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Abstract 

 
The study on the oxidation of DNA-Silver 

nanodots and its application 

 
Soonyoung Park 

Department of Science Education  

(Major in Chemistry) 

The Graduate School 

Seoul National University  

 

 
Fluorescence has been progressively adapted toward in vivo molecular imaging 

recently because of their high sensitivity and selectivity, which make it possible 

to detect target at single molecule level with a high temporal resolution, in 

optimized system. To achieve efficacy of fluorescence imaging, a proper 

fluorescence probe is essential. ssDNA encapsulated Ag NDs are most attractive 

emerging fluorophores, because of their excellent photophysical properties and 

reasonable biocompatibility. However accurate structures and synthetic 

mechanisms of DNA-Ag NDs are still not clear. Therefore analyzing the 
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response of DNA-Ag NDs in the process of oxidation gives us better 

understanding of DNA-Ag NDs. We examined the oxidation process of NDs by 

using red emissive DNA-Ag ND molecules in the presence of various reactive 

oxygen species. In addition, with discovered oxidative properties, we have 

developed ratiometric luminescence probes and new form of imaging process.     

 

 

Key words: DNA, Ag NDs, Ratiometric, Hydrogen peroxide, Hypochlorite, 

Glucose oxidase  
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I. Introduction 

 

1.1. Molecular imaging 

 

1.1.1. What is the molecular imaging? 

  

Molecular imaging is defined as “the in vivo characterization and 

measurement of biological process at the cellular and molecular level.”
1
 Whereas 

conventional bio imaging modalities have been focusing on getting anatomic 

structure or diagnostic information,
2
 molecular imaging is considered as 

noninvasive, quantitative, and repetitive imaging of targeted macromolecules and 

biological processes in living organisms.
3
  

Since the use of energy transmitted through the living organism, X-ray and CT 

(Computed Tomography) are referred to as transmitted imaging technique. For 

receiving reflected high frequency sound pulses, US (Ultrasonography) is 

regarded as a reflection imaging technique.
4
 The images of those two categories 

mainly portray anatomic features,
2
 and are applied for the observation of the 

altered anatomy.
5, 6

 Unlike the previous modalities, MRI (Magnetic Resonance 

Imaging) focused on to explore the physiological changes. But it is also largely 

related to assess disease diagnosis, surgical approach, and therapeutic response.
7
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Those current biomedical modalities are based on anatomic changes or 

physiologic changes that are a resulted symptom from the molecular changes that 

truly underlie disease.
8
 

Therefore the true meaning of molecular imaging emphasized here is method 

to image specific molecular pathways in vivo at the molecular or cellular level, 

particularly those that are key targets in disease process.
9
 Direct imaging of these 

molecular changes will allow much earlier detection and ‘real time’ monitoring of 

disease as well as investigating the efficacy of drugs.
8, 10

  

Usually even the normal CT, US, and MRI are also considered as modalities 

of molecular imaging, but when we focus on the causes and prevention discovery 

of the occurrence of the disease, PET and Optical imaging are possible to be 

included under molecular imaging in the true sense of the term.
11

  

 

1.1.2. PET (Positron Emission Tomography) 

 

PET (Positron Emission Tomography) is a major part of the nuclear medicine, 

functional imaging technique. In nuclear medicine image, radioactive component 

is injected into the human body by intravenous injection, inhalation or 

ingestion.
12

 This radiotracer selectively moves into organ or other areas of the 

human body and then each molecule of a substance labeled with a radioactive 
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element emits gamma (γ) rays in accordance with the density of the compound.
13

  

PET records high-energy γ-rays emitted from the subject that labeled with 

positron-emitting isotope which is capable of producing two γ-rays through 

emission of a positron from its nucleus.
10

 PET can perform functional imaging of 

physiological processes with exquisite specificity if an appropriate radiolabeled 

tracer analogue exists.
14

 Frequently used positron-emitting isotopes are produced 

in a cyclotron, and most of them have relatively short half-lives.
15

 High cost 

from the frequent using of an expensive cyclotron is one of the critical limitation 

of PET modality.
14

 In addition, while the sensitivity of PET is relatively high, it 

has a low spatial resolution.
16

  

