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Abstract 

DNA-modified nanomaterials have been applied in diverse areas such as biosensing, catalysis, drug 

delivery, and biomedical diagnostics. Metal ion mediated DNA conjugation is an important strategy for the 

construction of DNA/nanomaterials. The interactions between metal ions and DNA phosphate backbones 

were found critical for DNA adsorption. Most previously reported metal ion mediated DNA/nanomaterial 

conjugates focused on the role of metal ions for charge screening but ignored the potential formation of 

DNA/metal complexes, especially for multivalent ions. Since the report of DNA/Fe2+ coordination 

polymers (CPs), Fe2+ has become attractive in the modification of nanomaterials. One popular nanomaterial 

is gold nanoparticle (AuNP) which exhibits unique localized surface plasma resonance (LSPR) and 

enzyme-mimic catalytic activities. The primary focus of this thesis has two main parts: (a) the fundamental 

understandings of metal ion mediated adsorption of DNA oligonucleotides on 2D nanosheets such as 

graphene oxide (GO) and Ti2C MXene; (b) the exploration of Fe2+ containing complexes and their 

applications in designing AuNP-based colorimetric sensors. 

In Chapter 1, the relevant background knowledge of DNA oligonucleotides, DNA hybridization 

and melting, DNA-modified nanomaterials, nano-sized CPs, and AuNP-based colorimetric sensors are 

introduced. In addition, the motivation and objectives of my research are also described. 

In Chapter 2, Na+ and Mg2+ mediated the adsorptions of phosphorothioate (PS)-modified DNA (PS 

DNA) on GO are systematically studied. Using fluorescently labeled oligonucleotides as probes, all the 

tested PS DNA strands are adsorbed more strongly on GO compared to the normal DNA with 

phosphodiester linkages (called PO DNA) of the same sequence. The adsorption mechanism is probed by 

washing the adsorbed DNA with proteins, surfactants, and urea. Molecular dynamics simulations show that 

van der Waals forces are responsible for the tighter adsorption of PS DNA. 

In Chapter 3, Mn2+-mediated DNA adsorption on MXene is studied. Compared to other 2D 

materials such as GO, MoS2, and WS2, few fundamental studies were carried out on DNA adsorption by 

MXene. Due to its exfoliation and delamination process, the surface of MXene is abundant in −F, −OH, 

and −O– groups, rendering the surface negatively charged and repelling DNA. In previous studies, surface 

modification of MXene was performed to promote DNA adsorption. Herein, Mn2+ was discovered to 

promote DNA adsorption on unmodified Ti2C MXene. Different from Ca2+ and Mg2+, Mn2+ can invert the 

ζ-potential of the Ti2C MXene from negative to positive. DNA mainly uses its phosphate backbone for 

adsorption, while its bases contribute significantly less. 

In Chapter 4, DNA/Fe CPs were synthesized with Fe2+ by utilizing the high local DNA 

concentration of DNA/Au conjugates. Preparing DNA/Fe CP nanoparticles in solution requires a high 
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concentration of DNA. Taking advantage of the high local DNA density on the gold surface, the required 

DNA concentration decreased by 60-fold, and the thickness of the CP layer can be precisely controlled. 

Simultaneously, the good encapsulation property of CPs was utilized for loading a chemotherapeutic drug 

doxorubicin (DOX). In addition, a AuNP-aggregation-based colorimetric sensor was developed for 

phosphate detection, and the detection limit for phosphate was 0.78 mM. 

In Chapter 5, The growth of a partial iron phosphate (FeP) shell with Fe2+ ions on citrate-capped 

AuNPs boosted the peroxidase-like activity of AuNPs by up to 20-fold. The FeP-enhanced activity was 

demonstrated on AuNPs of different sizes and on gold nanostars. When the FeP layer is thick enough to 

block the access to the Au/FeP interface, the activity was fully inhibited. Capping the remaining Au surface 

by thiol also inhibited the activity, suggesting that faster reactions occurred at the interface of Au and FeP. 

We also found that the adsorbed DNA strands on the AuNPs may disrupt the crystalline structures of the 

FeP shell. Thus, more channels may be available for accessing the Au/FeP interfaces. Moreover, sensitive 

detection of Fe2+ was achieved with a detection limit of 0.41 µM, while no other tested transition metal 

phosphates enhanced the peroxidase-like activity of AuNPs. 

In Chapter 6, following the work in Chapter 4 and 5, a new AuNP-etching-based sensing platform 

was demonstrated. The goal was to convert the color of typical ELISA product, TMB+, to a color change 

of AuNPs to achieve more sensitive colorimetric detection. In previous work, the etching of gold 

nanomaterials (e.g., Au nanorods or AuNRs) usually need multiple steps and harsh conditions, which limits 

their applications. Herein, we developed a new colorimetric biosensing platform with urchin-like gold 

nanoparticles (AuNUs). The important roles of surfactant, pH and bromide were individually studied. 

Compared with AuNRs, the etching of AuNUs can happen under mild conditions in the existence of TMB+ 

at pH 6. With these understandings the AuNU-etching-based sensors were developed which can sensitively 

detect H2O2 with a detection limit of 80 nM (2.7 parts-per-billion). 

Overall, my work found that metal ion mediated DNA adsorption on 2D nanomaterials GO, and 

Ti2C MXene has been extensively studied, and the role of metal bridged interactions were deemed important. 

The growth of Fe2+ mediated DNA CPs and FeP on AuNPs was performed, which showed a great potential 

in drug loading and sensing. In particular, AuNP-based sensors for the detection of phosphate and Fe2+ ions 

were demonstrated. Finally, the fundamental process of etching of AuNUs has been carefully studied, and 

its application for the detection of H2O2 was also demonstrated.  
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Chapter 1 Introduction 

1.1 Introduction to DNA 

Deoxyribonucleic acid (DNA) is an important molecule that acts as a carrier of genetic information 

in biology. With the study of DNA, a new field of molecular biology was developed in the last century. At 

the same time, significant progress was achieved in the analysis, synthesis, and sequence design of DNA. 

Especially, efficient chemical methods of synthesizing natural and modified DNA were developed. Based 

on these, in the early 1980s, Professor Nadrian Seeman hypothesized to use DNA in bio-nanotechnology 

theoretically.1 Now, this rapidly developing field is known as DNA nanotechnology, where DNA is used 

as an intelligent biopolymer.2 Aside from building nanoscale object using pure DNA, DNA 

oligonucleotides have also been functionalized to various nanomaterials, such as gold nanoparticles 

(AuNPs), graphene oxide (GO) and quantum dots (QDs), for biosensing, drug delivery and imaging 

applications. In the past decades, DNA has attracted significant interest for its potential applications in 

synthetic biology, supramolecular chemistry, and material sciences.3-8  

 The structure of DNA 

 Chemical components 

A single-stranded DNA (ssDNA) is a polynucleotide composed of four nucleobases (adenine (A), 

thymine (T), cytosine (C), and guanine (G)) which are linked by a sugar-phosphate backbone (Figure 1.1A). 

The sugar-phosphate backbone is built with repeat end-to-end monophosphorylated deoxyribose sugars. 

Based on the chemical naming carbon atoms of the deoxyribose sugar, the two endings of a ssDNA are 

respectively named 5ʹ-end and 3ʹ-end. Two ssDNA strands with complementary sequences can pair with 

each other following the classical Watson-Crick base-pairing interactions (Figure 1.1B). This process is 

named as hybridization. In this resulting self-assembly double stranded structure, two strands run in 

opposite directions and the main interactions are the hydrogen bonds between A-T and C-G. Typically, the 

double helix structure has a width of 2 nm and a length of 3.4 nm for every ten base pairs (Figure 1.1C). 

According to the handedness, length of the helix turn, number of base pairs per turn, and sizes of 

grooves, the tertiary arrangements of DNA structures in space are divided into B-DNA, A-DNA, and Z-

DNA. In my research, the ssDNA and double-stranded DNA (dsDNA) whose lengths were shorter than 50-

mer were used. Thus, the tertiary arrangement of DNA was not considered. These short DNA molecules 

are also known as oligonucleotides.  
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Figure 1.1 (A) The structure of a ssDNA strand. (B) The hydrogen bonds formed in the Watson-Crick base 

pairs. (C) The characteristic length scales for a dsDNA strand. 

 Physicochemical properties of DNA 

The physicochemical properties of DNA are mainly from both the phosphate backbone and 

nucleobases. The nucleobases have characteristic ultraviolet light absorption at 260 nm, which can be 

utilized to determine the concentration of DNA. Another important property of DNA bases is their pKa 

values (Figure 1.2).9-10 For example, the protonation pKa value of G is 2.1 and the deprotonation pKa value 

of T is 9.9. This means that the charge of DNA nucleobases can be altered by tuning the pH environment. 

Since the pKa value of the phosphate backbone is below 2, and all the nucleobases are charge neutral at 

neutral pH, DNA strands are negatively charged under physiological conditions.  

Another important property of DNA is the melting temperature (Tm), which is defined by the 

temperature where 50% of the DNA is in the duplex form. In contrast to the hybridization, the process that 

breaks hydrogen bonds of base pairs and separates dsDNA into two ssDNA is called denaturation or melting. 

Due to the hydrophobicity of the nucleobases, the addition of hydrophobic molecules such as organic 

solvents, can decrease the Tm. The increasing salt concentration such as Na+ and Mg2+ usually can increase 

the Tm by reducing the electrostatic repulsion force between two phosphate backbones. In dsDNA structures, 

the π-π stacking formed between the base pairs significantly increase the stability of double helix structure. 

The π-π stacking is also a critical force for DNA to bind to surfaces with the phenyl structures, such as GO.  
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Figure 1.2 The structures of four DNA nucleobases and their pKa values. The protonation and 

deprotonation sites of DNA bases and phosphate are labelled in purple at pH environments.  

 DNA-metal ion interactions 

Under physiological conditions, negatively charged DNA implies the binding of cations by 

electrostatic interactions. Generally, there are three types of interactions between cations and DNA.11 In 

diffuse binding, with long-range nonspecific electrostatic interaction, the positions of cations on DNA are 

mainly dependent on the electrostatic potential (Figure 1.3 A). In nonspecific site binding, the interactions 

between hydrated cations and DNA are associated through hydrogen bindings of water molecules (Figure 

1.3B). When one or more cation aqua ligands are replaced by the ligands on DNA, the site binding is 

specific (Figure 1.3C). 

 

Figure 1.3 Three general interactions between metal ions and DNA: (A) diffuse binding; (B) nonspecific 

site-bound; and (C) specific site-bound. 
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The metal binding sites in DNA are mainly located on the phosphate backbone and nucleobases. 

More specifically, the N and O atoms in nucleobases and the O atoms in phosphate can provide electrons 

for the metal cations (Figure 1.4A).12-13 For O atoms, based on the hard and soft characteristics for the metal 

ions, metal ions bind the O atoms in phosphates or nucleobases can be roughly predicted. For N atoms in 

nucleobases, the binding affinity with metal ions depends largely on the protonated and deprotonated states. 

In general, for transition metals, the affinities follow the order of N7 (G) ˃ N3 (C) ˃ N7 (A) ˃ N1 (A) ˃ N3 

(A, T).13 In addition, some DNA-metal bindings which involve more than one nucleobase also have been 

revealed (Figure 1.4B-D).  

 

Figure 1.4 (A) The metal binding sites in DNA phosphate backbone and nucleobases. The values of the 

log of Ka are labelled. The interactions between (B) metal ions/G-quadraplex DNA, (C) Ag+/cytosine, and 

(D) Hg2+/thymine. Figures adapted with permission from ref (13). Copyright © 2017 American Chemical 

Society. 

The DNA-metal ion interactions have significant effects on the properties of DNA. As mentioned 

above, increasing salt concentration usually stabilizes DNA duplex. However, for the metal ions, which can 

bind nucleobases strongly, may denature duplex DNA by disrupting inter-nucleobase hydrogen bonds. For 

example, a few μM Pb2+ ions can dramatically decrease the Tm of DNA since Pb2+ binds both guanine and 

cytosine stronger than phosphate.14 The study of these interactions motivated the adsorption of DNA on 

inorganic nanomaterials and the growth of metal-containing nanomaterials on DNA templates.8, 15-16 
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 Chemically modified DNA 

Thanks to the great advancement in synthetic organic chemistry of DNA, DNA modifications are 

realized at all the three parts (phosphate, sugar, and nucleobases). More than 100 different types of 

functional groups can be easily obtained such as phosphorylation, alkane spacers, fluorophores, dark 

quenchers, thiols, and attachment linkers. These modified-DNA molecules have shown great potential 

applications in chemical biology, sensing, and drug delivering.17-20 A few modifications used in this thesis 

are introduced below. 

 Phosphorothioate DNA 

Phosphorothioate (PS) modification replaces one of the non-bridging oxygen atoms by sulfur in 

the DNA phosphate backbone (Figure 1.5A). PS-modified nucleic acids have useful properties for various 

applications. First, such single atom substitution only slightly perturbs the structure of DNA, and Watson-

Crick base pairing can still take place, retaining the programmability of DNA.21 Second, PS modifications 

are cost-effective. From commercial sources, each PS just adds a few dollars to the synthesis. For 

comparison, modified bases typically cost more than $100 each. Third, PS increases the stability of DNA 

against degradation by nucleases, which was one of the original motivations of developing it for antisense 

applications. Nevertheless, PS modification also has its own complications. For example, each PS 

modification results in a chiral phosphorus center, and most synthesis methods yield a racemic mixture of 

R and S diastereomers. It is not easy to obtain stereo pure molecules, especially for those with multiple PS 

modifications. 

With a sulfur atom introduced to the phosphate backbone, many interesting applications have been 

developed. Most of these are related to the metal-binding property of the sulfur. The DNA sequences 

reviewed here sometimes contain two main blocks: a PS block (for metal binding), and a PO block (for 

molecular recognition), which are named diblock DNA (Figure 1.5B). Compared with normal DNA, PS 

DNA is easier to adsorb onto thiophilic materials (e.g. Cd containing QDs, AuNPs, and silver nanoparticles 

or AgNPs). Thus, PS DNA has been widely used in assembling these nanoparticles to form 

nanostructures.22-24  
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Figure 1.5 (A) The structures of a 4-mer ATCG DNA with a normal phosphodiester (PO), a PS (Rp), and 

a PS (Sp) linkage. (B) Schematic depicting of a DNA sequence with two blocks (PS and PO). Compared 

with PO block, PS block has much stronger interactions with Cd-containing QDs. 

 Thiolated DNA 

Thiol modifications can be introduced at either the 5ʹ-end or the 3ʹ-end during the solid-phase 

phosphoramidite oligonucleotide synthesis (Figure 1.6A and B). Thiolated DNA (SH-DNA) can be further 

reacted with various groups including α,β-unsaturated ketone, maleimide, and cysteines. These features 

allow SH-DNA sequences to be covalently linked to a wide range of molecules and materials (e.g. proteins 

and AuNPs).25-26 

In this research, SH-DNA were mainly used in gold surface modification due to the strong thiol-

gold interaction. Commercial SH-DNA sample always come with a small alkanethiol protective cap formed 

via a disulfide bond. To remove the protection groups, reduce agents such as dithiothreitol (DTT) and 

Tris(2-carboxyethyl) phosphate (TECP) are usually used for pretreatment (Figure 1.6C). Our previous study 

showed that the addition of DTT/TCEP is not essential for SH-DNA adsorption on AuNPs,27 but it is 

essential for reacting with organic molecules such as maleimide. 

 

 



7 

 

 

Figure 1.6 The structures of thiolated DNA with the thiol group at 5ʹ-end (A), and 3ʹ-end (B). (C) Scheme 

showing the process of reducing disulfide bonds in a commercial thiolated DNA. 

 Fluorophore-labelled DNA 

For fluorophore-labelled DNA, one or more fluorescent dye molecules can be attached on a DNA 

strand. Trace amount of fluorescence labelled DNA can be monitored by fluorescence spectroscopy in 

solution, or by fluorescence microscopy on suitable solid surfaces. Fluorophore labelled DNA is quite 

powerful in studying the interaction between nanomaterials and DNA since many nanomaterials are good 

fluorescence quenchers. Both fluorescence quenching and recovering can be utilized in developing various 

functional DNA/nanomaterial based biosensors.28 

 DNA nanotechnology 

 Functional DNA (DNA aptamers and DNAzymes) 

The well-known biological function of DNA is to carry genetic information. Since the early 1990s, 

DNA with chemical functions such as molecular binding and catalysis have been reported. Functional DNA 

molecules include two main types: aptamers and DNAzymes. DNA aptamers are ssDNA which can bind 

analytes specifically. Since the report of the first DNA aptamer for thrombin in 1992, a number of aptamers 

for various targets (e.g. metal ions, small molecules and proteins) have been isolated.29 DNAzymes acting 

as enzyme mimics are inspired by the discovery of ribozymes, and they are obtained from a ssDNA library 

by in vitro selection. These functional DNA molecules are promising to design biosensors by combining 

them and nanomaterials.20, 30-31 

 DNA nanostructures 

Based on Watson-Crick base pairing rule, DNA molecules could be programmed to form nanoscale 

or microscale structures. Over the past decades, this is widely used in the bottom-up fabrication of well-

defined nanostructures. One impressive example is DNA origami. A classic DNA origami involves a long 

single-stranded scaffold DNA and a number of short DNA strands (called staples). After annealing 

treatment, the long scaffold DNA is folded by the base pairs formed with the short staple DNA. As a result, 
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large-scaled DNA origami structures are obtained with more scaffold and staple DNA (Figure 1.7A).32 

Since the first four-way DNA junction reported by Seeman et al., various DNA origami structures from 1D 

to 3D can be synthesized (Figure 1.7B).33-34 Besides the DNA origami, DNA can also be used to program 

the assembly of nanoparticles.35 Herein, a typical case about DNA-directed assembly of AuNPs for 

detecting adenosine molecules is recited (Figure 1.7C).36 The aggregation of AuNPs are assembled by the 

hybridization between the linker DNA and the other two sequences that respectively modified on different 

AuNPs, leading to a blue solution. Since a segment of the sequence of the linker DNA is the adenosine 

aptamer, with the existence of adenosine molecules, the linker DNA bound adenosine instead of directing 

the aggregation of AuNPs. As a result, a red color is obtained. 

 

Figure 1.7 (A) Schematic depicting the principles of classic DNA origami. (B) 2D and 3D DNA origami 

structures. (C) DNA base-paring directed assembly of AuNPs which act as colorimetric sensors for 

adenosine detection. Figures A and B adapted with permission from ref (34). Copyright © 2021, Springer 

Nature Limited. Figure C adapted with permission from ref (36). Copyright © 2006 WILEY-VCH.  
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1.2 DNA-Nanomaterial Complexes in Nanotechnology 

Nanomaterials possess many unique properties, such as antibiotic property of graphene oxide (GO), 

molecular adsorption property of MXene, and localized surface plasmon effect of AuNPs. Interfacing DNA 

with these nanomaterials has resulted in various hybrids widely used in chemistry, physics, material science, 

and medicine.37-40 In this section, I introduce the properties, applications, and synthetic strategies of three 

DNA/nanomaterial complexes: DNA/GO, DNA/MXene, and DNA/AuNPs. 

 DNA-modified GO 

 Introduction to GO 

As the most studied two-dimensional nanomaterial, graphene is comprised of thin layers of sp2-

bonded carbon atoms. GO which is usually obtained from the exfoliation of graphite has a single atomic 

layer with rich oxygen-containing functional groups on its surface.41 The synthetic methodology of GO 

contains two main steps: oxidation and exfoliation (Figure 1.8). Due to these oxygen groups, GO has a 

better dispersibility in water than graphene.42-43 Therefore, GO is often used for DNA adsorption. DNA-

modified GO has found numerous applications in sensing, imaging, therapeutics, diagnostics, and drug 

delivery.39, 44-45 

 

Figure 1.8 Schematic synthesis of graphene oxide. Reproduced with permission from ref (41) with open 

access. 

 The interactions between GO and DNA 

The interactions between GO and DNA can be divided into two main types: non-covalent and 

covalent bindings. Under physiological environment, both DNA and GO are negatively charged. For non-
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covalent modification, acidic conditions or addition of salts (e.g., NaCl) can promote the physisorption of 

DNA on GO.46-47 Due to the negatively charged phosphate backbone, π-π stacking interactions between the 

nucleobases and GO’s hydrophobic domains is believed to be critical for DNA adsorption. This can be used 

to explain the different binding performance of physisorption between ssDNA and dsDNA on GO (Figure 

1.9A).48 For dsDNA, all the nucleobases are burried by the phosphate backbone. As a result, ssDNA can be 

desorbed from GO by the complementary DNA (cDNA) when dsDNA is formed.49 To increase the 

physisorption affinities and control the arrangements of DNA, a diblock DNA with a high surface affinity 

poly-cytosine (poly-C) sequence, serving as anchoring block, is widely used (Figure 1.9B). With increasing 

DNA concentration, the poly-C block gradually displaces the other probe block, leading to the upright 

conformation of the other block.50 Therefore, cDNA can hybridize with the probe block and attach to GO. 

Besides these non-covalent binding, amino-modified DNA can also be covalently conjugated to GO by 

using N‐(3‐dimethylaminopropyl)‐N′‐ethylcarbodiimide hydrochloride (EDC) (Figrue 1.9C).51 For the 

covalent modification, the adsorption of nucleobases of amino-modified DNA on GO cannot be avoided. 

 

Figure 1.9 Schemes of (A) physisorption of ssDNA and dsDNA, and (B) a diblock DNA containing a poly-

C anchoring block for adsorption on GO, and (C) covalently modification of amino-modified DNA on GO. 

Reproduced with permission from ref (48) with open access.  

 

GO has unoxidized benzene rings (hydrophobic regions) and oxidized aliphatic rings (hydrophilic 

region), and the degree of oxidation determines the sizes of these regions. The detailed studies of the DNA 

adsorption on these two domains are important in illuminating the adsorption mechanisms. Both simulation 

studies and experimental results reveal that the GO with higher degree of oxidation can accommodate more 

DNA strands.52-54 An interesting finding is that temperature can significantly affect the DNA adsorption 
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areas on GO.55 Simply, heating can promote DNA adsorption on hydrophobic regions while freezing help 

DNA adsorption on hydrophilic regions (Figure 1.10). 

