved sensitivity for detecting various target biomarkers. 

Finally, a single-atomic iron site catalyst (Fe-SASC) was developed through precisely 

structural control of the active sites of natural enzyme and used for rapid and ultrasensitive point-

of-care detection of herbicide via lateral-flow immunoassay. High-performance detection of 2,4-

D with a low detection limit, wide detection range, and good selectivity has been demonstrated. 

The excellent detection abilities are sustained in the real human urine samples, demonstrating 

potential POC practicability. 
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In the future, it is believed that effective synthesis methods and advanced strategies can 

continue to design the various Fe-N-C SASCs with excellent enzyme-like activity. The unique 

structure and special properties will endow them exhibit outstanding biosensing performance. Also, 

the newly developed enzyme-like SASC will lead to a significant leap in the combined efforts in 

different research fields, which will provide more personalized disease diagnosis and treatment 

opportunities and high-precision biosensors and nanoprobes. 
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APPENDIX A 

Acronyms and Abbreviations 

SASCs Single-atomic site catalysts 

HRP Horseradish peroxidase 

IIT Ion-imprinting technology 

NIM Non-imprinted nanomaterial 

IIM-Fe-SASC Fe-based single-atomic site catalyst 

A-Tri-EOS [3-(2-Aminoethylamino)propyl]trimethoxysilane 

CTAB Cetyltrimethylammonium bromide 

TEOS Tetraethyl orthosilicate 

SCN- Thiocyanate ions 

TA Terephthalic acid 

UA Uric acid 

ADP Adenosine-5-diphosphate 

fMLP N-formylmethionyl-leucyl-phenylalanine 

PMA Phorbol-12-myristate-13-acetate 

MeIM 2-Methylimidazole 

BSA Bovine serum albumin 

H2O2 Hydrogen peroxide 

TMB 3,3′,5,5′-tetramethylbenzidine 

ABTS 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

ALP Alkaline phosphatase 

OPD 1,2-diaminobenzene  
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ELISA Enzyme-linked immunosorbent assay 

LFIA Lateral-flow immunoassay 

POC Point-of-care 

AD Alzheimer’s Disease 

Aβ 1-40 Amyloid beta 1-40 

SA Streptavidin 

SASC-LISA SASCs-linked immunosorbent assay 

LOD Limit of detection 

EDC N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

NHS N-hydroxysuccinimide 

FePc iron (II) phthalocyanine 

2,4-D BSA 2,4-Dichlorophenoxyacetic acid antigen 

ROS Reactive oxygen species 

NC Nitrocellulose  

TEM Transmission electron microscopy 

APS Advanced Photon Source 

XRD X-ray diffraction 

STEM Scanning TEM 

HAADF-STEM Aberration-corrected high-angle annular dark-field STEM 

HAADF-STEM High-angle annular dark-field STEM 

HRTEM High-resolution TEM 

BF-STEM Bright-field scanning TEM 

EDS Energy-dispersive X-ray spectroscopy 
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XAS X-ray absorption spectroscopy 

XANES X-ray absorption near edge structure 

EXAFS X-ray absorption fine structure 

FT Fourier-transformed 

XPS X-ray photoelectron spectroscopy 

BET Brunauer-Emmett-Teller 

NLDFT Nonlocal density functional theory 

WT Wavelet transform 

SAED Selected area electron diffraction 
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