 

1.1.3. Optical imaging 

 

Optical imaging techniques have already been used widely for in vitro 

applications in molecular and cellular biology. The essential issue for an 

extension of traditional method toward noninvasive in vivo imaging has been 

defined as how to well detect light photons emitted from the body of living 

organism.
15

 It is widely appreciated that optical imaging can’t defeat in terms of 

spatial resolution with anatomical imaging technique (x-radiography, US and 

MRI),
17

 nonetheless, optical imaging also offers relatively high spatial resolution 
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that is greater than limit of light diffraction.
1, 17

 Moreover, optical imaging offers 

several distinct advantages.
18

 Such as a sensitivity to functional changes which 

makes possible real-time functional readouts in animal models,
19

 the fact that 

optical imaging does not have strong safety concerns unlike the other medical 

imaging modalities do,
20

 a considerably low cost and being easy to operate 

equipment.
21

   

 

1.1.3.1. Strategies of optical imaging 

 

Even though Optical imaging can be widely classified into two categories, 

fluorescence- and non-fluorescence-one, 21-24
 what we are more interested in 

here is fluorescence based imaging techniques. Fluorescence has been 

progressively adapted toward in vivo molecular imaging recently
25

 because of 

their high sensitivity and selectivity.
26

 With optimized system, the fluorescence 

spectroscopy can detect single molecules longitudinally.
27

    

Typical limitation of fluorescence optical imaging was tissue penetration and 

light absorption.
1, 28, 29

 Excitation in the UV region can cause tissue damages, 

whereas over 900nm wavelength where water in the body of living organism 

mainly absorbs light, it can cause strong background noise. Besides, in the 

visible region, blue and green excitation lights make a large scattering,
30

 and 
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consequentially have poor tissue penetration which enables superficial analysis 

only. 
11

      

 To overcome these shortcomings, firstly NIR fluorescence imaging was 

adopted.
31

 The confocal microscopes have advantages in terms of their increased 

axial resolution which allows light to travel into deeper tissues by using a spatial 

pinhole to eliminate out-of-focus light.
32

 Moreover they can make three 

dimensional reconstruction from the obtained images.
33, 34

  

Two-photon microscopy imaging which is developed from the quantum 

entanglement
35

 achieved the tissue penetration depth up to one-milimeter,
36

 

producing three dimensional information. At the same time it is not hazardous 

because the NIR (near-infrared) light used in excitation does not have strong 

energy as ultraviolet.
37

 Additionally, various attempts to combine several 

technologies, such as fluorescence mediated tomography (FMT), FMT-CT, FMT-

MRI, fluorescence PET,
38

 etc., have been progressing in order to make use of 

complementary advantages of them. 
21

 . 

In another perspective, the attractive progress in instrumentation and 

methodology of fluorescence optical imaging are made by designing better 

imaging probes.
3, 39

  

 

1.2. Fluorophores 
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Here, I firstly want to introduce the basic principles of fluorescence, before 

examine probes in detail for better understanding. I will previously leave it clear 

that the following descriptions in this chapter are constituted with reference to 

“Fluorescence applications in biotechnology and the life sciences” by Ewa M. 

Goldys
25

 and “Physical chemistry” by PW. Atkins.
40

 

 

1.2.1. Photoluminescence 

 

The definition of luminescence is “a spontaneous emission of radiation from 

an electronically excited species (or from a vibrationally excited species) not in 

thermal equilibrium with its environment”.
41

 In particular, photoluminescence is 

the emission of light induced “from direct photoexcitation of the emitting 

species”.
41

 Fluorescence and phosphorescence are well-known forms of 

photoluminescence.
42

 

 

1.2.1.1. Basic principles of photoluminescence 

 

Light is a form of electromagnetic radiation that behave like waves travelling 

at the speed of light (c=3.0×108 m/s). The wavelength (λ), frequency (ν), and 
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speed (c) of light have mathematical relationship defined as below.  

ν =  
𝑐

𝜆
 

Early 20
th

 century, Planck supposed that the energy of an electromagnetic 

wave could not have any value but was quantized with a standard unit of light 

which is called a photon as demonstrated following equation.  