 

Figure 1.10 Schematic digram for the DNA adsorption on the hydrophobic and hydrophilic areas of GO 

regulated by temperature. Reproduced with permission from ref (55). Copyright © 2020 American Chemical 

Society. 

 DNA-GO biosensors 

DNA/GO complexes are widely employed as novel biosensors for the detection of DNA, proteins, 

and other biomacromolecules.56-58 Due to the fascinating light-absorption capability and electron transfer 

fluorescence-quenching properties of GO, most of these biosensors are designed with fluorescent probe 

DNA. In a typical sensor model, a fluorescent probe DNA is adsorbed on GO by physisorption leading to 

fluorescence quenching (Figure 1.11).49 Then, a recovery of fluorescence is obtained by the addition of 

target reagents (e.g., cDNA) which can release the pre-adsorbed probe DNA from GO surface.  

 

Figure 1.11 The graphical representation of fluorescence-based DNA/GO sensors by desorption. 

Reproduced with permission from ref (49). Copyright © 2016 Elsevier Ltd. 
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 DNA-modified Ti2C MXene 

 Introduction to MXene 

MXene is a new group of two-dimensional (2D) nanomaterials containing transition metal and 

carbide/nitride. MXene sheets are usually exfoliated from MAX phases, where M is an early transition 

metal (e.g., Ti, V, and Nb), A is an A-group element such as Al, and X is carbide/nitride. Over 100 known 

MAX phases can be categorized by the numbers of the layers of M and X (Figure 1.12).37-38, 59  

 

Figure 1.12 2D ball-and-stick models for M2AX, M3AX2, and M4AX3-based MAXs. Reproduced with 

permission from ref (37). Copyright © 2013 WILEY-VCH Verlag GmbH & Co. 

 

The strong bonds between M and X have a mixed covalent/metallic/ionic character, and the M-A 

bonds also have strong metallic interactions.60-61 Therefore, in comparison with other 2D materials (e.g., 

MoS2) with slidable layers, a strong acid is usually used to break the M-A bonds. The synthesis of MXene 

contains two main steps: etching and delamination.62-63 Herein, the synthesis of Ti3C2 MXene is presented 

as an example (Figure 1.13A).64 First, Al layers of the MAX phase are etched in HF. While A layers are 

removed, the exposed M surfaces are covered with terminal groups (-OH, -F, -O, etc.). Second, the loosely 

bonded multi-layered MXene sheets are delaminated to generate single-layered MXene sheets (Figure 

1.13B), where the element maps also reflect the rich -F, -O, -OH groups on the MXene surface. These 

functional terminal groups make MXene surfaces highly negatively charged, which would inhibit their 

interactions with DNA.38, 65  
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Figure 1.13 (A) Schematic synthesis of Ti3C2 MXene from Ti3AlC2 MAX by etching and delamination. 

(B) A TEM image of a single layer Ti3C2 MXene sheet and corresponding element maps. Figures adapted 

with permission from ref (64). Copyright © 2018 Elsevier B.V. 

 The interactions between MXene and DNA 

The highly negatively charged surfaces limits the DNA adsorption on MXene sheets. The strategy 

of adding Na+ or Mg2+, which is widely used for DNA adsorption on GO and MoS2, is no more effective 

for MXenes.66 As showed in Figure 1.14, researchers utilize the surface modifications to improve the DNA 

loading capacities and increase the colloidal stabilities of MXene sheets in aqueous solutions. By now, 

surface coatings have been made using both polymers and inorganic materials. For polymers, a successful 

example is poly(acrylic acid) (PAA). An amino-modified DNA can be covalently linked to PAA chains by 

EDC/NHS coupling reactions.67 For inorganic materials, both in situ reduction growth or post-adsorption 

of AuNPs are very popular.68-69 After AuNP coating, SH-DNA or non-SH-DNA can be easily modified on 

the AuNPs, which indirectly functionalized the MXene sheets. 
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Figure 1.14 Schematics of DNA modifications on MXenes by the addition of salts (Na+ or Mg2+) and 

surface modifications. DNA adsorption density on MXene surfaces is much lower than that on 

polymer/nanoparticle-modified MXene surfaces. 

 DNA-modified AuNPs 

 Introduction to DNA/AuNPs 

AuNPs have generated widespread interest because of their distinct physical and chemical 

properties. One of these fascinating properties is the localized surface plasmon resonance (LSPR), allowing 

extremely efficient absorption of light of certain wavelengths. The LSPR peak of AuNPs is dependent on 

surface morphology, size, and adsorbed ligand.70-71 Therefore, many AuNP-based colorimetric sensors have 

been developed.40, 72 

DNA-functionalized AuNPs (Au@DNA NPs) are very important agents in a broad range of 

applications from biosensing, DNA-directed assembly to drug delivery.73 When DNA oligonucleotides are 

densely packed on AuNPs, in comparison with liner nucleic acids, such conjugates feature unique 

physicochemical properties such as sharper melting transitions, stronger binding to complementary DNA, 

and more efficient cellular uptake.74 DNA modification also significantly changes the properties of AuNPs. 

For example, with DNA modification, the colloidal stability of AuNPs is dramatically improved in NaCl 

solution (Figure 1.15B). 
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Figure 1.15 Schematics of DNA adsorption improves the colloidal stability of AuNPs in a NaCl solution. 

 The interactions between AuNP and DNA 

For unmodified DNA, DNA adsorption is realized by the interactions between DNA nucleobases 

and AuNPs (Figure 1.16A). In many cases, the relative affinities of DNA nucleobases and gold surface 

follow the trend A ˃ C ˃ G ˃ T.9, 75 Such affinity difference can be amplified by using homo-DNA 

oligonucleotides (comprised of the same nucleobase).76 Since poly-adenine (poly-A) DNA has the strongest 

affinity, the number of adsorbed DNA strands on each AuNP can be programmed by varying the lengths 

of poly-A DNA.5  

Besides non-modified DNA, to get a high DNA adsorption density on AuNPs, SH-DNA is usually 

used. Due to the strong affinity between thiol and gold, unintended adsorption of nucleobases on gold 

surface can be gradually displaced by terminal thiol groups as the density of DNA is increased.77 This 

replacement process forces DNA to be in an upright conformation. As a result, for each DNA sequence, its 

footprint area in stand-up adsorption model is much smaller than that in a lengthwise model (Figure 1.16B). 

Therefore, the upright model is essential for high DNA adsorption density. By now, the record-high DNA 

density reached nearly 400 strands on each 15 nm AuNP.78 

 

Figure 1.16 (A) The binding sites of four DNA nucleobases on gold surface. (B) Two different adsorption 

models for the thiolated and non-thiolated DNA adsorption on AuNPs. Figure A adapted with permission 

from ref (9). Copyright © 2012 Royal Society of Chemistry. 
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The function of Au@DNA NP has a lot to do with its preparation, where a SH-DNA is typically 

used. Despite the high affinity between thiol and gold, this conjugation reaction is complicated due to the 

charge repulsion between DNA and AuNPs, as well as the colloidal stability of the AuNPs.79 The classic 

conjugation method is called salt-aging, in which NaCl is stepwise added to screen the charge repulsion 

and carefully avoid AuNP aggregation. The higher the final concentration of NaCl reached, the higher DNA 

loadings on AuNPs.74 To maximize DNA loadings, the salt-aging process takes more than a day. To shorten 

the aging time, surfactants were used to stabilize AuNPs, which allowed DNA loading to finish within a 

few hours. In 2012, our group found that at pH 3, the reaction could be completed in minutes.80 Later, a 

freezing-based method was developed for DNA attachment. Without additional reagents added, 

AuNP@DNA was prepared after freezing and thawing AuNP/DNA mixtures (Figure 1.17).25 The high 

DNA adsorption densities were resulted from the stretching and alignment of DNA sequences under 

freezing.81 

 

Figure 1.17 A Scheme of preparing Au@DNA NPs by the freezing method.25 Figure adapted with 

permission from ref (25). Copyright © 2017 American Chemical Society.  

1.3 Nanosized Coordination Polymers 

Coordination-driven self-assembly of metal ions and organic molecules is an important method of 

producing coordination polymers (CPs). Extensively studied metal-organic frameworks can be considered 

as a type of crystalline CP, while CPs can also be amorphous.82 These CPs have a wide range of applications 

in sensing, catalysis, drug delivery, and gas storage.12, 83-87 In this section, CPs formed between metal ions 

and DNA nucleobases, nucleotides and DNA oligonucleotides are introduced. 

 DNA/metal CPs 

 DNA precipitation by metal ions 

Polyanionic DNA sequences are capable of coordinating with a large number of metal ions. For a 

long time, CPs were only observed by using nucleobase/nucleosides/nucleotides as ligand, while the 
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formation of well-defined CPs with DNA oligonucleotides has been challenging.88 It has now been 

observed that both relatively high nucleobase and metal ion concentrations (millimolar levels) are 

necessary.89-90 In addition, metal/nucleobases bindings in grooves are also non-negligible. For example, 

Al3+ can precipitate calf thymus DNA completely at pH 6 to 7 through groove binding.91 For long genomic 

DNA, the process of generating solid DNA/metal complexes is also known as “precipitation”.92 However, 

these metal-induced DNA precipitates are usually not nanosized, which limits their applications such as in 

drug delivery. 

 Nucleotides/nucleosides for metal coordination 

Nucleotides and nucleosides are not only monomeric units of DNA biopolymers but also good 

ligands for constructing CPs with metal ions (Figure 1.18A). Different from DNA precipitates, stable and 

uniform nanosized coordination complex particles can be obtained with nucleotides/nucleobases.88, 90 In 

addition, each type of nucleotide/nucleobase has its own metal binding preference. For example, adenine 

has a high affinity for gold binding.93 Of course, a metal ion can be chelated by two or more than two sites 

in phosphates and nucleobases (Figure 1.18B). In the past decades, many useful and powerful 

nucleotides/nucleobases-based CPs have been developed and been applied in sensing, encapsulation, and 

drug delivery.94-97 

 

Figure 1.18 (A) Chemical structure of four nucleobases, nucleosides, and nucleotides. The potential sites 

for metal coordination and the pKa values of four nucleobases were also labelled. (B) A scheme for the self-

assembly of AMP and Ln3+. Figure A adapted with permission from ref(88). Copyright © 2019 Elsevier B.V. 
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 DNA/Fe CPs  

DNA/Fe CPs were first reported by Li’s group in 2019.89 This newly developed strategy of large-

scale production of DNA/Fe CPs is achieved simply by one-pot reaction of DNA oligonucleotides and Fe2+ 

(Figure 1.19). Another feature of this technique is the small amount of DNA oligonucleotides needed, which 

dramatically lowers its cost. For example, the lowest concentration of 20-mer DNA oligonucleotides 

required to form stable DNA/Fe CPs can reach 25 μM. These DNA/Fe CPs showed excellent stability and 

great promises in drug delivery and bio-imaging.87, 98 In comparison with Fe-nucleotide/nucleobase CPs, 

DNA/Fe CPs have inherent advantages in gene delivery. Both functional DNA and oligonucleotide drugs 

can be directly used to synthesize DNA/Fe CPs, and no other chemicals are needed. In addition, 

chemotherapeutic drug doxorubicin (DOX) molecules can also be co-assembled in DNA/Fe CPs.98 

 

Figure 1.19 Schematic of coordination-driven self-assembly of Fe2+, DOX molecules, and DNA 

oligonucleotides. Figure adapted with permission from ref (89). Copyright © 2006 WILEY-VCH Verlag 

GmbH & Co. 

 Applications of metal/nucleotides, DNA/Fe CPs and metal phosphates as coatings 

The metal/nucleotides coatings on various nano-sized cores are powerful synthetic strategies for 

constructing abundant nanomaterials. One of the most straightforward advantages is that these coatings can 

improve the stabilities of soft cores. For example, negatively charged DOPS liposomes are so weak that 

cryo-TEM is required for morphology characterizations. After coating with Gd3+/AMP CPs, the TEM 

images of DOPS liposomes can be easily obtained by normal TEM (Figure 1.20A).99 In addition, the 

metal/nucleotides CP coatings may also bring new properties. Liang and coworkers demonstrated that the 

growth of Fe3+/AMP shells on magnetite nanoparticles (Fe3O4NPs) could improve the peroxidase-like 

activity of the Fe3O4 core (Figure 1.20B).100 Since the synthesis of DNA/Fe CPs was newly developed, 

there is still a lack of study, such as the growth of DNA/Fe CPs on different surfaces. 
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Figure 1.20 Schematic illustrations of (A) Gd3+/AMP CPs on DOPS liposomes and (B) Fe3+/AMP CPs on 

Fe3O4 NP. The Fe3+/AMP shell on Fe3O4 NP can improve its peroxidase-like activity. Figure A adapted 

with permission from ref (99). Copyright © 2019 American Chemical Society. Figure B adapted with 

permission from ref (100). Copyright © 2016 American Chemical Society. 

 

In addition to the CPs formed with DNA or nucleotides, the strong interactions between DNA 

phosphate backbone and metal ions are also very interesting. In terms of coatings, many interesting results 

may be generated when the CPs were simply generated by metal phosphates or a mixture of DNA and metal 

phosphates.101-103 By now, the most well-studied nanoscale metal phosphate is calcium phosphate (CaP), 

since CaP is the most abundant biomineral in hard tissues.104 CaP plays important roles in both 

metallizations of DNA and AuNPs surface coatings. In 2020, Fan et al. mineralized self-assembled DNA 

frameworks by CaP with precision and versatility.105 After mineralization, DNA frameworks can keep their 

structures under harsh conditions. In this work, they revealed that amorphous CaP NPs were first formed 

near DNA followed by the crystallization process (Figure 1.21A). For gold surface coating, the direct 

growth of CaP shells is difficult. One feasible method is to grow a polydopamine (PDA) shell before CaP 

coating (Figure 1.21).106 The metal chelating property of PDA offers strong binding affinities to CaP. 

Considering the successful synthesis of DNA/Fe CPs, the study of (iron phosphate)FeP coating with Fe2+ 

ions on both DNA and AuNPs becomes interesting topics. 
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Figure 1.21 Schematic illustrations of (A) CaP growth on DNA origamis and (B) CaP growth on 

polydopamine coated AuNPs.105 Figure A adapted with permission from ref (105). Copyright © 2019 

Published by Elsevier Inc. 

1.4 Gold Nanomaterial-Based Colorimetric Sensors 

Over the past decades, gold nanomaterials were widely used for diverse colorimetric sensors.107-111 

The color changes were mainly from two sensing strategies: (a) morphology or aggregation state change of 

gold nanomaterials; and (b) catalysis of a chromogenic substrate (e.g., 3,3’,5,5’-tetramethylbenzidine 

(TMB)).112 In this section, these two sensing strategies are introduced. For the catalysis, we focused on the 

peroxidase-like activity of spherical AuNPs. 

 Morphology-dependent colorimetric sensors 

AuNPs possess high extinction coefficients, which are usually serval orders of magnitude higher 

than typical organic dyes. Therefore, even low nanomolar AuNPs are easily observed by the naked eyes.40 

When the aggregation of dispersed AuNPs happened, the strong plasmon coupling between the nearby 

AuNPs would lead to a large red-shift in their absorption spectra (Figure 1.22A).70, 113 Simultaneously, the 

color of solution shows an obvious color change from wine-red to purple or blue.114-115 Similarly, color 

change and related colorimetric sensors can also be obtained with the reverse process of dis-aggregation. 

For example, DNA-assembled AuNPs can be redispersed by heating, or by the addition of the cDNA of the 

linker to disrupt the linkages, which was utilized for DNA detection.116-117 Although the AuNP-aggregation-

based sensors own high sensitivity and simplicity, they still have some disadvantages. First, nonresponse 

aggregations happen frequently. Second, extensive and uncontrolled aggregations may lead to very large 

aggregates, which are hard to be observed by the naked eyes.112 

Colorimetric sensors can also be designed based on controlled growth of shells on gold cores.118 

The growth can be divided into two main categories based on the shell material: homoepitaxial growth and 

heteroepitaxial growth.119 These growth modes could lead to changes in size, shape, or composition (Figure 

1.22B). These changes not only significantly shift the LSPR peak but also change the surface-related 
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properties (e.g., surface-enhanced Raman scattering (SERS)). For example, with the heterophilic growth of 

silver shells, the core-shell Au@Ag structures can dramatically enhance the Raman intensity.120 

As the reverse process of growth, the etching of gold nanomaterials usually needs harsh 

conditions.111, 121 To make the etching process more easily, many etching-based sensors were designed with 

anisotropic nanostructures.110 These anisotropic nanostructures usually have surfaces with high surface 

energies, suitable for the target molecules guided etching.112 One well-known structure is gold nanorods 

(AuNRs), which can be etched along the longitudinal direction. As a result, a multicolor sensor is obtained 

(Figure 1.22C). 

 

Figure 1.22 Schematic illustrations of three morphology change sensing mechanisms: (A) aggregation, (B) 

growth, and (C) etching. 

 AuNPs for catalysis 

 Introduction to Au nanozymes 

During the last decade, more and more nanomaterials have been found with diverse enzyme-

mimicking activities. These nanomaterials with enzyme-like activities are named nanozymes.122-123 In 2004, 

Rossi et al. found that the naked AuNPs had glucose oxidase (GOx) like activity.124 Three years later, Yan 

and co-workers reported that Fe3O4NPs possess peroxidase-like activity and applied them in an 

immunoassay.125 This finding promoted the study of the peroxidase-like activity of AuNPs, which can 

catalyze some chromogenic substrates (e.g., TMB) in the presence of H2O2.126-128 Therefore, an application 
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of AuNPs with peroxidase-like activities is the detection of H2O2. When glucose is added, under suitable 

conditions, AuNPs can show both GOx and peroxidase-like activities (Figure 1.23).129-132 In this case, the 

amount of oxidized TMB also indicates the concentration of glucose.133 

 

Figure 1.23 Schematics of three typical enzyme-like activities of AuNPs: GOx, SOD, and peroxidase. 

Small white and red balls are respectively hydrogen and oxygen atoms. Figure adapted with permission 

from ref (134) with open access. 

 Enhancement of peroxidase-like activities of AuNPs 

The peroxidase-like activities of AuNPs are mainly dependent on two factors: size and surface 

coating. For spherical AuNPs, smaller AuNPs usually possess higher peroxidase-like activities.135-136 Since 

most AuNPs were prepared by using citrate as a reducing agent, citrate-capped AuNPs have been 

extensively studied for the peroxidase-like activities. Due to the weak interactions between citrate 

molecules and gold surface, many other ligands, especially thiol-contained molecules, can replace citrate 

by ligand exchange.137 It was reported that amino capped AuNPs could inhibit the catalytic activity of 

AuNPs.138 Besides surface ligands, smaller metal ions can also alter the peroxidase-like activity of AuNPs. 

In 2011, Huang et al. found that Hg2+ can remarkably enhance the peroxidase-like activity of AuNPs.139 In 

addition to organic ligands and metal ions, AuNPs can also be coated by inorganic shells. For example, the 

enhancement of peroxidase-like activities was realized by coating with a more active material such as Pt.140  

1.5 Research Goals and Thesis Outline 

The main goals of this thesis include two main parts (Figure 1.24). On one hand, DNA sequences 

and metal ions are screened to improve the DNA adsorption on two types of 2D nanomaterials. For GO, 

PS-modified DNA was used to improve DNA binding affinity. For Ti2C MXene, by screening suitable 
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metal ions, I aimed to realize direct high DNA density adsorption. The forces of DNA adsorption and the 

roles of metal ions on GO and MXene were also studied. On the other hand, I synthesized new 

DNA/Fe/AuNPs composite nanomaterials to explore the applications of DNA/Fe CPs and FeP complexes. 

The optimization of synthetic conditions was also a research goal of the thesis. Finally, in the last year of 

my PhD research, I worked on a project related to developing plasmonic nanomaterials for the detection of 

SARS-CoV-2 virus. My goal was to understand the etching of gold nanomaterials using typical colorimetric 

products from immunoassays to obtain enhanced color change. 

 

Figure 1.24 Thesis outline flow diagram. 

 

Chapter 2 describes the adsorption of PS DNA PO DNA on GO. Mg2+ and Na+ salts were used to 

screen the charge repulsion between negatively charged DNA and GO. First, PS DNA adsorbs stronger on 

GO was confirmed by the displacement experiments. Then, the DNA adsorption mechanism was studied 

by both experimental studies and MD simulations. The results showed that PS DNA has stronger VDW 

forces than normal DNA. With this conclusion, PS poly-C was screened with the highest affinities to GO 

surfaces, which could be used as a stable anchor sequence.  

Chapter 3 describes Mn2+-mediated DNA adsorption on Ti2C MXene. First, a group of metal ions 

was screened to confirm the unique performance for Mn2+. In addition, Mn2+-mediated DNA adsorptions 

on GO and MoS2 were also studied side by side. Then, the kinetics and capacity of DNA adsorption on 

Ti2C MXene were evaluated by fluorescence quenching. Lastly, the mechanisms of DNA adsorption and 

desorption on MXene were studied, including the adsorption of dsDNA. 
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Chapter 4 describes the synthesis of new Au@DNA/Fe core-shell NPs. The DNA/Fe CPs were 

formed with the high local DNA density on the AuNPs promoted and characterized by TEM and UV-vis 

spectrometry. More importantly, the sizes of Au@DNA/Fe NPs could be controlled by varying the DNA 

and Fe2+ concentrations. The selective removals of Au cores or DNA/Fe shells were utilized for drug 

loading and phosphate sensing. 

Chapter 5 describes the FeP coatings on AuNPs and Au@DNA NPs. First, a series of Au@FeP 

core-shell structures with various shell thicknesses were synthesized and characterized by TEM and UV-

vis spectrometry. The improvements in the stabilities and catalytic activities of Au@FeP NPs were also 

tested by NaCl and TMB substrate. Then, the enhancement in peroxidase-like activity was studied by 

substituting cores (AuNS and SiO2) and adding capping MCH ligands. In addition, the catalytic 

performance reflected that the growth of crystalline FeP could be affected by the adsorbed DNA on AuNPs. 

In the end, a colorimetric sensor for detecting Fe2+ was developed based on the enhanced peroxidase-like 

activities of Au@FeP NPs. 

Chapter 6 describes a new developed AuNU-etching-based colorimetric sensor for H2O2 detection. 

First, TMB+-mediated etching of AuNUs was confirmed by TEM and UV-vis spectrometry. In addition, 

AuNUs were more easily etched than AuNRs, which was confirmed by conducting experiments side by 

side. Then, the effects of halides, surfactants, etching time, and pH on etching were systematically studied. 

Lastly, a sensitive H2O2 sensor based on AuNUs’ etching was constructed. 

Chapter 7 describes the conclusion in each chapter of this thesis, and recommendations for future 

studies.  
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Chapter 2 Stronger Adsorption of Phosphorothioate DNA on 

Graphene Oxide 

The results presented in this chapter have been published as: 

Zhicheng Huang, Yu Zhao, Biwu Liu, Shaokang Guan, and Juewen Liu, Stronger Adsorption of 

Phosphorothioate DNA Oligonucleotides on Graphene Oxide by van der Waals Forces. Langmuir 2020, 36 

(45), 13708-13715. 

2.1 Introduction 

Functionalization of inorganic nanomaterials with DNA is of great interest for biosensor 

development,7, 141-143 DNA-directed assembly,144-145 and drug delivery.31, 146 While covalent conjugation has 

been a popular method to achieve highly stable and directional linkages, simple physisorption is often used 

for its simplicity and cost-effectiveness.48, 147-148 For example, fluorescently labeled DNA oligonucleotides 

were adsorbed on graphene oxide (GO) as biosensors,149-152 taking advantage of the appropriate adsorption 

strength and fluorescence quenching properties of GO. For certain surfaces such as transition metal 

dichalcogenides, stable covalent linkages are difficult to achieve and physisorption has been the choice for 

most researchers.153-155 Aside from covalent linking and random physisorption, a diblock DNA strategy was 

also used. One block is used to tightly adsorb on the surface while the other block performs functions such 

as hybridization.5, 55, 156-157 This strategy enables both optimal function and simplicity. For this diblock 

strategy to work, a key requirement is a high-affinity DNA sequence to adsorb on intended surfaces. 

Searching for DNA sequences that can tightly adsorb on inorganic surfaces has been a long-

standing challenge. Typical aptamer selection procedures cannot be effectively applied to inorganic 

materials due to strong non-specific adsorption.158 In this regard, screening of a smaller set of DNA could 

be more productive since it allows discrimination of more subtle differences between similar DNA 

sequences via competitive assays.158 The most successful examples are probably the screen of DNA 

oligonucleotides for sorting carbon nanotubes by Zheng and coworkers.159-161 

Regarding DNA sequence-dependent adsorption, some scattered information has been accumulated 

in the past few decades. For example, poly-adenosine (poly-A) DNA is known to bind more strongly to 

gold surfaces than other types of DNA.75 Poly-A DNA has also been used for anchoring on GO.58 We found 

that poly-C DNA has the highest affinity on a few carbon, metal oxide, metal phosphate, and metal 

dichalcogenide surfaces.50, 156, 162-163 Recently, poly-C DNA was also reported to adsorb strongly on 

upconversion nanoparticles.157 
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To further enhance adsorption affinity, one method is to chemically modify DNA. While many 

modifications focused on DNA bases, DNA backbone modification is also quite interesting. For example, 

using peptide nucleic acids (PNA) and similar modifications, adsorption on GO was enhanced, likely due 

to their lack of charge repulsion on GO.164-165 A phosphorothioate (PS) modification refers to replacing one 

of the non-bridging oxygen atoms in the DNA phosphodiester (PO) backbone by sulfur. Compared to PNA, 

PS modification is much more cost-effective. PS-modified DNA has been widely used as biochemical 

probes for ribozyme and DNAzyme research and related biosensor development.166 Using PS DNA to 

modify AuNPs,167 and quantum dots22, 168 has also been carried out, taking advantage of the thiophilicity of 

their metal species.169 An interesting question is whether PS DNA can adsorb more strongly on surfaces 

that do not contain thiophilic metals. We report in this work that PS DNA adsorbs more tightly than 

unmodified DNA of the same sequence on GO, and PS poly-C DNA is ideal for the preparation of more 

stably adsorbed DNA probes. 

2.2 Materials and Methods 

 Chemicals  

All of the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, IA). 

Carboxyl graphene oxide (GO) was purchased from ACS Material LLC (Medford, MA). Sodium dodecyl 

sulfate (SDS), cetrimonium bromide (CTAB), Triton X-100, Tween 80, and bovine serum albumin (BSA) 

were from Sigma-Aldrich (St Louis, MO). Sodium chloride, sodium hydroxide, magnesium chloride, 4-(2-

hydroxyethyl) piperazine-1-ethanesulfonate (HEPES), urea, and cytidine were from Mandel Scientific 

(Guelph, Ontario, Canada). Milli-Q water was used for preparing buffers and solutions. 

 Preparation of the DNA/GO complex 

To adsorb DNA (PO and PS), all the samples were incubated in buffer A (5 mM HEPES, pH 7.5, 

150 mM NaCl, 1 mM MgCl2) at room temperature. The final concentrations were 2 μM PO or PS DNA, 

and they were incubated with 400 µg/mL GO. All the samples were stored at 4 °C for further use. 

 DNA displacement by DNA sequence 

FAM-labeled DNA was adsorbed as described above. With 100 nM FAM-DNA on 20 µg/mL GO, 

almost all of the DNA was adsorbed and quenched by GO. For each sample, the fluorescence intensity of 

the free FAM-DNA in the same buffer but without GO was used to calculate the desorption percentage. 

Then, non-labeled PS or PO DNA was added to displace the adsorbed FAM-DNA in buffer A. 20 µg/mL 

DNA/GO complexes were used. The fluorescent intensity indicative of desorbed DNA was collected by a 

microplate reader (SpectraMax M3) with excitation at 490 nm and emission at 520 nm.  
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 DNA displacement by polymers and surfactants 

To probe the stability of DNA/GO complexes, 5 µL of concentrated competing agents (e.g. 

polymers, surfactants, and proteins) were respectively added to 95 µL DNA/GO complex (20 µg/mL) in 

buffer A. The amounts of the desorbed DNA were measured from the supernatants after centrifugation 

(15000 rpm, 15 min). For disruption of hydrogen bonding, concentrated DNA-GO complexes were added 

into 4 M urea solutions and incubated for 4 h. The final concentrations of the DNA/GO complexes were 20 

µg/mL. After incubation, the supernatant of the mixture was used to measure fluorescence signal of the 

desorbed FAM-DNA. 

 DNA hybridization on GO surface 

Two non-FAM labeled diblock DNA sequences containing PS-C15 or PO-C15 blocks were 

respectively adsorbed on GO in buffer A. The background fluorescence was measured for 95 µL 50 nM 

FAM-cDNA or FAM-rDNA in buffer A for 5 min. After this, 5 µL concentrated DNA/GO conjugates were 

added (final GO concentration was 10 µg/mL). For reactions containing competing molecules (BSA or 

Tween 80), they were added to the FAM-DNA samples before collecting the background fluorescence. 

 CD measurement 

All the circular dichroism (CD) samples were prepared and kept at -20C for one day before 

measurement. CD spectroscopy was performed in a 1 cm UV−vis quartz cuvette using a Jasco J-715 

spectrophotometer. Citrate (pH 5.0, 5 mM) and HEPES buffers (pH 7.5, 5 mM) were measured as blanks. 

Each DNA sample (10 μM, 200 μL) was dissolved in 25 mM citrate or buffer A and was measured 5 times 

in continuous scanning mode (20 nm/min) from 220 nm to 320 nm. 

 MD simulations 

GROMACS version 5.1.4 was used to perform the molecular dynamics (MD) simulations.170 The 

simulation supercells were cuboid boxes of 60×60×50 Å3, which consist of saline solution and a graphene 

oxide (GO) sheet at the bottom with a dimension of 50×50 Å2. The initial ssDNA segment structure in the 

B-form was generated by the 3DNA.171 The ssDNA segment was individually simulated for 100 ns until 

the conformation reached an equilibrium state. The GO model was based on C10O1(OH)1(COOH)0.5 which 

was reported by Yang et al.172 In the simulations, the GO carbon atoms were constrained using position 

restraints, while the other oxygen and hydrogen atoms were free to move. The neutral solution environment 

consisted of a ssDNA strand, ~5100 water molecules, and Na+ and Cl- counterions, in which the optimized 

ssDNA was initially put at 30 Å above the GO sheet.  
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Amber14SB and TIP3P were respectively used to model DNA/ions and water molecules.173-174 The 

force field parameters for the GO sheet, including partial charges of functional groups, were taken from 

Stauffer et al. and general force field.175-176 The electrostatic interactions were evaluated using a particle-

mesh Ewald (PME) summation, with the real space cutoff of 14 Å.177 The Lennard-Jones (L-J) nonbonded 

interactions were smoothly tapered to zero when the two atoms were close to 14 Å. Three-dimensional 

periodic boundary conditions were applied in the simulations, and all the simulations were carried out with 

a time step of 2 fs. The temperature was maintained at 300 K under the NVT ensemble via the V-rescale 

thermostat. Each of PO-A15, PS-A15, PO-C15, PS-C15 DNA was relaxed for 1 ns at ambient temperature of 

300K. They were heated to a target temperature of 550 K and equilibrated for 10 ns. Then, the systems 

were cooled to 300 K with a stepped cooling pattern at a speed of 100 K/10 ns. Finally, the systems were 

equilibrated at 300 K for 100 ns to obtain their binding energies. 

 

Table 2.1 DNA sequences and modifications used in this work. The PS modifications are denoted by the 

asterisks. FAM: carboxyfluorescein. 

ID DNA Names Sequences 5′-3′ 

1 FAM-12mer DNA FAM-TCACAGATGCGT 

2 FAM-cDNA FAM-ACGCATCTGTGA 

3 FAM-rDNA FAM-AGAGAACCTGGG 

4 PS-C15-12mer TCACAGATGCGTC*C*C*C*C*C*C*C*C*C*C*C*C*C*C 

5 PO-C15-12mer TCACAGATGCGTCCCCCCCCCCCCCCC 

6 FAM-PO-C5 FAM-CCCCC 

7 FAM-PO-A5 FAM-AAAAA 

8 PS-C5 C*C*C*C*C 

9 PO-C5 CCCCC 

10 PS-A5 A*A*A*A*A 

11 PO-A5 AAAAA 

12 FAM-PS-C15 FAM-C*C*C*C*C*C*C*C*C*C*C*C*C*C*C 

13 FAM-PO-C15 FAM-CCCCCCCCCCCCCCC 

14 FAM-PS-A15 FAM-A*A*A*A*A*A*A*A*A*A*A*A*A*A*A 

15 FAM-PO-A15 FAM-AAAAAAAAAAAAAAA 
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16 FAM-PS-T15 FAM-T*T*T*T*T*T*T*T*T*T*T*T*T*T*T 

17 FAM-PO-T15 FAM-TTTTTTTTTTTTTTT 

18 PS-C15 C*C*C*C*C*C*C*C*C*C*C*C*C*C*C 

19 PO-C15 CCCCCCCCCCCCCCC 

20 PS-A15 A*A*A*A*A*A*A*A*A*A*A*A*A*A*A 

21 PO-A15 AAAAAAAAAAAAAAA 

22 PS-T15 T*T*T*T*T*T*T*T*T*T*T*T*T*T*T 

23 PO-T15 TTTTTTTTTTTTTTT 

2.3 Results and Discussion  

 PS DNA and GO 

The structure of a normal DNA dinucleotide (called PO for phosphodiester linkages) is shown in 

Figure 2.1A, and its PS modification is shown in Figure 2.1B. The slightly larger sulfur does not 

significantly perturb DNA duplex structure, although the stability is slightly lower than a normal PO 

duplex.169, 178 PS modifications are attractive for practical applications since they can be made in tandem at 

a low cost. In this work, we systematically compared PO and PS DNA of the same sequence for adsorption 

on GO. A TEM micrograph of our GO sample is shown in Figure 2.1C. The carboxylic groups on GO led 

to a negatively charged surface. Since DNA is also negatively charged, long-ranged electrostatic repulsion 

needs to be overcome before adsorption.49 Therefore, we used a relatively high salt concentration to screen 

the charge repulsion. 

 

Figure 2.1 Chemical structures of (A) a normal poly-cytosine DNA with phosphodiester (PO) linkages, 

and (B) its PS modification. (C) A TEM micrograph of the GO used in this work. 
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 PS DNA adsorbs stronger on GO 

Poly-C DNA was recently found to strongly adsorb on many surfaces, while poly-A DNA ranked 

the next for GO.156 Since we were interested in searching for strongly adsorbing sequences, poly-A and 

poly-C DNAs were tested. To compare the affinity between PS and PO DNA on GO, we designed the 

following experiments (Figure 2.2A). We adsorbed a FAM-labeled DNA (e.g. FAM-C5) on GO, resulting 

in quenched fluorescence. Then, a non-labeled DNA (PO or PS C5) was added to displace the adsorbed 

probe, which was monitored by fluorescence increase. Interestingly, adding PS-C5 produced a ~40% 

stronger final fluorescence than adding PO-C5 (Figure 2.2B). Adding PS-A5 also produced 50% higher 

fluorescence than PO-A5 when FAM-A5 was adsorbed on GO (Figure 2.2C). Therefore, PS DNA appeared 

to adsorb more strongly than PO DNA of the same sequence. To confirm this observation, the displacement 

experiment was carried out with different concentrations of the competing DNA. The PS DNA displaced 

more FAM-labeled DNA from GO than the PO DNA did when the DNA was more than 100 nM (Figure 

2.2D and E). At low DNA concentrations, there was sufficient free space on the GO, and the displacement 

reaction could not take place effectively. 

 

Figure 2.2 (A) A scheme showing the displacement experiment. Adding non-labeled PO or PS DNA to 

displace the adsorbed FAM-labeled DNA, resulting in fluorescence enhancement. Kinetics of fluorescence 

increase due to displacement of (B) FAM-C5 and (C) FAM-A5 DNA from GO by 500 nM non-labeled 5-

mer PO or PS DNA in buffer A. The desorption of (D) FAM-C5 (E) FAM-A5 from GO by various 

concentrations of non-labeled DNA. 
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 High-affinity DNA sequences 

The above study used short 5-mer DNA, which cannot form a stable duplex or internal secondary 

structures. We intentionally chose 5-mer DNA to simplify our analysis and to ensure that we only probed 

the displacement reaction. For practical applications, DNA sequences are likely to be longer. Therefore, we 

also tested FAM-labeled A15 and C15 PO and PS DNA (a total of four sequences). These DNAs were 

respectively adsorbed onto GO, and then the same four DNAs but without the FAM labeled were added to 

induce desorption (Figure 2.3A). The data were plotted in four groups and each group was for a FAM-

labeled DNA. In each group, the red bar is always the highest, indicating that PS-C15 was the most potent 

in terms of displacement. When FAM-PS-C15 was adsorbed as a probe, it was least desorbed by the other 

DNA (e.g. the last set of bars are the shortest). PS-A15 was also adsorbed more strongly than PO-A15. 

Therefore, PS DNA was adsorbed more strongly than PO DNA of the same sequence, true for both 5-mer 

and 15-mer DNA. Among this group of DNA, PS-C15 had the highest adsorption affinity on GO.156  

 

Figure 2.3 (A) Percentage of desorption of various 15-mer FAM-labeled DNA homopolymers from GO 

induced by four 500 nM non-labeled DNAs in buffer A (5 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM 

MgCl2) after 4 h incubation. CD spectra of 10 µM PO and PS (B) A15 and (C) C15 in buffer A (pH 7.5) and 

25 mM citrate buffer (pH 5.0). 
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Since DNA conformation may also influence adsorption affinity, we then performed CD 

spectroscopy to probe DNA conformation. Since our experiments were mainly performed at neutral pH, 

we measured the CD signal at pH 5.0 and pH 7.5, with the acidic samples serving as controls. Under acidic 

conditions, both poly-A and poly-C DNA can fold into specific secondary structures, which may influence 

the interaction between DNA and nanomaterials.108, 179 No difference was observed in the CD spectra 

between PO-A15 and PS-A15 at both pH 7.5 and 5.0 (Figure 2.3B). Therefore, the possibility of forming the 

parallel poly-A duplex (A-motif) structure was excluded.180-181 Since adenine has a pKa of ~3.5, its 

protonation and forming A-motif requires an even lower pH. Makino and coworkers showed that PS poly-

C DNA could also form four-stranded quadruplex (i-motif) structures similar to the PO poly-C DNA, 

although with a lower stability.182-183 Our CD data supported the formation of an i-motif in both PO- and 

PS-poly-C at pH 5.0 (Figure 2.3C). From the CD data, the conformations of the PO and PS DNA appeared 

to be quite similar, and the higher affinity of the PS DNA may not be explained by their different 

conformations. 

 Hybridization and desorption 

In addition to the displacement reaction, we also studied DNA hybridization. By introducing PS 

DNA, a total of four combinations are possible to form duplex DNA (e.g. PO/PO, PO/PS, PS/PO, and 

PS/PS). Although they have the same sequence, the duplex stability is different. In general, PO/PO has the 

highest melting temperature (Tm), while the PS/PS duplex is the least stable.184-185 DNA tends to form a 

duplex if the duplex has a high Tm. 

We picked FAM-A15 and FAM-T15, since poly-C and poly-G DNA can form various secondary 

structures and complicate data analysis. When FAM-A15 PO DNA (Figure 2.4A) and PS DNA (Figure 2.4B) 

were adsorbed on GO as probes, PO T15 produced stronger signals in both cases. This is different from the 

displacement reaction seen above, and thus hybridization might take place. We attributed the stronger signal 

with the PO DNA to the difference in duplex stability between the PS and PO DNA. Duplex formed by PO 

DNA is more stable than that by PS DNA (e.g. higher Tm).184-185 

The opposite, however, was observed when we adsorbed FAM-T15 DNA on GO and then added 

non-labeled A15 DNA (Figure 2.4C and D). In these two samples, the PS DNA produced stronger signals. 

Previous research showed that poly-A DNA is adsorbed much more tightly than poly-T DNA on GO.46 In 

this case, non-specific displacement by the stronger poly-A DNA outcompeted the effect of hybridization. 

In particular, the PS A15 DNA adsorbed even more strongly than the PO A15, yielding the observed results. 

For all these samples, when a PS DNA was adsorbed, desorption by its complementary DNA is in 

general less than when a PO DNA was adsorbed. The fact that PS DNA hybridizes more weakly with its 
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PO counterpart could be useful for bioconjugation, since it might form a more stable adsorption complex 

on GO and is less affected by the complementary DNA. At the same time, its stronger affinity also makes 

it resistant to displacement by non-complementary DNA. Overall, these hybridization experiments 

indicated a quite complicated interplay between adsorption affinity and hybridization affinity for PS and 

PO DNA on GO, but the overall results favor the use of PS DNA as an anchoring block.  

 

Figure 2.4 Kinetics of desorption of FAM-labeled DNA from GO induced by non-labeled complementary 

DNA. In this set of experiments, the following four FAM-labeled DNAs were used: (A) FAM-PO-A15, (B) 

FAM-PS-A15, (C) FAM-PO-T15, and (D) FAM-PS-T15. The reaction was in 5 mM HEPES buffer, pH 7.5, 

with 150 mM NaCl, 1 mM MgCl2. Desorption was induced by adding 500 nM DNA. 

 Desorption and adsorption mechanism 

The above studies used only DNA to probe the adsorption strength. To gain insights into adsorption 

mechanism, we also challenged the adsorbed DNA with a few denaturing agents. Urea is a hydrogen bond 

disruptor, and hydrogen bonding is known to be important for DNA adsorption on GO.186 Among the four 

DNA sequences, PS-C15 DNA appeared to be the most resistant to urea-induced desorption (Figure 2.5). 

Only 19.2±2.4% of the PS-C15 DNA desorbed by 4 M urea, while 29.8±0.4% of the PO-C15 desorbed under 

the same condition. A similar trend was also observed for A15 DNA. Therefore, PS DNA was also adsorbed 

more strongly when challenged by urea. We reason that when hydrogen bonding was disrupted by urea, the 

remaining forces were still strong for the PS DNA to allow its adsorption. 
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Figure 2.5 FAM-labeled DNA desorption induced by 4 M urea in buffer after 4 h incubation. 

We then compared the PO- and PS-C15 DNA when challenged by other chemicals (Figure 2.6B). 

Four surfactants with different molecular weights, charge, and hydrophobicity were tested (Figure 2.6A). 

SDS, CTAB and Triton X-100 had almost no effects on the adsorbed DNA on GO,187 but Tween 80 

desorbed both DNA strands from GO (with less desorption of FAM-PS-C15). Based on the HLB 

(hydrophilic-lipophilic balance) values of Tween 80 (15) and Triton X-100 (13.4), Tween 80 is slightly 

more hydrophilic than Triton X-100. Moreover, Tween 80 has a higher molecular weight than the other 

surfactants. Its combined hydrophobicity and molecular weight might make Tween 80 a strongly adsorbing 

molecule on GO. We further added a protein, BSA (the last set of bars in Figure 2.6B), and again, more 

FAM-PO-C15 was desorbed than FAM-PS-C15.  
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Figure 2.6 (A) Molecular structures of three surfactants (SDS, CTAB, Triton X-100, and Tween 80). (B) 

Desorption of FAM-labeled DNA from GO by various surfactants and BSA protein after 1 h incubation in 

buffer A. All the samples contained 20 µg/mL GO with pre-adsorbed FAM-labeled DNA.  