𝐸 = ℎν 

Where E means the energy of light, h is called the planck constant (h= 

6.626×10−34 J·s).  

When a molecule is placed in an electric field, by theory of ‘Wave-particle 

duality’,
43

 molecule also has specific resonant frequencies at which an associated 

energy level. Vibrational states represent to particular resonant frequencies of the 

atoms in a molecule vibrating together. In Electronic states, electrons make 

transitions back and forth in a molecule between resonant frequencies that 

correspond to distinct orbitals. What needed to be considered in optical 

spectroscopy are electronic states of valence electrons.   

When molecules in their ‘ground state’ absorb photons, alterations in the 

electronic and vibrational states can occur.
44

 The absorbed energy moves an 

electron into an ‘excited state’ where releases its energy soon because it is 

unstable. The emitted light (photon) from excited state back to ground state is 

known as ‘fluorescence’ or ‘phosphorescence’.     



 

8 

 

Usually molecules absorb or emit one photon at a time, but under conditions 

of very intense radiation, two or more photons can be absorbed simultaneously 

only with the half of the frequency.
26

 

 

1.2.1.2. Fluorescence and phosphorescence 

 

The spin of electrons is associated with specific energetic states. According to 

‘the Pauli principle’, all energy levels (orbitals) only can accommodate two 

electrons with opposite spin direction. Therefore the most stable molecular states 

have zero total electrons spin quantum numbers. Although an electron has been 

excited, because its spin direction could not be flipped during short excitation 

interval (Wigner rule),
45

 still total spins are zero. This is called as ‘singliet state’.   

On the other hand, if the direction of excited electron’s spin is changed, so that 

the total spin quantum numbers became ‘1’, the magnetic energy levels of that 

molecule are separated into three sublevels, likewise when total angular 

momentum quantum number becomes 1, we can get three p orbitals. Therefore it 

is called as ‘triplet state’. Note that, triplet excitation states are more stable than 

singlet in energy, because three adjacent orbitals are preferred as they can reduce 

electron repulsion.
46

 Therefore electrons at which triplet excitation state can stay 

much longer than singlet excitation state before turning back to their ground state. 
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We call the former that emissive light from singlet excited state as 

‘Fluorescence’, and the latter that from triplet state as ‘Phosphorescence’. 

A ‘Jablonski diagram’ is a useful depiction of the details of the excitation and 

emission process.
44

 As shown below, Once electrons excited from their ground 

state, they can choose not only radiative ways but also non-radiative paths for 

losing their unstable high energy. Through VR (Vibrational Relaxation), excited 

molecules emit their energy by heat until they left in the lowest vibrational state 

of 𝑆1. Whereas in IC (Internal Conversion), excited state converted to a high 

vibrational state of 𝑆0.  

 

Figure 1. Jablonski diagram demonstrate the electronic states of molecules and 

transitions between them. 
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Lastly ISC (Intersystem Crossing) is non-radiative transfer between singlet 

and triplet states not by absorption or emission of light, but by collisions with 

surrounding molecules.  

As described above, when electrons have been excited by light absorption, it 

can occur diverse processes. The quantum yield ∅𝑖 for process i mean the rate 

of process i (𝑘𝑖) divided by the sum of all rates. In brief, it is the fraction of 

certain process among all process.  

∅𝑖 = 
𝑘𝑖

Σ𝑘
 

And the average time that valence electron of molecule stays in its excited 

state before re-emitting is called the lifetime and denoted by tau (τ).  

 

1.2.2. What is good fluorophore?   

 

At ultralow pressure, the gas phase single molecule experiments have been 

done commonly. But in the condensed phase, it has been started only since late 

1980’s.
47, 48

 Fluorescence is a convenient method of detecting single molecule in 

the condensed phase mainly due to their high sensitivity. However in the life 

organism, it is not straightforward issue, since there already have been a lot of 

fluorescent molecules called autofluorescence.
49-51

 In order to observe necessary 

single molecule efficiently, signal distinguishable from the background is 
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necessary. Adding signals that make easy to detect target single molecule is 

labelling and added signal is called probe.
52

 Here, the molecules that are used as 

probe by their fluorescence properties are fluorophore.
44

 In this section, I want to 

discuss about what conditions are required to good fluorophore and which 

fluorophores have been widely used.  