DNA can interact with surfaces via its nucleobases and/or the phosphate backbone.49 After PS 

modifications, the interactions with soft metals (e.g. Au, Cu2+, Cd2+) is expected to increase, while the 

interactions with hard metals (e.g. Mg2+) are weakened (Figure 2.7A).188 Since GO does not have metal 

species, this type of interaction is not important for GO. Another potential interaction force is hydrogen 

bonding. The oxygen on the phosphate can be a hydrogen bond acceptor (pKa < 2 and thus unlikely to be a 

hydrogen bond donor). Since sulfur is a weaker hydrogen bond acceptor, PS DNA is at a disadvantage for 

hydrogen bonding too (Figure 2.7B).189 PS modifications still retain the negative charge, and electrostatic 

interaction is not expected to change much either (Figure 2.7C). Finally, van der Waals (VDW) forces are 

ubiquitous. Compared with oxygen, due to the larger atomic radius and easier to polarize, sulfur might 

support a stronger VDW interaction (Figure 2.7D). For other forces from the DNA bases, such as - 

stacking and DNA base related hydrogen bonding, PO and PS DNA should be similar and thus are not 

discussed here. 

Based on our data and this surface force discussion, the only force that may explain the stronger 

adsorption of PS DNA is the VDW force. To further understand the VDW force between DNA and GO, 

we used molecular dynamics (MD) simulations to calculate the adsorption energies of PO-A15, PS-A15, PO-

C15, and PS-C15 on GO (20% oxygen content) in neutral solutions (Figure 2.7E). MD is a powerful method 
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to understand DNA adsorption.190 The simulation results showed that, with the same sequences, PS DNA 

can adsorb on GO more tightly than the PO DNA of the same sequence, which was consistent with our 

experimental results. The adsorption energies were split into VDW and electrostatic energies. In terms of 

electrostatic energies, the differences were very small (within 1.3%) between PO-C15 and PS-C15, consistent 

with our discussion above. However, obvious increases in the VDW energies for both PS DNA strands 

were observed (8.3-14.7%) due to the PS modifications. To observe the adsorbed geometry visually, we 

captured the steadily adsorbed state conformation of PS-C15 at the end of the simulation (Figure 2.7F).  

 

Figure 2.7 Schemes of the differences between PO-DNA and PS-DNA in four main possible interactions: 

(A) Lewis acid and base interaction; (B) hydrogen bonding; (C) electrostatic repulsion; and (D) VDW force. 

(E) MD simulation calculated adsorption energies of PO-A15/GO, PS-A15/GO, PO-C15/GO and PS-C15/GO 

conjugates in neutral solutions, consist of electrostatic and VDW energies. (F) The steadily adsorbed state 

conformation of PS-C15 on GO. 
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 Highly stable PS DNA anchors 

The stronger affinity of PS poly-C DNA may allow it to act as a stable anchoring sequence on GO. 

For example, we can design a diblock DNA with one block being PS-poly-C and the other block for 

hybridization with the target DNA. Since the anchoring block has a stronger affinity, it can displace the 

adsorbed probe block to force the probe block to be away from the GO surface and become available for 

hybridization (Figure 2.8A). To test this, we respectively adsorbed two diblock DNAs with C15-PO and 

C15-PS next to the same probe sequence. After adding the GO/diblock DNA conjugates to a FAM-labeled 

target DNA, the quenching efficiency (i.e., due to DNA hybridization) was about 40% higher with the PS-

C15 anchor compared to the PO-C15 anchor (Figure 2.8B and C). 

 

Figure 2.8 (A) A scheme showing adsorption of diblock DNAs containing a PO or PS poly-C anchoring 

block and a probe block. The PO anchor is less stable and more prone to desorb. Hybridization of a FAM-

labeled target DNA can be followed by fluorescence quenching. Kinetics of specific hybridization with the 

FAM-cDNA and non-specific adsorption of the FAM-rDNA on (B) PO-C15 and (C) PS-C15 anchored probes 

on GO. 

We further challenged the system by adding BSA and Tween 80, which may displace the adsorbed 

probe DNA (Figure 2.9). In these systems, the PS-C15 anchored probe still showed better hybridization, 

since it was more resistant to such displacement. 
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Figure 2.9 Kinetics of specific hybridization by adding FAM-cDNA and non-specific adsorption by adding 

FAM-rDNA on PO-C15-12mer and PS-C15-12mer pre-modified GO with the existence of 0.5% Tween 80 

(A and B) and 0.25 mg/mL BSA (C and D). The arrowheads point to the addition of the GO conjugates. 

2.4 Conclusion  

In summary, we systematically compared PS and PO DNA for adsorption on GO. PS DNA is 

known to have stronger affinity to nanomaterials containing thiophilic metals such as AuNPs and quantum 

dots. Despite its lack of thiophilic metals, GO still adsorbs PS DNA more strongly than the PO DNA of the 

same sequence. Based on the washing experiments and MD simulations, we attributed this to the stronger 

VDW force brought by the sulfur atom. By comparing different DNA sequences, we concluded that poly-

C DNA with PS modifications has the highest affinity among the sequences we tested so far. This discovery 

allowed us to construct a more stable diblock DNA. A PS poly-C DNA block can tightly adsorb on the GO 

surface, allowing the other block to hybridize with the cDNA under various buffer conditions. This study 

allowed a convenient noncovalent method for modifying GO with DNA. At the same time, it has discovered 

interesting biointerfacial forces brought by a single atom substitution in DNA. We expect more work to be 

carried out using modified DNA to interact with inorganic surfaces for developing biosensors and hybrid 

nanomaterials.  
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Chapter 3 Mn2+-Assisted DNA Adsorption on Ti2C MXene Nanosheets 

The results presented in this chapter have been published as: 

Zhicheng Huang, Biwu Liu and Juewen Liu, Mn2+-Assisted DNA Oligonucleotide Adsorption on 

Ti2C MXene Nanosheets. Langmuir 2019, 35 (30), 9858-9866. 

3.1 Introduction 

Inspired by research on graphene,45, 191 a suite of other 2D nanomaterials have been synthesized 

such as graphitic-C3N4, MoS2, and WS2.192-195 A recent example is 2D transition metal carbide/nitride 

(MXene).37 MXene sheets are sheared from the MAX phase, where M is a transition metal, A is an A-group 

element such as Al, and X is carbon or nitrogen. The M layer is closely packed by carbon or nitrogen, and 

these packed layers are inserted by the A metal layers. After etching the A layers, 2D MXene can be 

isolated.37 Since the etching process always involves HF, the final MXene surface is rich in –F along with 

–OH and −O− groups. These groups make MXene an interesting platform for surface modification and 

adsorption. MXene shows promises in catalysis,60-61, 196 nanomedicine,197-198 sensing,63-64, 199-200 and energy 

conversion.38, 201 In addition, MXene has excellent adsorption properties for metal ions and small 

molecules.59, 65 

Interfacing 2D nanomaterials with DNA has yielded many new hybrids for biosensing 

applications.153, 195, 202-204 The best-known example is the adsorption of fluorescently labelled DNA 

oligonucleotides on graphene oxide (GO) for the detection of complementary DNA or RNA.46, 49, 149, 205-206 

Similar reaction schemes have also been realized on MoS2,153, 207 and WS2.155, 187 DNA-MXene hybrids were 

also successfully prepared and used in biosensors.64, 66-67, 199 For example, Yao and coworkers covalently 

linked an amino-modified DNA to polyacrylic acid modified Ti3C2 MXene for detection of cancer 

biomarkers.64, 67 However, no work was performed to explore the fundamental mechanism of DNA 

interaction with MXene.  

Different 2D materials have different surface properties. GO mainly uses π-π stacking and 

hydrogen bonding to adsorb DNA.56-57, 206, 208 MoS2 and WS2 rely on van der Waals interactions.154, 187 Given 

the very different surface chemistry of MXene, it would be interesting to compare these materials with 

MXene for their adsorption of DNA. In this work, we systematically studied adsorption of DNA 

oligonucleotides by the Ti2C MXene and found a unique role of Mn2+. Mn2+ ions can help DNA adsorption 

via its phosphate backbone. In addition, interesting delayed DNA desorption was observed when inorganic 

phosphate competitively bind to the Mn2+ ions in the system. Finally, DNA-induced desorption of DNA 

was also found to be different on MXene and GO. 



40 

 

3.2 Materials and Methods 

 Chemicals 

All the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, IA). 

Carboxyl graphene oxide (GO) and monolayer molybdenum disulfide (MoS2) were purchased from ACS 

Material (Medford, MA). All the metal chloride salts were purchased from Sigma-Aldrich (St Louis, MO), 

or Mandel Scientific (Guelph, ON, Canada). 4-(2-hydroxyethyl) piperazine-1-ethane sulfonate (HEPES), 

urea, and four nucleosides were from Mandel Scientific. Ethylenediaminetetraacetic acid (EDTA), sodium 

phosphate monobasic, reduced GSH, Tween 80, and albumin-fluorescein isothiocyanate conjugate (FITC-

BSA) were from Sigma-Aldrich. The Ti2C MXene was supplied by Dr. L. Xiao from Hunan University 

(Changsha, China) following the published protocols.209 Milli-Q water was used for preparing buffers and 

solutions. 

Table 3.1 DNA sequences and modifications used in this work. 

ID DNA Names Sequences 5′-3′ 

1 FAM-12mer DNA FAM-TCACAGATGCGT 

2 cDNA ACGCATCTGTGA 

3 rDNA AGAGAACCTGGG 

4 FAM-A5 FAM-AAAAA 

5 FAM-A10 FAM-AAAAAAAAAA 

6 FAM-A15 FAM-AAAAAAAAAAAAAAA 

7 FAM-A30 FAM-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

8 FAM-A45 FAM-AAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAAAAAA 

9 FAM-C5 FAM-CCCCC 

10 FAM-C10 FAM-CCCCCCCCCC 

11 FAM-C15 FAM-CCCCCCCCCCCCCCC 

12 FAM-C30 FAM-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

13 FAM-T5 FAM-TTTTT 

14 FAM-T10 FAM-TTTTTTTTTT 

15 FAM-T15 FAM-TTTTTTTTTTTTTTT 
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16 FAM-T30 FAM-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

17 A5 AAAAA 

18 A10 AAAAAAAAAA 

19 A15 AAAAAAAAAAAAAAA 

 ζ-Potential measurement 

ζ-potential was measured using dynamic light scattering (Zetasizer Nano 90, Malvern). In a typical 

experiment, GO, Ti2C MXene (final concentration of 20 µg/mL), and MoS2 (final concentration of 200 

µg/mL) were respectively dispersed in 1 mL buffer (5 mM HEPES, pH 7.5). The ζ-potential values were 

measured in the presence of various salt concentrations at 25 C. 

 Methods for XRD and TEM 

XRD measurements were conducted at room temperature on a PANalytical Empyrean 

diffractometer with Cu-Kα radiation equipped with a PIXcel bidimensional detector. TEM images were 

taken by Phillips CM10 100 kV transmission electron microscope. 

 DNA adsorption kinetics and capacity 

To measure DNA adsorption kinetics, the background fluorescence was collected from 95 μL 

FAM-DNA and metal ions mixture in 5 mM HEPES buffer (pH 7.5) for 5 min. Then, 5 μL concentrated 

material solution was added. The final concentrations for the three 2D nanomaterials were different (20 

µg/mL GO, 200 µg/mL Ti2C MXene, and 200 µg/mL MoS2 for NaCl assisted DNA adsorption; 20 µg/mL 

Ti2C MXene, 20 µg/mL GO, and 200 µg/mL MoS2 for Mn2+ and Mg2+ assisted DNA adsorption). The 

fluorescent intensity was collected by a microplate reader (SpectraMax M3) with excitation at 490 nm and 

emission at 520 nm. For DNA adsorption capacity study, 20 µg/mL Ti2C MXene was dispersed in 5 mM 

HEPES buffer (pH 7.5) followed by sonication for 5 min. Then 1 mM Mn2+ and different concentrations of 

FAM-DNA were added and the samples were incubated at room temperature overnight. At last, the DNA 

capacity was calculated based on the fluorescence of supernatant in the sample after centrifugation ((Ftotal-

Fsupernatant)/Ftotal*[DNA]total). 

 DNA desorption 

Several competing or denaturing agents were added to induce DNA desorption. For each sample, 

a small volume of concentrated agents (less than 5% of the total final volume) was added into DNA-MXene 

samples (100 nM DNA adsorbed on 20 μg/mL Ti2C MXene with the help of 1 mM Mn2+) in 5 mM HEPES 
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buffer, pH 7.5. After 4 h incubation at room temperature, the fluorescence from the desorbed DNA in 

supernatant after centrifugation was measured by the microplate reader. 

 Adsorption of duplex DNA 

The double-strand DNA (dsDNA) was prepared by incubating FAM-12mer DNA (100 nM) with 

its non-labelled complementary DNA (cDNA) (100 nM) in 300 mM NaCl (5 mM buffer, pH 7.5). In 

addition, a control sample was prepared by mixing the FAM-12mer DNA with a random sequenced DNA 

(rDNA). These samples were annealed by heating to 90 °C for 5 min followed by slow cooling to room 

temperature. The adsorption experiments were conducted in 5 mM HEPES buffer, pH 7.5 with 300 mM 

NaCl, 1 mM Mn2+ and monitored by the microplate reader. 

 DNA hybridization 

DNA hybridization experiments were carried out by directly adding cDNA/rDNA into FAM-DNA-

nanosheet solutions (5 mM HEPES, pH 7.5, 1 mM Mn2+). No additional salt was added during the 

hybridization process. The ratio of the concentration of the added DNA to that of the adsorbed DNA on 

GO/MXene was 15:1. 

3.3 Results and Discussion 

 Na+-mediated DNA adsorption 

Our starting material for preparing the Ti2C MXene was Ti2AlC, and it had a thick MAX phase 

(Figure 3.1A). After exfoliation by HF and delamination in DMSO, thin Ti2C MXene sheets were 

successfully synthesized as characterized by TEM (Figure 3.1B) and XRD (Figure 3.1C).210 The detailed 

preparation steps could be found in the previous paper.209 The most significant change in the XRD pattern 

of the Ti2C MXene phase compared with that of the MAX phase is the presence of a broad (0002) peak at 

around 10 degrees.59, 209, 211 A weak (103) peak at ~40 degrees was still observed, suggesting that a small 

fraction of the MAX phase remained in the sample. Its EDS spectrum also indicates successful removal of 

the Al layers with only ~2% Al left in the final sample (Figure 3.1D), while the original MAX phase has 

20% Al. Depending on the condition of etching, this level of remaining Al is quite common in the 

literature.42 Part of the residual Al was in the MAX phase, and the Al atoms associated with the MXene 

were even less. Overall, TEM and XRD confirmed the 2D layered Ti2C MXene used for this study. 
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Figure 3.1 TEM micrographs of the (A) Ti2AlC MAX phase, and (B) Ti2C MXene nanosheets. (C) XRD 

spectral changes before (black line) and after (red line) exfoliation of the Ti2AlC MAX sample (the MXene 

peak circled in blue). (D) The EDS spectrum of the Ti2C MXene nanosheets showing the abundant -O 

groups on MXene surface and the Al layers in Ti2AlC were successfully etched.209 

For comparison, GO and MoS2 were also included in this study. Both materials showed the 

expected 2D features (Figure 3.2A and B). Another similarity between the three materials is that they are 

all negatively charged in a pH 7.5 HEPES buffer (Figure 3.2C). The Ti2C MXene displays an abundance 

of Ti-O-Ti, Ti-C, and Ti-O according to the XPS characterizations in the former paper.209 The high 

electronegativity oxygen atoms make the Ti2C surface negatively charged at neutral pH.62, 2124 Since DNA 

is also strongly negatively charged, the electrostatic repulsion needs to be overcome before DNA adsorption 

can occur. 
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Figure 3.2 TEM micrographs of the (A) MoS2, and (B) GO used in this work. (C) ζ-potentials of the three 

2D nanosheets measured in 5 mM HEPES buffer, pH 7.5. 

To study DNA adsorption, the scheme in Figure 3.3A was followed using fluorescently labelled 

DNA oligonucleotides. Since these 2D nanomaterials are often good fluorescent quenchers,50, 187 adsorption 

of DNA was expected to be accompanied with fluorescence quenching. With denaturing or competing 

molecules, the adsorbed DNA might desorb to yield fluorescence enhancement. Studying DNA desorption 

can provide insights into the surface forces responsible for DNA adsorption.  

When the Ti2C MXene was added to a FAM-labeled DNA in a salt-free buffer, no fluorescence 

quenching was observed due to electrostatic repulsion (Figure 3.3B, the black trace). Usually, salt is 

required to screen charge repulsion between DNA and negatively charged nanomaterials.9, 2137 The 

concentration of NaCl was then gradually increased to 300 mM, but still, little fluorescence quenching was 

observed. Since the Ti2C MXene is a strong fluorescence quencher,66 this indicated that NaCl did not 

promote DNA adsorption. In contrast, NaCl promoted DNA adsorption on both GO and MoS2 (Figure 3.3C 

and D). In addition, a high salt concentration might lead to aggregation of nanomaterials, and aggregated 

MXene might hinder DNA adsorption. 
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Figure 3.3 (A) A scheme of adsorption of a FAM-labeled DNA on the Ti2C MXene with quenched 

fluorescence, and its subsequent desorption induced by competing molecules with fluorescence recovery. 

Kinetics of adsorption of the FAM-12mer DNA (100 nM) on (B) 200 µg/mL Ti2C MXene, (C) 20 µg/mL 

GO, and (D) 200 µg/mL MoS2 in the presence of different concentrations of NaCl in 5 mM HEPES buffer 

(pH 7.5). 

In order to evaluate the effect of aggregation, we first compared the colloidal stability of our 

materials in 5 mM HEPES buffer without and with 300 mM NaCl (Figure 3.4A). All the samples were 

stable within 30 min. After 6 h incubation, sedimentation occurred, but no obvious difference in the speed 

of sedimentation was observed. Furthermore, we either pre-incubated each material with 300 mM NaCl for 

6 h, or freshly dispersed them in 300 mM NaCl, and then measured DNA adsorption. Potential salt-induced 

aggregation of these nanomaterials did not affect DNA adsorption (Figure 3.4B). Therefore, we can focus 

on the effect of salt on electrostatic interactions and the potential effect on aggregation can be neglected. 
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Figure 3.4 (A) Photographs of the three nanomaterials (200 μg/mL for MoS2 and MXene, 20 μg/mL for 

GO) without and with 300 mM NaCl after 30 min and 6 h standing at room temperature. Adding 300 mM 

NaCl had little effect on the aggregation state of the materials. (B) 100 nM FAM-12 mer DNA adsorption 

on the three nanomaterials (200 μg/mL for MoS2, 20 μg/mL for GO and MXene) without (orange bars) and 

with (blue bars) pre-incubation of the materials with 300 mM NaCl. All of the samples were added with 1 

mM Mn2+ to promote DNA adsorption. 

Since 300 mM NaCl did not help DNA adsorption, screening charge repulsion alone was not 

enough for Ti2C MXene, which might be due to a lack of strong attraction forces. GO can attract DNA via 

π-π stacking and hydrogen bonding.49 WS2 and MoS2 can adsorb DNA via van der Waals (VDW) forces.187 

Although VDW forces should also exist for the Ti2C MXene, the lack of DNA adsorption indicates this 

force is weaker for the MXene. The surface groups (e.g. -OH) might prevent the DNA from contacting the 

heavy atoms on the Ti2C surface (thus lower VDW force). 

 Mn2+-mediated DNA adsorption 

With high electronegativity surface groups on the Ti2C MXene, we reasoned that adding polyvalent 

metal ions might promote DNA adsorption. For example, Ca2+ promotes DNA adsorption on polydopamine 

nanoparticles,214 and on lipid bilayers.2159 To test this hypothesis, various monovalent, divalent, and 

trivalent metal ions were screened. These metal ions were first mixed with the FAM-labelled DNA. Except 

for Mn2+, strong quenching was observed with most of the first-row transition metals (Figure 3.5A, the top 

row). In addition, Sc3+ seemed to precipitate the DNA, but the precipitant remained strongly fluorescent. 

To these metal/DNA mixtures, the Ti2C MXene was then added (the bottom row). After centrifugation, to 

precipitate the adsorbed DNA, the effect of adsorption by MXene was most obvious with Mn2+, Ni2+, and 

Ca2+. Therefore, these metal ions might promote DNA adsorption. The adsorption efficiencies were 

quantified (Figure 3.5B), and Mn2+ was the most effective metal (nearly 90% DNA adsorbed). Ni2+ was 

excluded in further studies since it quenched the fluorescence of the DNA (Figure 3.5C).  
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Figure 3.5 (A) Fluorescent photographs of 100 nM FAM-12mer DNA mixed with 1 mM different metal 

ions without or with 20 µg/mL Ti2C MXene. (B) Percentage of DNA adsorbed on the Ti2C MXene in the 

presence of different metal ions (1 mM each). (C) Fluorescence quenching efficiency of the FAM-12mer 

DNA (100 nM) by 1 mM Mn2+ or Ni2+. Ni2+ is a much stronger quencher. The measurement was performed 

in 5 mM HEPES, pH 7.5. 

A few interesting observations were made from this experiment. Firstly, Mn2+ and Ni2+ both 

promoted DNA adsorption, and thus transition metals might be effective in general. Other metals, such as 

Zn2+, Co2+, and Cu2+ might also promote DNA adsorption, but they strongly quenched the fluorescence of 

FAM, and their promoting effects were less obvious. Secondly, for group 2A metals, Ca2+ was more 

effective than Mg2+. Similar observations were also made with DNA adsorption by polydopamine 

nanoparticles.214 Finally, trivalent Sc3+ precipitated the DNA in the buffer, while adding the Ti2C MXene 

did not have much further quenching. For practical applications, Mn2+ appears to be most useful since it 

minimally interfered with the fluorescence, yet still significantly boosted DNA adsorption. 

To understand the role of Mn2+, the ζ-potentials of these 2D materials were measured after adding 

various metal ions. With 20 µg/mL Ti2C MXene (Figure 3.6A), 1 mM Mn2+ fully neutralized its surface 

charge. While the sample remained negatively charged with 1 mM Mg2+ or Ca2+. In contrast, Mn2+, Ca2+, 

and Mg2+ were similar in screening the charges on GO and MoS2. Adding more Mn2+ (e.g. 2 mM) turned 

the surface of Ti2C MXene to positive (Figure 3.6B). Thus, Mn2+ adsorbed Ti2C MXene to significantly 

decrease charge repulsion between DNA and Ti2C MXene. With a high concentration of Mn2+, DNA can 

interact with the MXene via electrostatic attraction. 
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Figure 3.6 (A) The ζ-potentials of the three 2D nanosheets in the presence of 1 mM Mn2+, Ca2+, or Mg2+, 

where Mn2+ fully neutralized the MXene surface. (B) The ζ-potential of the Ti2C MXene as a function of 

Mn2+ concentration. All the ζ-potentials were measured in 5 mM HEPES buffer, pH 7.5. 

 Effect of Mn2+ on DNA adsorption kinetics 

After identifying that Mn2+ can promote DNA adsorption, the kinetics of DNA adsorption were 

studied (Figure 3.7). Mg2+ was also tested to compare with Mn2+. The background fluorescence of the FAM-

12mer DNA was first monitored for 5 min, and then various nanomaterials were added. For all these 

materials, Mn2+ was more effective than Mg2+ to promote DNA adsorption. The relative difference between 

Mn2+ and Mg2+ was the largest on the Ti2C MXene. This might be due to the neutralized or even inversed 

surface charge of Ti2C with Mn2+ converting electrostatic repulsion to attraction. 

Mn is a typical siderophile element, meaning Mn2+ has a higher affinity for oxygen than to sulfur. 

GO and the Ti2C MXene are both rich in surface oxygen groups. As a result, Mn2+ effectively promoted 

DNA adsorption on them (Figure 3.7A and B). On the other hand, MoS2 has sulfur on the surface. The 

fastest DNA adsorption kinetics and efficiency were observed on GO in the presence of Mn2+ (despite the 

surface of GO remaining negatively charged under this condition), and this suggested very strong attraction 

forces. The π-π stacking between DNA nucleobases and GO might be the reason (Figure 3.7B), and this 

interaction is not available for MoS2 or the Ti2C MXene.  
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Figure 3.7 Adsorption kinetics of 100 nM of the FAM-12mer DNA on (A) 20 µg/mL Ti2C MXene, (B) 20 

µg/mL GO, and (C) 200 µg/mL MoS2 in the presence of 1 mM Mn2+ or 1 mM Mg2+ in 5 mM HEPES buffer 

pH 7.5. 

 DNA adsorption capacity 

After understanding adsorption kinetics, we then studied DNA adsorption capacity. The adsorption 

capacity was measured using the FAM-12mer DNA. The adsorbed DNA was quantified after centrifugation 

and measurement of the fluorescence in the supernatants. With 20 µg/mL Ti2C MXene and 1 mM Mn2+, 

the DNA was nearly fully adsorbed when its concentration was below 150 nM (Figure 3.8A inset). The 

data was fitted to a Langmuir adsorption isotherm and the saturated DNA adsorption concentration was 298 

nM (Figure 3.8A). This capacity is much higher than that from a previous report (< 0.2 nM DNA per 20 

µg/mL Ti3C2 MXene).66 In that paper, DNA adsorption was performed without salt, and the higher capacity 

here was attributed to Mn2+. The Langmuir isotherm here suggests that DNA adsorption was monolayer.  

The effect of Mn2+ concentration on DNA adsorption was then studied (Figure 3.8B). Excess FAM-

12mer DNA (500 nM) was mixed with 20 µg/mL Ti2C MXene in the presence of various concentrations of 

Mn2+. The amount of adsorbed DNA increased roughly linearly with up to 0.5 mM Mn2+, after which, DNA 

adsorption was less dependent on Mn2+. The data was fitted to a binding curve with an apparent dissociate 

constant (Kd) of 0.074 mM Mn2+. Overall, 1 mM Mn2+ was sufficient to help DNA adsorption and was used 

for most of the experiments in this work. 
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Figure 3.8 (A) An adsorption isotherm of the FAM-12mer DNA on 20 µg/mL Ti2C MXene in the presence 

of 1 mM Mn2+ (inset: DNA nearly fully adsorbed at low DNA concentrations). (B) DNA adsorption 

capacity in the presence of various concentrations of Mn2+. 

After understanding the role of Mn2+, the effect of DNA length was studied. A series FAM-labeled 

poly-A oligonucleotides were used (Figure 3.9A). DNA adsorption capacity increased with DNA length 

when the DNA was shorter than 15-mer. Since longer DNA was likely to occupy more footprint on the 

surface, its higher capacity indicated that longer DNA had a stronger affinity to the Ti2C MXene. Further 

elongating the DNA to A30 and A45 decreased the capacity, suggesting that the adsorption stability was 

sufficient for the 15-mer DNA. Using even longer DNA only occupied more space on the surface. A similar 

drop in DNA adsorption density was also observed for poly-C and poly-T DNA (Figure 3.9B and C). 

 

Figure 3.9 DNA adsorption capacity as a function of the length of (A) poly-A, (B) poly-C, and (C) poly-T 

oligonucleotides on 20 µg/mL Ti2C MXene in 5 mM HEPES buffer, pH 7.5, and 1 mM Mn2+. 

The stronger affinity of longer DNA to Ti2C MXene was tested by a desorption experiment. We 

pre-adsorbed 100 nM FAM-A15 DNA on 20 µg/mL Ti2C MXene, and non-labeled poly-A DNA of different 

lengths were added. More FAM-DNA was displaced by longer poly-A DNA, confirming higher affinity of 
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longer DNA (Figure 3.10). In addition, it indicated that the DNA likely adsorbed lengthwise on the surface 

instead of standing up perpendicularly. 

 

Figure 3.10 Kinetics of FAM-A15 DNA adsorption from Ti2C MXene by poly-A oligonucleotides of 

different lengths (1 µM each). The red arrow points the addition of the non-labeled poly-A DNA. 

 DNA desorption 

Thus far, the importance of Mn2+ has been confirmed. We then wanted to understand its chemical 

role for DNA adsorption. For this purpose, desorption of DNA was studied. First, inorganic phosphate was 

used as a competitor to perturb the interaction between DNA phosphate backbone and the Ti2C MXene. 

Nearly 90% of the adsorbed DNA desorbed from the Ti2C MXene with 5 mM phosphate in 30 min (Figure 

3.11B). This suggests that Mn2+ might be interacting with the phosphate backbone of the DNA. In contrast, 

little DNA desorbed from GO (Figure 3.11C) or MoS2 (Figure 3.11D) by phosphate, since their main 

interactions were independent of the phosphate backbone of DNA.150, 187  
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Figure 3.11 (A) A model showing inorganic phosphate induced delayed release of DNA from the Ti2C 

Mxene by extracting Mn2+ and forming manganese phosphate. The photograph on the left shows the sample 

before adding phosphate, and the one on the right shows the precipitated manganese phosphate. Kinetics of 

the FAM-12mer DNA desorption from (B) Ti2C MXene, (C) GO, and (D) MoS2 induced by 1-5 mM 

phosphate (the arrows point the addition of phosphate). 

For all these materials, a delay between fluorescence recovery and the addition of phosphate was 

noticed. This delay was particularly obvious for the Ti2C MXene sample (Figure 3.11A). The lower the 

phosphate concentration, the longer the delay time. For GO and MoS2, such delays were not observed 

previously. Since this study included 1 mM Mn2+, while previous studies mainly used Na+ or Mg2+, we 

suspected that the reaction between phosphate and Mn2+ might be responsible for the delay. To test this 

hypothesis, we did a few control experiments. If the DNA-nanosheets were washed to remove the free Mn2+, 

the delay no longer occurred (Figure 3.12A-C). The delays did not occur with other ions (e.g., Ni2+ and 

Ca2+ in Figure 3.12D and E). Therefore, the delays were indeed related to Mn2+. 



53 

 

 

Figure 3.12 DNA desorption kinetics on washed (A) GO, (B) MoS2, and (C) MXene 2D nanosheets 

induced by 1-5 mM phosphate. The washing step was performed by centrifugation (once), removal of the 

supernatant and redispersing the precipitants in 5 mM HEPES, pH 7.5. Kinetics of desorption of the FAM-

12mer DNA from the Ti2C MXene induced by 5 mM phosphate. The FAM-12mer DNA (100 nM) was 

adsorbed on the Ti2C MXene (20 µg/mL) by in the presence of (D) 1 mM Ni2+ or (E) 1 mM Ca2+. 

After adding phosphate, white precipitants were observed in the test tubes (see the photographs in 

Figure 3.11A). From TEM images, a new type of material was observed, which was identified to be 

manganese phosphate from XRD (Figure 3.13).216 Together, the delay was due to the formation of 

manganese phosphate nanocrystals. However, DNA has a very weak affinity to manganese phosphate,217 

and it is unlikely that the DNA was adsorbed on the newly formed manganese phosphate. 
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Figure 3.13 TEM micrographs of (A) manganese phosphate, (B) GO-manganese phosphate, and (C) 

MXene-manganese phosphate. (D) XRD pattern of the precipitant after adding 50 mM phosphate to the 10 

mM Mn2+ containing MXene sample. The positions of the four peaks located between 25 and 35 degrees 

match well with the literature.216 

Mn2+ is critical for DNA adsorption on these nanomaterials, especially for the MXene. When Mn2+ 

was washed away, the DNA could not be stably adsorbed on the Ti2C MXene (Figure 3.14). Formation of 

manganese phosphate can take away Mn2+ from the system, and the delay time reflected the formation of 

manganese phosphate. 



55 

 

 

Figure 3.14 More DNA was released from the washed Ti2C MXene samples in 5 mM HEPES buffer 

without Mn2+ (green bar) after overnight standing. Red bar represented the DNA released from the washed 

Ti2C MXene samples which were redispersed in 5 mM HEPES, pH 7.5, and 1 mM Mn2+. 

Based on the above data, a model is presented to show DNA desorption from Ti2C MXene induced 

by phosphate (Figure 3.11A). Manganese phosphate crystals were formed on the surface of Ti2C MXene 

or in solution, and this process gradually extracted Mn2+ from the DNA. The more phosphate added, the 

faster formation of the crystals, and the shorter the delay time. For GO and MoS2, Mn2+ acts as a general 

electrolyte for charge screening, and the decrease of Mn2+ concentration in solution can also adversely 

affect DNA adsorption. However, for these two surfaces, Mn2+ was less critical for DNA adsorption, and 

much less DNA desorbed.  

Apart from the phosphate backbone, DNA may also use its nucleobases for adsorption. To probe 

its effect, 1 mM of the four nucleosides were added, but almost no DNA was desorbed by guanosine, 

cytidine, and thymidine from the Ti2C MXene (Figure 3.15). Very little adsorbed DNA can be released by 

1 mM adenosine. Therefore, the effect of Mn2+ is mainly between DNA phosphate backbone and Ti2C 

MXene. 
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Figure 3.15 FAM-12mer DNA desorption kinetics induced by 1 mM four nucleosides. 

 Stability of DNA adsorption 

For most applications, the stability of DNA adsorption is important. The above studies probe DNA 

adsorption in the presence of phosphate and nucleosides. To further understand the stability of our Mn2+ 

mediated adsorption, a few other chemicals were also added to desorb the FAM-12mer DNA from the Ti2C 

MXene (Figure 3.16). A surfactant, Tween 80, was chosen to probe VDW forces between DNA and Ti2C 

MXene. Less than 20% of the DNA desorbed by 0.2% Tween 80 indicated that VDW forces may not be 

important. With 4 M urea, only around 10% of the DNA was released, suggesting that hydrogen bonding 

was not important either. Finally, GSH and EDTA were added. It was reported that the GSH has moderate 

interactions with Mn2+,218 but only less than 10% of the DNA was released with 10 mM GSH. On the other 

hand, EDTA can more strongly chelate Mn2+, and nearly 60% of the DNA desorbed by 10 mM EDTA. 

Therefore, the Mn2+ mediated DNA adsorption can survive GSH but not stronger ligands such as EDTA 

and phosphate. 
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Figure 3.16 Desorption of the DNA from the Ti2C MXene in 5 mM HEPES buffer with 1 mM Mn2+ induced 

by various competing molecules (0.2% Tween 80, 4 M urea, 10 mM GSH, 10 mM EDTA, or 5 mM 

phosphate with 4 h incubation). 

 DNA-induced DNA desorption 

We then tested DNA-induced desorption. Based on the scheme in Figure 3.3A, if the adsorbed 

DNA can be selectively desorbed in the presence of its complementary DNA (cDNA), this method might 

be used to detect the cDNA. Such a detection scheme has been realized on many materials, and the most 

well-known example is on GO.46, 49, 149, 205-206 To test this, the cDNA or a random DNA (rDNA) was added 

to displace the adsorbed FAM-12mer DNA from the Ti2C MXene. Surprisingly, the cDNA and rDNA 

desorbed a similar amount of the FAM-12mer DNA (Figure 3.17). In contrast, the cDNA desorbed more 

DNA from GO, consistent with the literature report.46 The data in Figure 3.17 indicate that the unmodified 

MXene might not be a good surface for direct detection of DNA. 

 

Figure 3.17 The FAM-12mer DNA desorption on GO and Ti2C MXene induced by 1.5 µM rDNA or cDNA. 
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 Adsorption of double-stranded DNA 

To understand why the cDNA and rDNA showed little difference in desorbing the FAM-12mer 

DNA above, we compared adsorption of single- and double-stranded DNA. The FAM-12mer DNA was 

hybridized with its complementary DNA (cDNA) to form a double-stranded DNA (dsDNA). As a control, 

another sample was prepared by adding a non-complementary (rDNA), and we called it ssDNA. The 

adsorption kinetics of the three DNA samples (FAM-12mer DNA, dsDNA, and ssDNA) on the Ti2C MXene 

were followed in the presence of 1 mM Mn2+ (Figure 3.18). Interestingly, the FAM-12mer DNA and 

dsDNA samples showed similar adsorption kinetics, while adsorption of the ssDNA sample was about 50% 

less. In this experiment, the concentration of the FAM-12mer DNA was the same. 

 

Figure 3.18 The adsorption kinetics of FAM-12mer DNA, dsDNA, and ssDNA on 20 µg/mL Ti2C MXene 

in the presence of 1 mM Mn2+. The concentration was 100 nM for the FAM-12mer DNA, and 100 nM for 

the cDNA or the ssDNA.  

In a dsDNA, its bases are shielded in the duplex, but the phosphate backbone is exposed. As a result, 

the dsDNA could still adsorb on Ti2C MXene. The similar adsorption kinetics between the dsDNA and the 

ssDNA indicated the importance of its phosphate backbone for adsorption. Many other surfaces such as 

GO and AuNPs can achieve this since they rely on DNA base for adsorption.46, 49, 149, 205-206 Although many 

metal oxide nanoparticles also adsorb DNA phosphate backbone, they can still tell the difference between 

single and double-stranded DNA.49 This MXene is a rare example that can hardly distinguish single and 

double stranded DNA. The 2D surface feature of MXene, its unique Mn2+-mediated adsorption for 

neutralizing charge repulsion may contribute to this difference.  

This experiment also indicates that we cannot use the Ti2C MXene to distinguish single-stranded 

from double-stranded DNA. Although a few studies employed DNA-functionalized MXene, none of them 

mentioned the application of sequence-specific DNA or RNA detection on unmodified MXene.66,67 The 

similar adsorption of single and double stranded DNA on MXene could make it difficult for such 

applications. 
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3.4 Conclusion 

In summary, Mn2+ was identified to promote DNA adsorption onto unmodified Ti2C MXene 

nanosheets, and its non-quenching property also makes it attractive for applications. Among Mn2+, Ca2+, 

and Mg2+, only Mn2+ could neutralize the negative charges on the Ti2C MXene, while none of these metal 

ions neutralized the charge on GO or MoS2, indicating unique strong interactions between Mn2+ and the 

MXene. With a higher concentration of Mn2+, the ζ-potential of Ti2C MXene could be positive, which 

permits electrostatic interactions between DNA and Ti2C MXene. A high DNA adoption capacity (298 nM) 

on 20 µg/mL Ti2C MXene was reached with Mn2+, much higher than the previously reported Mn2+-free 

samples.66 Inorganic phosphate ions can desorb DNA from the Ti2C MXene with an interesting delayed 

response. The delay in DNA desorption was attributable to the formation of manganese phosphate crystals. 

This indicates that Mn2+ mediates DNA adsorption via its phosphate backbone, while neither VDW forces 

nor hydrogen bonding contributed much for DNA adsorption. Finally, the cDNA and random DNA induced 

similar desorption of the adsorbed DNA, suggesting that unmodified MXene might not be directly useful 

for DNA detection. Overall, MXene has many interesting surface properties for interfacing with DNA, and 

it is distinctly different from GO and MoS2 when it comes to interactions with DNA.  



60 

 

Chapter 4 A High Local DNA Concentration for Nucleating a DNA/Fe 

Coordination Shell on Gold Nanoparticles 

The results presented in this chapter have been published as: 

Zhicheng Huang, Biwu Liu and Juewen Liu, A High Local DNA Concentration for Nucleating a 

DNA/Fe Coordination Shell on Gold Nanoparticles. Chem. Commun. 2020, 56 (30), 4208-4211. 

4.1 Introduction 

Metal coordination with biomolecules is an interesting and convenient way to build biocompatible 

materials under mild conditions.88, 90, 219-223 A classic example is to mix trivalent lanthanides with 

nucleotides forming coordination nanoparticles.97 Over the last decade, various metal ions have been used 

such as Ag+,224 Au3+,93 Zn2+,225-226 Cu2+,227 and Fe3+.100 They form nanoparticles,228-230 hydrogels,86, 226, 231 

and fibers94, 231-232 with various nucleobases and nucleotides, and were used for luminescent materials,95, 97, 

233-235 nanozymes,236-237 encapsulation,225, 238 and drug delivery.239-240  

Recently, individual nucleotides have been extended to DNA, and DNA/Fe hybrid nanoparticles 

were synthesized taking advantage of Fe2+ coordination with the DNA.87, 89, 241 These DNA/Fe nanoparticles 

showed excellent stability and great promises in drug delivery and bio-imaging.89, 98, 241-242 However, this 

reaction required a high concentration of DNA (e.g. 25 µM of DNA oligonucleotides and 1 mM Fe2+). 

Since the reaction took place in a homogeneous solution, it is difficult to control the growth process, such 

as the size of the nanoparticles. 

Since 1996, DNA-functionalized nanomaterials,6, 18, 44, 79, 141, 145 especially DNA-functionalized gold 

nanoparticles (AuNPs) have been widely applied in drug delivery, sensing, catalysis, and directed 

assembly.18, 117, 214, 243-245 We reason that growing a DNA/Fe shell on DNA-AuNP conjugates might solve 

some of the above problems and bring in additional advantages. First, DNA-functionalized AuNPs have a 

very high localized DNA density, which may favor the local growth of a shell even with an overall low 

average concentration of DNA. Second, the DNA/Fe shell might be more tunable. Third, the optical 

properties of AuNPs could extend potential applications in colorimetric sensing. Herein, we communicate 

that an overall nanomolar of DNA was sufficient and the thickness of the DNA/Fe shell could be tuned 

from 5 nm to 40 nm. The product showed redshifted plasmon peaks of the AuNPs, which can shift back 

with the addition of phosphate to etch the shell for colorimetric sensing. 
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4.2 Materials and Methods 

 Chemicals 

The SH-DNA (5̍-TCACAGATGCGTAAAAA-SH-3̍) was purchased from Integrated DNA 

Technologies (IDT, Coralville, IA). FeCl2·4H2O was purchased from Alpha Aesar. 

Ethylenediaminetetraacetic acid (EDTA), sodium phosphate monobasic, doxorubicin hydrochloride (DOX), 

HAuCl4, and KCN were purchased from Sigma-Aldrich. AuNPs (13 nm diameter) were synthesized 

following the procedure in the literature.213 Based on an extinction coefficient of 2.7  108 liter mol–1∙cm–1 

at λ = 520 nm for 13 nm AuNP, the stock concentration of 13 nm AuNP was 9.67 nM.246 

 AuNP@DNA preparation 

The SH-DNA (final concentration 4 µM) was mixed with the AuNP solution (9.67 nM) and 

incubated under room temperature for 1 h. Then, the DNA-AuNP mixture was incubated in a -20 C 

refrigerator for 12 h to freeze. No salt or additional buffer was added for attaching the DNA onto the AuNPs 

by the freezing method.25 The obtained conjugate was named AuNP@DNA. For most experiments, the free 

DNA strands that were not attached were not removed. In some control experiments, to remove the free 

DNA, the frozen sample was thawed at room temperature and centrifuged at 10000 rpm for 10 min. The 

supernatant was removed and the pellet was re-dispersed in the same volume of Milli-Q water. 

 Quantification of the adsorbed DNA on AuNP 

In our experiments, the DNA adsorption densities were mainly determined by fluorescent signal. 

AuNPs are excellent fluorescence quenchers, yielding a large change in fluorescence signal upon 

fluorescently labeled DNA (FAM-DNA) adsorption/desorption. For FAM-labeled DNA, the quantification 

was performed by determining the fluorescence intensity of the diluted KCN-treated sample with a plate 

reader (Infinite F200 Pro, Tecan). The adsorption capacities of DNAs in our experiments will be given by 

comparing the fluorescence intensity of samples with a standard curve following literature reported 

procedures.247 

 AuNP@DNA/Fe preparation 

The above prepared AuNP@DNA was used. A Fe2+ solution was prepared freshly with Milli-Q 

water at a concentration of 100 mM. To avoid the oxidation of Fe2+, the Milli-Q water was treated with N2 

gas. In a typical experiment, 1 mL AuNP@DNA was added into 9 mL H2O in a round-bottom flask. Then, 

concentrated Fe2+ (100 mM) was added to a final concentration of 1 mM into the mixture under stirring. 

After this, the mixture was heated to 95C for 3 h. For AuNP@DNA/Fe formed with different DNA 

concentrations, PCR tubes were used for the reactions with a total volume of 100 µL and the temperature 
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was controlled using a PCR thermocycler. In all these reactions, the final AuNP concentration was 1 nM 

during the heating process. 

 DOX adsorption and release 

Before mixing with DOX, all nanoparticles were washed with water by centrifugation. To load 

DOX, 1 μM DOX was mixed with 0.2 nM AuNPs with a total volume of 500 µL in water and incubated at 

room temperature for 4 h. The adsorption capacity of DOX was determined by the fluorescent intensity of 

the free DOX remained in the supernatant. For DOX release, AuNP@DNA/Fe/DOX was incubated with 

1 PBS. Fluorescent spectra were measured before and after 4 h incubation with excitation at 500 nm. 

4.3 Results and Discussion  

 Au@DNA/Fe core-shell nanoparticles formation 

We first attached a dense layer of DNA to AuNPs using the freezing method.25, 80, 247 The DNA 

(400 nM) and 13 nm AuNPs (1 nM) were mixed at a ratio of 400:1. After freezing and thawing, the AuNPs 

remained well dispersed (Figure 4.1A), and around 72 DNA strands were attached to each AuNP. Therefore, 

the concentration of the free DNA was around 328 nM, which remained in the sample and were not removed. 

This conjugate was named AuNP@DNA. We then heated the sample with 1 mM Fe2+ at 95C for 3 h 

following the reported protocol.89 A well-dispersed purple product was obtained after a brief sonication. 

From the TEM image in Figure 4.2A, a shell was formed. Control experiments without Fe2+ showed no 

shell (Figure 4.1B). Since the thickness of the shell was around 5 nm, we approximate it as the thickness of 

the DNA layer. Thus, the local DNA concentration on the AuNP reached 23 μM, comparable to the typical 

concentration of DNA (25 μM) used in the AuNP-free work.89 The overall DNA concentration was only 

400 nM averaged to the whole solution. Thus, the AuNPs concentrated the DNA by nearly 60-fold. 

 

Figure 4.1 (A) A TEM micrograph of the AuNP@DNA used in this work. (B) A TEM image of the 

AuNP@DNA with the existence of excess free DNA incubated under 95C for 3 h without Fe2+. 
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Without the AuNP core, no DNA/Fe nanoparticles were observed after heating 400 nM DNA and 

1 mM Fe2+ mixture (Figure 4.2B). Note that in the above synthesis, 82% of the DNA strands were free in 

solution (not attached to the AuNPs). When we removed the free DNA by centrifugation, no shell was 

formed on AuNPs either (Figure 4.2C). Therefore, the AuNP@DNA served as a nucleation point to recruit 

the free DNA to form the shell. 

We also prepared a control sample by simply mixing the AuNPs and the SH-DNA without freezing. 

In this case, only around five DNA strands were on each AuNP and thus nearly 99% of the DNA strands 

were free in solution. After heating with 1 mM Fe2+, no shell was observed (Figure 4.2D). Therefore, a high 

local DNA concentration on the AuNPs along with some free DNA in solution was required for the growing 

the DNA/Fe shell.  

 

Figure 4.2 Schemes and TEM micrographs showing the products synthesized with different reactants: (A) 

AuNP@DNA (high DNA density) and free DNA; (B) 400 nM free DNA; (C) AuNP@DNA (high DNA 

density) with free DNA removed; and (D) AuNP@DNA (low DNA density) and free DNA. All samples 

were heated with 1 mM Fe2+ under 95 C for 3 h.  

After the formation of the DNA/Fe shell, the localized surface plasmon resonance (LSPR) peak of 

the AuNP (blue line in Figure 4.3) red shifted, which can be attributed to the increased refractive index near 

the AuNPs. In addition, the aggregation of the AuNPs can also cause the red shifted extinction peak. For 

the samples in Figure 4.2D, although no shell formed, the UV-vis peak also shifted due to aggregation of 

the AuNPs (black line, Figure 4.3). 
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Figure 4.3 UV-vis absorption spectra of different AuNP-DNA complexes: red line: AuNP@DNA; blue 

line: the sample in (Figure 4.2A); black line: the sample in (Figure 4.2D). 

 Control of the DNA/Fe shell thickness 

After confirming the growth of the DNA/Fe shell, we then attempted to control the thickness of the 

shell. Since a thicker shell would require more DNA, aside from the AuNP@DNA conjugate, we also added 

various concentrations of the free DNA. The total DNA concentration ranged from 0.4 μM to 58.8 μM. 

Indeed, DNA/Fe shells with different thicknesses were generated (Figure 4.4A). The nanoparticle size 

distribution histograms show that the diameter of core-shell NP increased from 22 ± 3 to 95 ±33 nm (Figure 

4.4B and C). Controlling the size of the DNA/Fe nanoparticles has yet to be demonstrated, and we herein 

solved this problem taking advantage of the localized growth around the AuNP core.  

Interestingly, the LSPR peak of the AuNPs shifted to shorter wavelengths, though the thickness of 

DNA/Fe shell increased as more DNA was added (Figure 4.4D). This reflected that the change in refractive 

index brought by the DNA/Fe shell was not the main factor for the redshift of LSPR peak. From the TEM 

(Figure 4.4A), the distance between the AuNPs increased as more DNA was added. This observation 

indicated that the aggregation of the AuNPs was the main factor for the red-shifted UV-vis peak. 



65 

 

 

Figure 4.4 (A) TEM images of AuNP@DNA/Fe formed with various DNA concentrations. In all samples, 

1 mM Fe2+ was used. The scale bars in TEM images are 100 nm. AuNP@DNA/Fe formed with a higher 

DNA concentration had a thicker DNA/Fe shell. Size distribution histograms of AuNP@DNA/Fe formed 

with (B) 0.4 μM and (C) 58.8 μM DNA and 1 mM Fe2+. (D) UV-vis spectra of AuNP@DNA/Fe NPs formed 

with various concentrations of DNA. (E) The distribution histograms of the number of AuNP cores in each 

AuNP@DNA/Fe sphere.  

In Figure 4.4A, the samples formed with different DNA concentrations appeared quite different. 

For example, when the DNA concentration was 8.8 μM, many AuNPs were trapped in merged shells. With 

17.7 and 58.8 μM DNA, spherical shapes were obtained. From the histogram in Figure 4.4E, more AuNPs 

were individually dispersed when more DNA was added. For the sample formed with a total of 58.8 μM 



66 

 

DNA, over 90% AuNP@DNA/Fe had only one or two AuNP cores. Larger TEM micrographs are shown 

in Figure 4.5A-C, where these features are more clearly presented. We reason that before the formation of 

DNA/Fe hybrids, the interactions between the DNA and Fe2+ were necessary. To help explain it, we used 

the ratio of nucleobase:Fe2+ to replace DNA concentration. When a low DNA concentration was used (e.g. 

0.4 μM and 2.9 μM), many free Fe2+ ions were present since the ratio of nucleobase: Fe2+ was less than 

5:100. The free Fe2+ ions can screen the charge repulsions between AuNP@DNA and lead to their 

aggregation (Figure 4.5D).  

 

Figure 4.5 (A-C) TEM micrographs of AuNP@DNA/Fe formed with various DNA concentrations. In all 

samples, 1 mM Fe2+ was used. In these TEM images, the number of AuNPs in each sphere decreased as the 

DNA concentration increased. Scale bars: 100 nm. Schemes show the growing processes of DNA/Fe shells 

on AuNPs with a (D) low DNA and (E) high DNA concentration. 

When 58.8 μM DNA was used, the nucleobase:Fe2+ ratio was 1:1. Most of the Fe2+ ions were 

involved in interacting with DNA and few free Fe2+ ions were available to aggregate the AuNP@DNA. As 

a result, the AuNP@DNA conjugates were individually dispersed (Figure 4.5E). Therefore, the 

concentration of the free Fe2+ and DNA in the system are the key factors of controlling the final product. 

When free Fe2+ dominated, the AuNP@DNA would aggregate despite the thin DNA/Fe shell. When DNA 

dominated, Fe2+ ions were all recruited to the AuNP surface to grow a thicker shell.  
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 Rhodamine 6G (Rh6G) fluorescein loading 

Now that we prepared a core/shell material with tunable shell thickness, we then studied whether 

we can achieve selective control of each component. When KCN was added, we found that the AuNP core 

disappeared while the shell remained intact, suggesting that CN- could diffuse this shell layer and dissolve 

the AuNP core (Figure 4.6A, left). In addition, when phosphate buffer was added, the shell structure was 

disrupted (Figure 4.6A, right). Therefore, the core or shell of AuNP@DNA/Fe could be selectively etched 

(Figure 4.6B). 

 

Figure 4.6 (A) The TEM images showing the products after selectively etching the AuNP core or the 

DNA/Fe shell. (B) A scheme showing the selective etching of shell or core of AuNP@DNA/Fe NPs. (C) 

DOX loading capacity on AuNPs, AuNP@DNA, and AuNP@DNA/Fe nanoparticles. (D) Fluorescence 

emission spectra of DOX molecule released from AuNP@DNA/Fe with and without 1X PBS. Excitation: 

500 nm. 

After knowing that the shell is porous and allows molecular diffusion, we then tested it for 

molecular containment. The core-shell AuNP@DNA/Fe NPs with a thicker shell might offer a high drug 
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loading capacity, and here we used doxorubicin (DOX) as a model drug. We mixed 1 μM DOX directly 

with 0.2 nM nanoparticles and incubated the sample at room temperature for 4 h. For the AuNP@DNA/Fe 

NPs formed with 58.8 μM DNA (a thick shell), over 80% DOX was adsorbed, and this high loading capacity 

was attributed to the thick shell. For comparison, the free AuNP and AuNP@DNA loaded only ~ 30% and 

25% DOX, respectively (Figure 4.6C). The loading capacity of AuNP was slightly higher than that of 

AuNP@DNA can be attributed to that there were more sites on free AuNPs available for the cation-π 

interaction and coordination chemistry between AuNP’s cationic surface and DOX molecules.248 After 

incubating the DOX-loaded AuNP@DNA/Fe sample with 1X PBS, the DOX drug was released as the shell 

dissolved (Figure 4.6D).  

 Colorimetric sensing 

Based on the optical properties of AuNPs, the potential application of AuNP@DNA/Fe NPs in 

colorimetric sensing was also studied. Since both aggregation and LSPR can redshift the plasmon peak and 

thus cause a much larger color change than those solely based on the LSPR effect, and the DNA layer can 

prevent AuNPs from irreversible aggregation, when we dissolve the shell, we may achieve a large color 

change. Because the AuNP@DNA/Fe NPs with thinner shells had a larger redshift, the AuNP@DNA/Fe 

formed with 0.4 μM and 1 mM Fe2+ was used to explore colorimetric sensing. We utilized competing 

molecules such as phosphate, which had a strong interaction with Fe2+ than DNA did, to dissolve the shell 

(Figure 4.7A).  

When the shell was etched by phosphate, a clear color change from purple to red can be observed 

with the naked eyes (Figure 4.7B). A careful titration of LSPR shift as a function of phosphate concentration 

was conducted and a higher phosphate concentration produced more color change (Figure 4.7C). From the 

calibration curve, a detection limit of 0.78 mM (3σ/slope) was obtained. We can make an analog to the 

typical DNA-directed assembly for colorimetric sensing. In those cases, the AuNPs were brought together 

by a linker DNA to produce a large color change. Here, the AuNPs were brought together by aggregation 

by Fe2+. 
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Figure 4.7 (A) A scheme showing the etching of the shell of AuNP@DNA/Fe NPs by phosphate. A TEM 

micrograph on the right showing the individual AuNPs after etching the DNA/Fe shell by phosphate. (B) 

A blue shift in the plasmon absorption peak for AuNP@DNA/Fe in 20 mM phosphate buffer before (purple 

line) and after (red line) 4-hour incubation. (C) LSPR shifts of AuNP@DNA/Fe NPs as a function of 

phosphate concentration. Inset: the curve at a low concentration range. ∆λ was calculated based on the peak 

position shifts. 

4.4 Conclusion 

In summary, we have utilized the high local DNA density on AuNP to form DNA/Fe hybrids with 

a controllable shell thickness. The concentration of DNA oligonucleotides required to form DNA/Fe 

dropped from micromolar to nanomolar levels. The DNA:Fe2+ ratio determined the final morphologies of 

AuNP@DNA/Fe core-shell structures. A higher DNA concentration not only led to a thicker shell on the 

AuNPs but also prevented the aggregation of the AuNPs. Both the core and the shell can be selectively 

dissolved. Finally, owing to the selective etching of DNA/Fe shell, the potential applications of 

AuNP@DNA/Fe for drug delivery and colorimetric sensing were explored.  
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Chapter 5 Enhancing the Peroxidase-like Activity and Stability of Gold 

Nanoparticles by Coating a Partial Iron Phosphate Shell 

The results presented in this chapter have been published as: 

Zhicheng Huang, Biwu Liu and Juewen Liu, Enhancing the Peroxidase-like Activity and Stability 

of Gold Nanoparticles by Coating a Partial Iron Phosphate Shell. Nanoscale 2020, 12 (44), 22467-22472. 

5.1 Introduction 

Gold nanoparticles (AuNPs) are one of the most used materials in nanotechnology.5, 40, 79, 249-250 

Aside from their excellent optical properties and biocompatibility needed for biosensing,251 drug delivery,30 

and materials assembly,252 their enzyme-like catalytic activities have also caught interest in recent years.253-

256 For example, AuNPs possess glucose oxidase like activity and can convert glucose to gluconic acid and 

hydrogen peroxide.124, 257 Many glucose or H2O2 sensors were developed based on AuNPs.124, 131, 258 We 

recently found dehydrogenase activity of AuNPs using estradiol (E2) as a substrate.259 What’s more used 

is the peroxidase-like activity of AuNPs, since peroxidase nanozymes might replace horseradish peroxidase 

in immunoassays and other bioanalytical and environmental applications.122, 260-263  

Two main challenges of using peroxidase AuNPs include low activity and poor colloidal stability, 

resulting in poor signals with large variations. The most often used citrate-capped AuNPs are irreversibly 

aggregated upon adding even a moderate concentration of NaCl (e.g. 20 mM). We were interested in 

performing surface modifications to improve nanozymes.264 AuNPs can be readily modified by a diverse 

range of ligands, and most of the ligands contain a thiol group. In addition, it has been shown that Hg2+,139 

Ce3+,128 I-,265 and DNA137 can all increase the peroxidase-like activity of AuNPs. Many works have also 

been done on coating AuNPs with an inorganic shell, such as silica,266-268 metal oxides,269 and noble 

metals.270-272  

Iron phosphate is composed of cost-effective and biocompatible components, and this material has 

been used for energy storage,273 biosensing,274-275 and catalysis.276-277 Iron containing materials are also 

likely to have peroxidase-like activities.278-279 In this work, we controlled the growth of an iron phosphate 

shell on AuNPs and this core/shell structure showed drastically enhanced nanozyme activity and colloidal 

stability. However, to achieve optimal activity, the shell cannot fully cover the AuNPs, suggesting 

interesting interfacial catalysis. 
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5.2 Materials and Methods 

 Chemicals 

All the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, IA). 

Gold (III) chloride trihydrate (HAuCl4·3H2O), 6-mercapto-1-hexanol (mercaptohexanol or MCH), H2O2 

(30 wt%), 3,3′,5,5′-tetramethylbenzidine (TMB), and all the metal chloride salts were purchased from 

Sigma-Aldrich (St Louis, MO). Sodium acetate, sodium phosphate monobasic, and 4-(2-hydroxyethyl) 

piperazine-1-ethane sulfonate (HEPES) were from Mandel Scientific (Guelph, ON, Canada). Silica 

microspheres were from Polyscience, Inc (Warrington, PA, USA). 50 nm citrate-capped AuNPs were from 

Cytodiagnotics (Burlington, ON, Canada). Milli-Q water was used for preparing buffers and solutions. 

 Synthesis of citrate-capped AuNP and HEPES-capped Au NS 

The 13 nm citrate-capped AuNPs were synthesized as previously reported.213 Based on an 

extinction coefficient of 2.7  108 M–1∙cm–1 at 520 nm, the stock concentration of the 13 nm AuNP was 9.8 

nM.246 To synthesize HEPES-capped gold nanostars (AuNSs), 200 μL 20 μM HAuCl4 was added into 

freshly prepared 20 mL HEPES solution (pH 7.4, 50 mM).280 Then, this mixture was incubated in a dark 

room. After 1 h, the solution started to become blue. Both the citrate-capped AuNPs and HEPES-capped 

AuNSs were store at 4C for further use. 

 Au@FeP preparation 

To form Au@FeP of various thickness, different concentrations of Fe2+ were respectively added 

into AuNPs dispersed in phosphate buffer. Taking Au@1 mM FeP as an example, first, 1 nM AuNPs were 

stirred in phosphate buffer (10 mL, 1 mM, pH 7.1) for 3 min at room temperature. Then, 200 µL of 50 mM 

Fe2+ was added into the solution under high-speed stirring in five additions. The time between each addition 

was 3 min. Finally, the Fe2+ concentration reached 1 mM and the sample was further reacted for 15 min. 

Finally, all the nanoparticles were washed with Milli-Q water by centrifugation for 3 times (10000 rpm, 20 

min). The growth of FeP on HEPES-capped AuNS was performed in the same way.  

 ζ-potential measurement 

ζ-potentials were measured using dynamic light scattering (Zetasizer Nano 90, Malvern). In a 

typical experiment, 0.1 nM AuNPs and Au@FeP NPs were respectively dispersed in 1 mL buffer (20 mM 

acetate buffer, pH 5). The ζ-potential values were measured at 25C. 
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 TMB oxidation kinetics 

For a typical peroxidation reaction, TMB substrate (0.5 mM) was mixed with 0.1 nM NPs in 100 

µL 20 mM pH 5 acetate buffer. Then, 2.5 µL 200 mM H2O2 was added to initiate the reaction. The final 

volume of each sample was 100 µL. The absorbance at 652 nm for TMB was monitored by using a 

microplate reader (SpectraMax M3). The oxidized TMB spectra were measured by a microplate reader 

(Tecan Spark). 

 Methods for TEM and XRD 

TEM images were taken by a Phillips CM10 100 kV transmission electron microscope. XRD 

measurements were conducted at room temperature on a PANalytical Empyrean diffractometer with Cu Kα 

radiation equipped with a PIXcel bidimensional detector. 

5.3 Results and Discussion  

 FeP-coated AuNPs with enhanced colloidal stability 

Our synthesis was performed as showed in Figure 5.1A. Freshly prepared FeCl2 was added into 1 

nM citrate-capped 13 nm AuNPs dispersed in 1 mM pH 7.1 phosphate buffer. The AuNPs remained well 

dispersed in this process. The TEM images (Figure 5.1B) show a core shell structure, and the thicknesses 

of the shell can be controlled by varying the concentration of FeCl2 from an incomplete shell with 0.05 mM 

FeCl2 to a full 6 nm shell with 1 mM FeP. The shell can also be coated on 50 nm citrate-capped AuNP and 

HEPES-capped Au nanostar (AuNS) by the same method (Figure 5.1C and D). To characterize the 

composition of the shell, we performed X-ray diffraction (XRD, Figure 5.1E, black spectrum), which 

indicated that the shell on the AuNPs was crystalline.281 The diffraction peaks marked by the blue squares 

were assigned to Na4.55Fe(PO4)2-H0.45O (JCPDS card No. 52-1393),275 whereas the ones marked by the 

green dots were from the AuNP core. This means the dominant redox state of Fe in the shell was +2, 

consistent with the salt we added. For simplicity, we named the shell FeP in this work, and the AuNPs 

coated with iron phosphate are called Au@FeP NPs. 
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Figure 5.1 (A) A diagram showed the growth of a FeP shell on AuNPs. The shell thicknesses are dependent 

on the concentration of Fe2+ added. The photographs of AuNP and Au@1 mM FeP solution are also shown. 

(B) TEM images of AuNP and Au@FeP NPs with various FeP shell thicknesses. The red circled areas in 

are enlarged in the lower row. TEM images of (C) 50 nm citrate-capped AuNPs and (D) HEPES-capped 

AuNSs coated by FeP. (E) The XRD pattern of FeP synthesized in solution (red line) and on the AuNPs 

(black line). The three peaks marked with green dots are from the fcc gold lattice. 

We named the materials prepared with 1 mM Fe2+ to be Au@1 mM FeP. Compared to the original 

AuNPs, the Au@FeP NPs had higher extinction coefficients and showed a red shift in the UV-vis spectra 

(Figure 5.2A). The sharp peaks confirmed the Au@FeP NPs were well dispersed. With the FeP shell, the 

AuNP could withstand freezing/thaw (-20C) and a high salt concentration without aggregation (100 mM 

NaCl, Figure 5.2B). For comparison, the citrate-capped AuNPs aggregated after these treatments. This 

experiment also confirmed coating of a stabilizing shell. These core/shell particles could be useful for 

exploiting the application of AuNPs under exotic conditions.25, 282 While a silica shell can be coated on 

AuNPs,283-284 the chemistry of coating FeP is quite simple without the need of a sol-gel process.268 Besides 

this, the rapid hydrolysis and bulk precipitation of silica precursor (e.g. tetraethyl orthosilicate (TEOS)) 

make it hard to form a thin silica shell on citrate-capped AuNPs.267 
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Figure 5.2 (A) UV-vis spectra of the AuNP, Au@0.05 mM FeP, and Au@1mM FeP. (B) Photographs of 

the AuNP and Au@FeP NPs after treated with various conditions. 

 Peroxidase-like activity of FeP-coated AuNPs 

After preparing the Au@FeP NPs with controllable shell thickness, we then investigated their 

peroxidase-like activity using 3,3,5,5-tetramethylbenzidine (TMB) as the substrate. The one-electron 

peroxidation product of TMB has blue color. First, we studied the effect of pH. We took Au@0.1 mM FeP 

NP as our sample and 0.5 mM free FeP (no AuNPs) as a control. The free FeP control here was prepared 

by directly adding 0.5 mM Fe2+ into the phosphate buffer. We used 5 times higher Fe2+ concentration for 

the control to ensure our results. As shown in Figure 5.3B, the FeP control only showed a weak activity at 

pH 4, while Au@0.1 mM FeP showed 2.4-fold higher activity at both pH 4 and 5 (Figure 5.3A).  

We then centrifuged the samples and measured the peroxidase-like activity from the supernatants 

(Figure 5.3C). In this assay, the free FeP and Au@0.1 mM FeP NP were respectively incubated in acetate 

buffer (pH 4 or pH 5) for one hour. No activity was observed from the supernatants of Au@0.1 mM NPs, 

suggesting that this particle was quite stable, and no dissolution took place. Non-centrifuged Au@0.1 mM 

FeP showed activities at both pH 4 and 5, which indicated that the peroxidase activities were mainly from 

the NPs. On the other hand, activity was observed in the supernatants of the FeP control. From XRD (Figure 

5.1E, red spectrum), amorphous FeP particles were synthesized in the control without the AuNP cores. 

Compared to the crystalline FeP on the AuNPs, amorphous FeP has much higher solubility.285 Based on 

this, the amorphous FeP might be partially dissolved at pH 4, and Fe2+ ions were released, which contributed 

to the peroxidase-like activities of controls.  

Inspired by the high peroxidase-like activity of Au@0.1 mM, we then tested the effect of shell 

thickness (Figure 5.3D). Initially, the activity increased with increase of Fe2+ concentration. After peaking 

at 0.1 mM Fe2+, the activity then started to drop with more Fe2+ added. Compared to citrate-capped AuNP, 

the absorbance intensity of oxidized TMB was ~20-fold higher with Au@0.1 mM FeP. The catalytic 
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activity of Au@1 mM FeP was similar to that of citrate-capped AuNP. Therefore, the FeP shell thicknesses 

was critical in determining the peroxidase-mimic activities of Au@FeP NPs. This trend is summarized in 

a diagram showed in Figure 5.3E. 

 

Figure 5.3 The effect of pH on the peroxidase-like activities of (A) Au@0.1 mM FeP and (B) free FeP in 

20 mM buffer, 5 mM H2O2, and 0.5 mM TMB. Acetate buffer was used for pH 4 and 5; phosphate buffer 

was used for pH 6-8. (C) The photographs of the TMB substrate oxidized by the supernatants and non-

centrifuged particles of free FeP and Au@0.1 mM FeP after 20 min reaction. Before reactions, the free FeP 

and Au@0.1 mM FeP had been respectively incubated at pH 4 and 5 acetate buffer for 1 h. (D) The 

absorbance of oxidized TMB at 652 nm catalyzed by Au@FeP NPs prepared with different Fe2+ 

concentrations. 0.1 nM AuNPs, 5 mM H2O2, 0.5 mM TMB substrate, and 20 mM pH 5 acetate buffer was 

used. (E) A diagram showing the change in the peroxidase-like activity as a function of FeP shell thickness. 

 Mechanism study 

To understand the mechanism of FeP-enhanced TMB oxidation activity, we used SiO2 

nanoparticles as another template to grow FeP, and the SiO2@FeP NPs were also successfully prepared 

(Figure 5.4A-C). However, no activity was observed for TMB peroxidation (Figure 5.5A). Therefore, the 

AuNP core was critical. At pH 5, the zeta-potential of citrate-capped AuNPs was around -15 mV. The low 

activity of citrate-capped AuNPs for oxidizing TMB might be related to electrostatic interactions. The 

oxidation product of TMB is positively charged, which may adsorb on the AuNPs to inhibit further 
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reactions.138, 286 Although the surface of Au@FeP NPs became less negative with the FeP shell (Figure 

5.4D), the zeta-potential of Au@0.1 mM FeP was similar to that of Au@1 mM FeP (both between -5 mV 

and -10 mV), suggesting that surface charge might not be the determining factor for activity.  

 

Figure 5.4 (A) The photographs of SiO2 nanoparticles and the SiO2 coated by a FeP shell after 

centrifugation. The yellow products pointed out by the arrowheads suggest the successful synthesis of FeP 

on SiO2. The TEM images (B) before and (C) after FeP coating also confirmed the growth of FeP on SiO2. 

New features assigned to FeP particles were found on the SiO2 NPs. (D) The zeta-potentials of the citrate-

capped AuNPs and Au@FeP NPs with different FeP shell thicknesses in 20 mM pH 5 acetate buffer. The 

concentration of the AuNPs was 0.1 nM. 

Since thin FeP shells may have more defects where the substrates can access to the Au/FeP 

interfaces, we speculated that the interfaces might be critical for the enhanced activity. To test this 

hypothesis, we mixed the AuNPs and the free FeP particles directly, where no improvement was observed 

(Figure 5.5B). Since it is hard to visually observe the Au/FeP interfaces from the 13 nm spherical AuNP 

cores, we then employed the anisotropic AuNSs. Although most of the areas were covered by thick FeP 
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shells, there might still be some exposed Au surface for accessing the Au/FeP interfaces (Figure 5.5C). For 

the AuNS@FeP NPs, a similar trend in peroxidase-like activity was observed, where too much FeP also 

inhibited the activity (Figure 5.5D). The AuNS@0.15 mM FeP showed higher activity than AuNS@0.45 

mM FeP. For the AuNS@0.15 mM FeP NPs, although a thick FeP shell grew on the base of the AuNS, still 

a lot of exposed Au surfaces were observed (Figure 5.5E). However, it was hard to see exposed Au of the 

AuNS@0.45 mM FeP (Figure 5.5F). This experiment supported a positive correlation between the Au/FeP 

interfaces and the peroxidase-like activity.  

To further confirm that the Au surface is critical for TMB oxidation, we used 6-mercapto-1-hexanol 

(MCH) to cover the Au surface. Due to the strong interaction between Au and thiol, MCH can densely 

adsorbed on Au surfaces, and inhibit the peroxidase activity (Figure 5.5G). The results showed that the 

activity of Au@FeP was suppressed by MCH (Figure 5.5H). When the MCH concentration was increased 

to 500 µM, the peroxidase activity of Au@0.1 mM FeP was nearly fully inhibited. This result again 

reflected that exposed Au surface is required for activity. 
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Figure 5.5 (A) The kinetics of TMB oxidation monitored at 652 nm catalyzed by SiO2 and SiO2@FeP NPs. 

(B) The absorbance spectra of oxidized TMB catalyzed by 0.1 nM AuNP, 0.1 nM Au@0.1 mM FeP, 0.5 

mM free FeP, and the mixture of 0.1 nM AuNP and 0.5 mM free FeP. (C) Proposed models of FeP growth 

on spherical AuNP and branched AuNS. (D) The kinetics of TMB oxidation catalyzed by AuNS@FeP NPs 

with different FeP shell thicknesses. TEM images of (E) AuNS@0.15 mM FeP (The exposed Au surface 

were circled in red.) and (F) AuNS@0.45 mM FeP. (G) A diagram showed the importance of the Au/FeP 

interface in peroxidase activity. Blue area represented Au@1 mM FeP. Green area represented Au@0.1 

mM FeP. When the interface was blocked by MCH molecules, low-peroxidase-like activity was obtained. 

(H) The kinetics of TMB oxidation monitored at 652 nm catalyzed by Au@0.1 mM FeP in the presence of 

different concentrations of MCH. 

For Au@FeP NPs, the recyclability was then studied at pH 5. In a typical reaction, 0.5 nM AuNPs 

were used to catalyze 0.5 µM TMB by 5 mM H2O2. After 10 min, the Au@FeP NPs were collected by 

centrifugation, and the recovered Au@FeP NPs were washed with ethanol and Milli-Q water. For Au@0.2 
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mM FeP, the catalytic efficiency was 50% for round 2 and 25% for round 3 (Figure 5.6). Compared with 

Au@0.05 mM FeP, Au@0.2 mM FeP had a better ability of retaining catalytic efficiency. Part of the reason 

for the decrease of activity could be attributed to the loss of sample during centrifugation and washing. 

Surface modification of AuNPs has been shown to significantly affect its peroxidase-like activity. For 

example, Hg2+ was able to boost the activity and the mechanism was believed to be the formation of 

amalgam on the surface. 139, 287-288 This observation has been used for the detection of Hg2+. 

 

Figure 5.6 The recyclability of the peroxidase-like activity of Au@0.05 mM FeP, Au@0.2 mM FeP and 

Au@1 mM FeP in three catalytic cycles. The kinetics of TMB oxidation were recorded for 10 min in each 

cycle. Taking washing time into consideration, each cycle was 40 min. 0.5 nM Au@FeP NPs were used. 5 

mM H2O2 and 0.5 mM TMB substrate were reacted in 20 mM pH 5 acetate buffer.  

 Fe2+ detection 

In our system, obvious Fe2+-dependent blue color was also achieved with the oxidation of TMB. 

Based on this color change, a sensor might be developed for Fe2+. To test if this metal phosphate shell 

enhanced activity is unique to Fe2+, we tried seven other common transition metal ions. We performed the 

same synthesis by adding 0.05 mM metal ions to phosphate and the AuNPs remained stably dispersed 

(Figure 5.8A). Among them, only the Fe2+ sample showed deeper red color, indicative that the other metals 

failed to form a shell. All the NPs were washed with H2O for three times after the synthesis. From the TMB 

oxidation products in Figure 5.8B and the kinetics of TMB oxidation by various Au@metal phosphate 

(Figure 5.8C), only the Au@FeP(Fe2+) NP showed high activity. This may be attributed to that only Fe2+ 

formed a partial phosphate shell on the AuNPs or other metal phosphate shells were inactive. 
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Figure 5.7 (A) Photographs of Au@metal phosphate formed with different transition metals. 0.05 mM 

metal ions and 1 mM phosphate buffer (pH 7.1) were used. (B) Selectivity test for the detection of Fe2+ by 

the TMB oxidation reaction. The kinetics of TMB oxidation in the presence of AuNPs mixed with various 

transition metal ions in phosphate buffer. 5 mM H2O2 and 0.5 mM TMB substrate were used. The 

concentration of the NPs was 0.1 nM. 

Of note, Hg2+ can also increase the activity of AuNPs, which was due to the previously reported 

mechanism instead of forming a phosphate shell (Figure 5.9A). 139 Fe2+ can be distinguished from Hg2+ by 

the activity of the AuNP/metal ion mixtures in the absence of phosphate (Figure 5.9B). 
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Figure 5.8 (A) The absorbance of oxidized TMB at 652 nm catalyzed by AuNPs, Au@0.05 mM FeP NPs, 

and Au@1 mM FeP NPs without/with 0.05 mM Hg2+. Inset: corresponding photographs of TMB oxidized 

by the NPs. (B) Photographs of TMB oxidized by Au/Fe and Au/Hg complexes, which were respectively 

formed in H2O and phosphate buffer. All the NPs were washed with H2O for three times after the synthesis. 

0.1 nM NPs, 5 mM H2O2, 0.5 mM TMB substrate, and 20 mM pH 5 acetate buffer were used. The 

absorbance intensities and photos were collected after 15 min reaction. Phosphate promoted the activity of 

the Fe2+ sample, but inhibited the activity of the Hg2+ sample, which can be used to tell these two metal ions 

apart. 

After confirming the selectivity for Fe2+, a series of Au@FeP NPs formed with 1 to 50 μM Fe2+ 

were used for TMB oxidation. The higher the TMB concentration, the deeper blue color was obtained 

(Figure 5.10A). A curve of absorbance of oxidized TMB at 652 nm against Fe2+ concentration was collected 

after reacting for 20 min (Figure 5.10B). From the calibration curve, a detection limit of 0.41 µM Fe2+ 

(3σ/slope) was obtained. 
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Figure 5.9 (A) A photograph of the sensor at various Fe2+ concentrations. (B) The absorbance of TMB at 

652 nm produced by the sensor in various concentrations of Fe2+. Inset: the response at a low concentration 

range. 0.5 nM Au@FeP NPs, 5 mM H2O2, and 0.5 mM TMB were used. 

5.4 Conclusion 

In summary, we have reported a simple method to grow a crystalline FeP shell on AuNPs, and an 

incomplete shell can boost the peroxidase-like activity of the AuNPs. The coating of FeP was achieved by 

a one-step reaction in 30 min. The thickness of FeP shell can be altered simply by tuning the Fe2+ 

concentration. To further study the mechanism of activity enhancement, FeP was coated on various cores 

(citrate-capped AuNPs, HEPES-capped AuNSs, and SiO2), and the Au/FeP interface was found to be 

critical for the enhanced activity. Based on the enhanced activity, Au@FeP was used for Fe2+ detection. 

This work offers a simple solution for the stability and activity problems of AuNPs as a peroxidase-

mimicking nanozyme, and it could be a useful step to catching up the performance of real enzymes.289  
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Chapter 6 TMB+-Mediated Rapid Etching of Urchin-like Gold 

Nanostructures for H2O2 Detection 

6.1 Introduction 

Gold nanoparticles (AuNPs) possess much higher extinction coefficients than organic dyes due to 

their localized surface plasmon resonance (LSPR), allowing visual observation at low nanomolar and even 

picomolar concentrations.70 The positions of LSPR peaks are dependent on the sizes and morphologies of 

AuNPs. Therefore, colorimetric detection can be made based on morphology changes of AuNPs, especially 

anisotropic AuNPs.40 Over the past decades, anisotropic AuNPs etching-based sensors were prevalent.112 

For example, the etching of gold nanorods (AuNRs) can happen along the longitudinal direction, leading 

to continuous color changes.290-292 Interestingly, a high concentration of cetrimonium bromide (CTAB) 

appeared to be essential for etching AuNRs. In the presence of CTAB, the redox potential of AuBr2-/Au0 

(0.93 V vs NHE) can be dramatically decreased by the formation of the AuBr2--(CTA)2+/Au (˂ 0.2 V vs 

NHE).293-295 The addition of hydrogen peroxide (H2O2), acids, and O2 can also help the oxidation or etching 

of AuNRs. However, a high CTAB concentration (usually over 50 mM) and extreme conditions (e.g., 250 

mM HCl or 45 C) limited the applications of AuNRs.121, 294, 296 Therefore, we wish to explore other gold 

nanostructures that might be etched more easily under mild conditions. 

Urchin-like AuNPs (AuNUs) are important anisotropic AuNPs for a broad range of applications 

from biosensors to cancer therapy.297-300 AuNUs can grow on AuNP seeds when additional Au3+ ions are 

reduced by sodium citrate and hydroquinone.301-302 The tip areas on the AuNUs are highly reactive because 

of their high surface energy,303-304 and the sharp tips exhibit larger electric fields at their concavo-convex 

sites compared to neutral curvature areas.305 With these sharp tips, morphological changes of AuNUs can 

be triggered easily. For example, upon laser irradiation, AuNUs can melt into spherical AuNPs.306 

Enzyme-linked immunosorbent assay (ELISA) based detection systems have been widely used for 

the detection of various kinds of disease biomarkers.307-308 3,3’,5,5’-tetramethylbenzidine (TMB) is an 

important substrate that can be oxidized to TMB+ (blue) or TMB2+ (yellow) for colorimetric immunoassays. 

It was reported that TMB2+ can quantitatively and efficiently etch AuNRs, which converts the color of 

TMB2+ to the color change of AuNRs to increase the sensitivity of detection.290 However, as mentioned 

above, acids and heating were needed for this reaction to occur. 

In this work, we studied TMB+-induced etching of AuNUs, and comparisons were made with 

AuNRs. In particular, we tried to understand the role of CTAB and separated its effect on the surfactant 

part and the halide part. In the presence of a low concentration of CTA+ and Br- ions, TMB+ can efficiently 

etch the branches of AuNUs. As a result, the morphology change of AuNUs was accompanied by a vivid 
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color variation. Based on these understandings, we used the TMB+-induced etching of AuNUs to design a 

highly sensitive colorimetric biosensor for H2O2 detection under ambient conditions.  

6.2 Materials and Methods 

 Chemicals 

Gold (III) chloride trihydrate (HAuCl4·3H2O), H2O2 (30 wt%), 3,3′,5,5′-tetramethylbenzidine 

(TMB), sodium oleate (NaOL), Triton X-100, Tween 80, and Tween 20, and acetic acid were from Sigma-

Aldrich (St Louis, MO). Cetrimonium chloride (CTAC), cetrimonium bromide (CTAB), sodium chloride, 

sodium fluoride, sodium bromide, sodium hydroxide, sodium citrate, sodium phosphate were from Mandel 

Scientific (Guelph, Ontario, Canada). Milli-Q water was used for preparing buffers and solutions. 

 Preparation of spherical Au seeds 

Citrate-capped Au seeds were synthesized according to the literature.213, 309 Briefly, the 100 mL 1 

mM HAuCl4 was heated and boiled for 30 s. Then, 10 mL of 38.8 mM sodium citrate was added quickly. 

The mixture solution changed from light yellow to wine red in 2 min. The 13 nm AuNPs were obtained 

after refluxing for another 20 min. The same protocol was used to prepare 38 nm Au seeds, except that the 

concentration of HAuCl4 was doubled. 

 Preparation of AuNUs 

First, 30 mM hydroquinone was freshly prepared with Milli-Q water and used the same day. For a 

typical synthesis, 1 mL HAuCl4 was diluted with 180 mL H2O under vigorous stirring. Subsequently, 600 

μL AuNP seeds, 3 mL 38.8 mM sodium citrate, and 10 mL 30 mM hydroquinone was added sequentially. 

The 13 nm and 38 nm spherical Au seeds were, respectively, used for generating AuNUs-13 and AuNUs-

38 NPs. The solutions were incubated at room temperature for 30 min under stirring. In the end, the resulting 

AuNUs were washed with 5 mM pH 6 phosphate buffer at 4000 rpm for 8 min and stored at 4C for further 

use. The morphologies of AuNUs were characterized by TEM (Phillips CM10 100 kV) and UV-vis 

spectroscopy. 

 Preparation of AuNRs 

AuNRs were prepared by a seed-mediated method using a binary surfactant system as reported by 

Murray.310 For seed preparation, 5 mL 0.5 mM HAuCl4 was added into 5 mL 0.2 M CTAB solution in a 20 

mL scintillation vial. Then, 0.6 mL of ice-cold fresh 0.01 M NaBH4 was diluted to 1 mL with water and 

injected into the HAuCl4-CTAB mixture under rapid stirring (1200 rpm). After stirring for 2 min, the color 

of the solution changed from yellow to brown, and the seed solution was used after standing for 30 min at 
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room temperature. To prepare a growth solution, 7.0 g CTAB and 1.234 g NaOL were dissolved in 250 mL 

of warm water (50C) in an Erlenmeyer flask. After the solution was cooled to 30C, 18 mL 4 mM AgNO3 

was added to the solution under stirring. The mixture was kept undisturbed at 30C for 15 min, and then 

250 mL of 1 mM HAuCl4 was added and stirred for another 90 min. 1.5 mL HCl (37 wt% in water) was 

further added into the solution and stirred for 15 min. Afterward, 1.25 mL of 0.064 M ascorbic acid (AA) 

was added into the solution under vigorously stirred for 30 s. Finally, 0.4 mL seed solution was injected 

into the growth solution with stirring for 30 s. The growth solution was left undisturbed for 12 h. Finally, 

the AuNRs were centrifuged at 7000 rpm for 30 min to remove excess emulsifier, and washed once with 

water. The final AuNRs were stored in 5 mM CTAB at 4C. 

 The preparation of TMB+ and TMB2+ 

2 mL 0.5 mM TMB substrate in 5 mM pH 4 buffer solution was irradiated under UV light (~370 

nm) for 30 min to get blue TMB+. The final concentration of TMB+ was determined by the absorbance of 

TMB+ at 652 nm with an extinction coefficient ε of 3.9 104 M-1cm-1. TMB2+ was prepared by mixing TMB+ 

solution and 250 mM H2SO4 with a 1:1 volume ratio. The final concentration of TMB2+ was determined by 

the absorbance of TMB2+ at 450 nm with ε of 5.9 104 M-1cm-1. 

 Etching of AuNUs by TMB+ 

In a typical etching experiment, 80.5 μL H2O, 7.5 μL 100 mM CTAC, 30 μL 100 mM pH 6 

phosphate buffer, 20 μL AuNUs, 3 μL 500 mM NaBr were added into microtubes in sequence. Then, 9 μL 

TMB+ of various concentrations were pipetted into the microtubes, respectively. The final volume of 

samples was 150 μL. After vigorous stirring for 30 s, the samples were incubated at room temperature for 

30 min before UV-vis absorbance measurements. 

 Colorimetric H2O2 detection 

First, a 123 μL mixture solution was prepared with 1.5 μL 10 mM TMB substrate, 15 μL 100 mM 

pH 6 phosphate buffer, 7.5 μL 100 mM CTAC, and 99 μL H2O. Subsequently, 1 μL 0.1 mg/mL HRP was 

added into the mixture solution in a 96-well plate, followed by the addition of 20 μL AuNUs-13 NPs, 3 μL 

500 mM NaBr, and 3 μL various concentrations of H2O2. The total volume in each well was 150 μL. The 

final concentrations of TMB substrate, phosphate buffer, and CTAC were 100 μM, 20 mM, and 5 mM, 

respectively. Then, the mixture solution was incubated at room temperature for 30 min. Finally, the UV-

vis absorbance was monitored by a plate reader, and the color of the samples was recorded using a digital 

camera. 
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6.3 Results and Discussion  

 TMB+-mediated etching of AuNUs 

The AuNUs were synthesized by a seed-mediated growth method. Spherical AuNPs, which were 

prepared by citrate reduction, were used as seeds. For AuNP seeds of around 38 nm, the resulting urchin-

like products were called AuNUs-38. AuNUs grown from 13 nm seeds were also made and named AuNUs-

13. From the TEM image shown in Figure 6.3A, these AuNUs-38 had multiple sharp tips. Most of the 

AuNUs-38 were between 100 nm and 130 nm (Figure 6.3D). Compared with the spherical AuNP seeds 

with a surface plasmon resonance (SPR) peak at 526 nm (Figure 6.1), the SPR peak of AuNUs-38 showed 

a large red-shift, yielding a blue solution. 

 

Figure 6.1 UV-vis absorption spectra of 13 nm and 38 nm Au seeds. 

These sharp edges have higher surface energy, and they might be more easily etched. TMB is a 

common chromogenic substrate and upon one-electron oxidation, the TMB+ product has a blue color. We 

hope to use TMB+ to etch the AuNUs to amplify the color change. To avoid potential effects of other 

molecules, we produced TMB+ by using UV irradiation (so no H2O2 or HPR was added).290 It needs to be 

noted that this method only yielded around 11% of TMB+, while the rest 89% were still the unreacted TMB 

substrate (Figure 6.2). 
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Figure 6.2 UV-vis absorption spectrum of four times diluted TMB oxidation product in pH 4 acetate buffer. 

We then studied TMB+-mediated etching of the AuNUs. In the presence of 5 mM CTAB, the sharp 

tips of AuNUs-38 were etched and rounded by the added TMB+ (Figure 6.3B). The blue color of the 

AuNUs-38 solution turned red in 30 min. Although the etched products were still not spherical, a significant 

blue shift of SPR peaks (from 691 nm to 603 nm) was observed (Figure 6.3C). From the histogram in Figure 

6.3D, the size of etched AuNUs-38 NPs was decreased from 110 nm to around 90 nm. 

 

Figure 6.3 TEM images of AuNUs-38 NPs before (A) and after (B) the addition of TMB+. (C) UV-vis 

absorbance spectra of AuNUs-38 NPs before and after etching. Inset photos are the color of Au 

corresponding samples. (D) The distribution histograms of the size change of AuNUs-38 NPs. 
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 AuNUs are more easily etched than AuNRs 

Since previous work mainly used AuNRs, we then compared the etching of AuNRs and AuNUs. 

We expected that AuNUs could be more sensitive for TMB+ since the AuNRs lack the branches with high 

surface energy (Figure 6.4A). We noticed that while we were able to etch AuNUs using TMB+, literature 

reported etching of AuNRs used TMB2+ (Figure 6.5A). TMB2+ etched AuNRs along their longitudinal 

direction, leading to a continuous color change.112 We also studied AuNUs-13, which were smaller than 

AuNUs-38 in size, but with the same morphology. All the three AuNPs were incubated with various TMB+ 

concentrations at room temperature. Interestingly, the AuNRs were quite stable under the etching conditions 

for AuNUs (Figure 6.5B and C). Even after 24-h incubation, no absorbance peak shift happened for AuNRs 

(Figure 6.5D). To etch the AuNRs, a high CTAB concentration (50 mM), strong acids, TMB2+, and a high 

temperature of 80 °C were all required (Figure 6.4B). Even under such a harsh condition, the shift in the 

absorption spectra was small, and no obvious color change was observed in 1 h (Figure 6.5E). 

 

Figure 6.4 (A) The TEM image of AuNRs. (B)UV-vis spectra of AuNRs etched by various concentrations 

of TMB+ in the presence of 5 mM CTAB without heating. 

For AuNUs, after 1 h incubation, color changes happened for both AuNUs-38 and AuNUs-13 

(Figure 6.5B). Although these AuNUs with smaller sizes showed smaller SPR peak shifts, a much more 

obvious color change was obtained (Figure 6.5C). Therefore, for the subsequent studies, we used the larger 

AuNUs for quantitative spectroscopic measurements, while used the smaller AuNUs for colorimetric 

sensing. 
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Figure 6.5 (A) Schematic illustration of the etchings of AuNUs and AuNRs by TMB+ and TMB2+ 

respectively. (B) Color changes of three AuNPs incubated with TMB+. (C) SPR peak shifts of AuNRs, 

AuNUs-38, and AuNUs-13 after one-hour incubation with various TMB+ concentrations. In these etching 

experiments, 5 mM CTAC and 10 mM NaBr were used. Absorption spectra measurements of AuNRs 

reacted with TMB2+ in the presence of (D) CTAC and (E) CTAB. 10 μM TMB2+ was used in these 

experiments. 
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 Effects of halides and surfactants 

To acquire the best etching performance, the effects from the reaction conditions, such as pH, 

etching time, surfactant, and halide ion were investigated in detail. The difference in SPR peak positions 

(∆λ) was chosen to indicate the extent of etching of the AuNUs.  

We started by optimizing surfactants. The as-synthesized AuNUs were mainly covered by weakly 

adsorbed citrate groups, which can be easily displaced by other stronger capping agents.311-312 During our 

initial experiments, we used cetrimonium bromide (CTAB) as the capping agent since CTA+ has been well 

studied on AuNR etching.293 Herein, A few common surfactants were also evaluated, and interestingly, 

TMB+ only etched the AuNUs in the presence of CTAB (Figure 6.6A). We also noticed that the etching 

was faster with higher CTAB concentrations (Figure 6.6B). 

 

Figure 6.6 (A) SPR peak shifts of AuNUs-38 etched in the presence of 0.1% surfactants. were used. 0.1% 

CTAC & CTAB were respectively 3.1 mM and 2.7 mM. (B) SPR peak shifts of AuNUs-38 etching as a 

function of CTAB concentrations.  

CTAB contained Br- as its counterion, and Br- has a strong affinity to the gold surface.313 Halides 

counterions of the surfactant have been proved to be critical in the oxidation of CTAB-capped AuNRs.314-

315 Halides adsorption was widely studied for shape-controlled AuNP synthesis.316 It is known the adsorbed 

concentrations of Br- and I- are much higher than that of Cl- ions on Au surface,317-318 and the interaction 

strength of halides with gold has the trend of I- ˃ Br- ˃ Cl-. Thus, we expected that Br- might be important 

during the etching process. Interestingly, without CTA+, Br- alone failed to induce the etching process 

(Figure 6.7A). Therefore, CTA+ appeared to be required for AuNUs etching. 

To confirm the roles of halide counterions for deeper mechanistic understanding, we conducted 

more etching experiments with the mixture of cetrimonium chloride (CTAC) and three halides (F-, Cl-, and 

Br-). I- was omitted here because a low concentration of iodide can cause serious etching of AuNUs without 
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the help of CTA+ groups (Figure 6.7B). With 5 mM CTAC and up to 50 mM F- or Cl-, no SPR peak shifts 

were observed with the incubation with 4 μM TMB+ for 30 min (Figure 6.7C and D). These trends are 

consistent with the etching of AuNR and Au nanostar.303, 319 Therefore, Br- and CTA+ were both essential 

for etching the AuNUs.  

 

Figure 6.7 (A) The normalized absorption spectra of AuNUs incubated with the mixture of various NaBr 

concentrations and 4 μM TMB+. (B) UV-vis spectra of AuNUs(38) NPs incubated with 5 mM NaI for 30 

min. I- ions can etch AuNUs without the addition of TMB+. The effects of (C) F- and (D) Cl- on the etching 

of AuNUs-38 in the presence of 5 mM CTAC and 4 μM TMB+. 

The importance of Br- was also confirmed by conducting etching experiments in a mixture of 0.25 

mM CTAB 0.75 mM CTAC, 0.5 mM CTAB 0.5 mM CTAC, and 0.75 mM CTAB 0.25 mM CTAC (Figure 

6.8). Greater ∆λ was generated with a higher portion of CTAB, again indicating the involvement of Br- in 

the etching process. 
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Figure 6.8 UV-vis spectra of AuNUs-38 etched in the presence of (A) 0.25 mM CTAB 0.75 mM CTAC, 

(B) 0.5 mM CTAB 0.5 mM CTAC, and (C) 0.75 mM CTAB 0.25 mM CTAC. Greater blue shift happened 

with higher portion of CTAB (∆λ3˃∆λ2˃∆λ1). 

To get a fast etching speed or a large SPR peak shift, higher CTAB concentrations are needed. 

However, a too high CTAB concentration may produce many bubbles, which can cause problems for 

quantitative absorbance measurements. Also, CTAB has poor solubility at room temperature. Therefore, 

we need to achieve fast etching with the lowest possible surfactant concentration. This goal might be 

achieved by using a mixture of CTAC (with the Br- in CTAB replaced by Cl-) and NaBr.  

We fixed the CTAC concentration at 5 mM (10-folder lower than the typical 50 mM CTAB 

concentration), and larger SPR peak shifts happened with more NaBr added (Figure 6.9A). To avoid the 

aggregation of the AuNUs, 10 mM NaBr concentration was chosen for the subsequent work (Figure 6.9B). 

With 10 mM NaBr, larger SPR peak shifts were observed with higher CTAC concentrations (Figure 6.9C). 

When the CTAC concentration was higher than 2 mM, negligible improvements were obtained. This can 

be explained by that the critical micelle concentrations (CMC) of CTAB and CTAC are both around 1 mM 

at room temperature.320-321 Therefore, we chose to use 5 mM CTAC in this work.  
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Figure 6.9 (A) SPR peak shifts of AuNUs-38 NPs as a function of NaBr. In these experiments, 5mM CTAC 

was used. (B) UV-vis spectra of AuNUs-38 in the presence of various NaBr concentrations. Slight 

aggregation of AuNUs-38 happened with the addition of 15 mM NaBr. (C) SPR peak shifts of AuNUs-38 

etched by various concentrations of CTAC and fixed 10 mM NaBr. 

 Optimization of etching time and pH 

After understanding the effects of surfactants and Br-, we further investigated the etching time and 

pH conditions. Figure 6.10A shows that the etching was fast in the initial 20 min, after which the shift of 

the SPR peak was pretty slow. In 1 h, nearly 90 nm shift was observed. For the control sample (TMB 

substrate), only a minor increase in ∆λ (9 nm) after even 1 h. As a result, all the samples were incubated for 

30 min to get a large and relatively stable difference in ∆λ.  

We then studied the effect of pH on the etching. An acidic environment was shown to facilitate 

AuNP etching in the presence of dissolved oxygen.294, 322 However, many proteins are only stable in a 

narrow pH range near neutral. For example, horseradish peroxidase (HRP) loses its structural and 

conformational stability at pH ˂ 4.323 Thus, the etching of AuNUs-38 was studied between pH 4 and 8. 

From Figure 6.10B, at pH 4, the ∆λ of the TMB control sample was very close to TMB+. The color 

difference of these two samples was indistinguishable with such close absorbance peak positions. As such, 

the etching was mainly caused by the low pH, and detection of TMB+ was difficult at pH 4. The largest ∆λ 

difference was observed at pH 6. When the pH was higher than 6, the etching activity of TMB+ decreased 

dramatically. This can be explained by the low stability of TMB+ at higher pH (Figure 6.10C). Therefore, 

pH 6 was chosen as the optimal pH for further study. In terms of surface charges of AuNUs-38, all of them 

were negatively charged from pH 4 to 8 and thus should not be the reason for the difference (Figure 6.10D). 
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Figure 6.10 (A) The etching kinetics of AuNUs-38 where SPR peak shifts were used. (B) The SPR peak 

shifts of AuNUs-38 which were incubated in different pH environments. Acetate buffers were used for pH 

4 and 5; phosphate buffers were used for pH 6-8. (C) The stabilities of TMB+ produced by UV light at 

different pHs. (D) Zeta-potentials of AuNUs-38 at different pH values.  

 Visual detection of H2O2 

H2O2 is an important by-product of many enzymatic reactions and has been used as a target 

molecule of many biosensors.324-326 For example, the oxidation of glucose by glucose oxidase (GOx) can 

produce H2O2. It is well known that H2O2 can oxidize AuNRs in the presence of Br- under acid conditions 

at high temperatures.322 However, the concentration used for AuNRs oxidation is much higher than that 

used in our experiments. Over 1 mM H2O2 is required to cause slight etching of AuNUs (Figure 6.11). 
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Figure 6.11 The stabilities of AuNUs-13 and AuNUs-38 in different concentrations of H2O2.  

To realize the visual detection, the AuNUs synthesized from smaller Au seeds were used. A more 

vivid color change was generated with the sharp tips characteristic but smaller sized AuNUs (Figure 6.5B 

and Figure 6.12A). The experimental setup is similar to the conventional colorimetric ELISA. Horseradish 

peroxidase (HRP) enzymes can catalyze H2O2 to produce a more reactive radical species (•OH). Then •OH 

was quantitatively reacted with TMB substrate to generate TMB+ (Figure 6.12B). Thanks to the mild 

conditions for AuNUs etching, HRP-H2O2 catalysis and AuNUs etching can be realized in one step. After 

TMB+-mediated etching, an obvious blue shift for the SPR peak happed (Figure 6.12C). The etching 

reaction also happened fast in 20 min, and the control samples are very stable at pH 6 (Figure 6.12D and 

E). Only the samples with HRP displayed a color change (from blue to red). The images of color change 

are shown in Figure 6.12F. 
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Figure 6.12 (A) A TEM image of AuNUs synthesized from 13 nm spherical AuNPs. (B) Schematic 

illustration of the etching of AuNUs induced by the product of HRP-catalysed TMB. (C) UV-vis spectra 

change of AuNUs-13 NPs with and without the addition of TMB+. (D) The etching kinetics of AuNUs-13 

NPs where SPR peak shifts were used. (E) The SPR peak shifts of AuNUs-13 NPs incubated in different 

pH environments. Acetate buffers were used for pH 4 and 5; phosphate buffers were used for pH 6-8. When 

∆λ was negative, the aggregation of AuNUs-13 NPs happened. (F) Color changes of the proposed method 

with the increase of H2O2 concentration. 

A significant color change when the concentration of H2O2 is equal to or higher than 400 nM. Under 

conditions used in this study, the limit of detection for H2O2 is 80.23 nM (3σ/slope, inset) (Figure 6.13). 

The sensitivity of this AuNP-based colorimetric sensors for H2O2 detection is ~7-fold more sensitive than 

the previous colorimetric detection.327 
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Figure 6.13 LSPR shifts of AuNUs-13 as a function of H2O2 concentration. Inset: the response at a low 

concentration range. 

6.4 Conclusion 

In summary, we reported rapid etching of AuNUs by TMB+ under mild conditions. The reaction 

conditions including time, pH, and surface ligands were also optimized. All CTA+, TMB+, and Br- 

molecules were important in etching AuNUs. Although the blue color of TMB+ at low concentrations failed 

to be discerned with the naked eyes, nanomolar level TMB+ can still cause vivid color changing of AuNUs 

solution by etching. With these observes, we developed a new one-step colorimetric biosensing platform 

for H2O2 detection by TMB+-mediated etching of AuNUs. This work has expanded TMB+-mediated etching 

of gold nanomaterials and is useful for improving plasmonic biosensors.  
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions and Original Contributions 

DNA and metal ion mediated modification of nanomaterials has produced a wide variety of 

multifunctional composite complexes. In this thesis, I explored the direct adsorption of PS-modified DNA 

on GO, and PO DNA on Ti2C MXene. In addition, I explored the various applications of Fe2+ mediated 

nanoshells in AuNP-based colorimetric sensors. 

In Chapter 2, I have systematically studied the adsorption of PS DNA on GO mediated by Na+ and 

Mg2+. By using oligonucleotides displacement experiments, PS DNA strands were confirmed to have 

stronger binding affinities than the same sequenced PO DNA on GO. Both washing experiments and MD 

simulations showed that the sulfur atoms could have stronger VDW forces. By comparing different homo 

oligonucleotides, poly-C DNA, in general, has a high affinity to the GO surface, and PS poly-C DNA can 

adsorb even stronger, making it an ideal anchoring sequence on GO for functionalization. With this 

knowledge, non-covalent functionalization of GO with a diblock DNA is demonstrated, where a PS poly-

C block is used to anchor on the surface and the other block is for hybridization with the target DNA. This 

conjugate achieves better hybridization than the PO DNA of the same sequence for hybridization with the 

complementary DNA. 

In Chapter 3, I have discovered that Mn2+ can promote DNA adsorption on unmodified Ti2C 

MXene via interactions with the phosphate backbone. The displacement experiments by denaturing or 

competing molecules indicated that neither VDW forces nor hydrogen bonding contributed much to DNA 

adsorption. In comparison with previously reported methods, a record high DNA adsorption capacity (298 

nM 12mer DNA on 20 μg/ml Ti2C MXene) was reached. In addition, delayed DNA desorption was 

observed by adding inorganic phosphate due to the formation of manganese phosphate to extract Mn2+ 

gradually from the DNA/MXene complex. Finally, DNA-induced DNA desorption from the Ti2C MXene 

can hardly distinguish the complementary DNA from a random DNA, which is very different from GO. 

This difference is likely due to the distinct surface chemistry between the MXene and GO. 

In Chapter 4, I grew a DNA/Fe shell on DNA-functionalized AuNPs. The high local DNA density 

on AuNPs make the nucleation of DNA/Fe CP much easier. As a result, the number of DNA 

oligonucleotides required for CPs formation was dramatically decreased by 98%. Since both the core and 

shell can be selectively etched, this hybrid material allowed potential drug loading and colorimetric sensing 

applications. With low DNA concentration, the AuNPs were trapped in merged DNA/Fe CP shells. This 

can be utilized for the colorimetric detection of phosphate. The phosphate is an essential plant nutrient and 
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a major component of fertilizers. This sensor may be helpful in monitoring phosphate levels in water. In 

addition, these DNA/Fe CPs are promising in oligonucleotide drug deliveries. 

In Chapter 5, for the first time, we prepared metal phosphate FeP coatings directly on AuNPs. Using 

citrate-capped AuNPs as peroxidase-mimicking enzymes to design biosensors is hindered by their low 

catalytic activity and poor colloidal stability, resulting in limited sensitivity and large variations. The growth 

of an incomplete FeP shell on AuNPs can boot the peroxidase-like activity by up to 20-fold. By comparing 

the activities of FeP shells on various surfaces, the Au/FeP interface was found to be critical for activity 

enhancements. The inhibited activity caused by the strong capping MCH ligands also reflected the 

importance of the Au/FeP interface. In addition, the growth of crystallized FeP nearby DNA strands could 

also be affected. Moreover, a FeP shell can stabilize AuNPs against freezing and a high NaCl concentration 

of 1 M. Other tested transition metal phosphates failed to enhance the peroxidase-like activity of AuNPs. 

Therefore, a Fe2+ sensor was designed with a detection limit of 0.41 µM. 

In chapter 6, I developed a new colorimetric biosensing platform with AuNUs. The morphology-

dependent LSPR phenomenon of gold nanomaterials is widely utilized for sensors. One of the successful 

sensors is the gold nanoparticle-etching-based colorimetric sensor. In previous work, TMB2+ was found to 

etch AuNRs quantitatively and efficiently, leading to multiple color changes. However, the preparation of 

TMB2+ needs the extra addition of a strong acid solution. As a result, the AuNR-etching-based sensors 

always need multiple steps and acid conditions, which limits their applications. Unlike AuNRs, the etching 

of AuNUs can happen under mild conditions in the existence of TMB+ at pH 6. Such mild reaction 

conditions also ensured that the AuNUs etching process could happen without disrupting the activities of 

many natural proteins. As a byproduct of many enzymatic reactions, H2O2 is a popular target of many 

sensors. In this paper, a one-step colorimetric detection of H2O2 was realized based on the TMB+-mediated 

etching of AuNUs. In this reaction, the oxidation of TMB substrate and the etching of AuNUs happened 

simultaneously in the presence of HRP and H2O2. In addition, the AuNUs-etching-based sensors were also 

fast (in 30 min) and sensitive. The sensitivity limit for H2O2 detection is 80 nM, which is ~7-fold more 

sensitive than the previous colorimetric detection.327 

7.2 Future Work 

The results presented in this thesis have proved that the DNA phosphate backbone is critical for 

multivalent ion mediated adsorption on GO and Ti2C MXene. Moreover, the results about AuNP-based 

sensors also have shown that DNA/metal CPs hold great potential for sensing. Several future research 

directions could be carried on. 
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First, mechanistic work is still needed to understand multivalent metal ion mediated DNA 

adsorption on nanomaterials. By now, my experiments were mainly conducted at room temperature and 

physiological pH. Recently, our group found that temperature can direct the region of DNA oligonucleotide 

adsorption on GO.55 Therefore, to further understand multivalent ion mediated DNA adsorption, more 

experiments could be conducted under different pH or temperature conditions. 

Second, the stability of DNA/Fe CPs might be a problem in applications. There are two main 

methods to improve the stability of DNA/Fe CPs: surface coating and enhancement of coordination strength. 

Because SiO2 has been widely used to stabilize AuNP@DNA, a possibility is to apply a SiO2 layer on 

DNA/Fe CP surfaces. The DNA-Fe coordination strength is dependent on DNA sequences. Therefore, 

DNA sequences are needed to be optimized, especially those that can form i-motif or G-quadruplex 

structures. 

Third, exploring DNA/Fe CP coatings on other surfaces. As mentioned in Chapter 4, the 

introduction of DNA-rich surfaces could significantly facilitate the DNA/Fe formation reaction. In addition, 

more functionalities could be brought with the various templates. Besides AuNPs, it should be possible to 

grow DNA/Fe CPs on Fe3O4 NPs and GO, since both nanomaterials are good platforms for DNA adsorption. 

Both nanomaterials have useful properties. For example, Fe3O4 NPs are magnetic and are an important 

peroxidase-like nanozyme. Our group has developed a series of molecularly imprinted polymers (MIPs) 

with functional DNAs in the past few years.328-329 The molecularly imprinted DNA/Fe CPs could be grown 

on Fe3O4 nanozymes. Compared with traditional MIPs, no toxic initiators are involved in forming the 

DNA/Fe based MIPs. As a result, they are more environment-friendly and biocompatible. 

Finally, new DNA/metal CPs could be developed by substituting the metal ion. Besides Fe2+, I wish 

to investigate other metal ions such as Cu2+. More kinds of DNA/metal hybrids with different properties 

could be synthesized by substituting metal ions.  
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