 

1.2.2.1. Required photo physical properties of good fluorophore 

 

There are several characteristics of successful fluorophore for molecular 

imaging including proper wavelength, brightness, photostability, and 

biocompatibility.
11

  

The optimal excitation wavelength of a fluorophore is in the deep red or near-

infrared range in order to fulfill both good tissue penetration depth and low 

background noise.
53

 As I mentioned above, it is very important to choose proper 

wavelength that minimize background noise and harmness from light irradiation.  

The ability to emit light in a particular environment is referred as brightness 

(Be) which is described by the equation below.  

Be = ∅𝑓 · ε 

Where ∅𝑓 stands for quantum yield of fluorescence process at certain 

excitation/emission wavelength, and ε imply molar extinction coefficient (or 
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molar absorption coefficient) (M−1 · cm−1 ) which determine the ability of 

absorption light.  

Then, the photostability is associated with quenching of fluorescence and 

photobleaching. Quenching is the other non-radiative process of losing excited 

energy. So called quencher can overlap their aromatic ring structures with 

original fluorophore. In this process concerned fluorophores are deactivated by 

donating electrons to quencher. Virtue of this property can be applied to FRET 

(fluorescence resonance energy transfer).
54

 However when it is not properly 

utilized, just become a main factor of lowering photophysical stability. The other 

part known as photobleaching is related to intersystem crossing. In their triplet 

states, molecules may react with other molecules leading to formation of stable 

complexes that lead to deactivation of excited state without the emission of 

light.
55

    

Lastly with regard to biocompatibility, to be applied to bioimaging, 

fluorophores should be soluble in relevant buffers, for example cell culture 

media or body fluids, fundamentally.
56

 It is also needed to have proper functional 

groups for conjugation with specific tissues. Especially in order to reach to target 

tissues safely overcoming the resistance circulation system, digestive organs, and 

immune systems, we should consider a lot of things, such as probe’s size, toxicity, 

surface properties (charge, hydrophilicity, coating characteristic, etc.), density, 
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pH, etc..
57-59

  

Developing bright fluorescent probes is main target for achieving better 

optical imaging quality.
60, 61

 At the same time, in terms of cellular imaging, the 

conjugation of a specific targeting group and the selective response to an analyte 

is also the key to an effective probe design.
39, 62

 To conclude, for being a good 

fluorophore, they should satisfy all of these criteria largely devided into 

photophysical property and biocompatibility.  

 

1.2.3. Widely used fluorophores 

 

1.2.3.1. Organic fluorophores 

 

In fluorescence microscopy, the kind of the most widely used probe is organic 

fluorophore. Fluorescence emission occurs from organic molecules with 

conjugated double-bond system.
25, 52

 In the beginning of medical application of 

fluorescence probe, scientists used naturally occurring fluorescence molecules. 

But later scientist developed lots of synthetic chemical fluorophores or 

genetically encoded protein fluorophores. For there is a lot of commercially used 

organic fluorophores, we should carefully select what is the suitable wavelength, 

proper surface properties fitted target tissues.
49

 The most powerful benefit of 
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organic fluorephores is the biocompatibility.  

Even though numerous bio imaging probes have been developed in the past 

few decades,
63

 the organic fluorophores used for signaling still suffer from low 

probe brightness, poor photostability, and oxygen bleaching.
64

 Consequently, the 

creation of fluorophores with improved photophysical properties is still in high 

demand.
60, 61

 

 

1.2.3.2. Quantum dots 

 

Semiconductor quantum dots (QDs) are inorganic nanocrystals made from 

II/VI, III/V and Ⅳ/Ⅳ atoms of periodic table, such as CdSe, CdTe, InP and 

InAs.
22, 61

 With decrease of bulk metals’ size into nanometer scale, discrete 

energy levels are appeared. QDs make use of fluorescence from transitions of 

electrons between HOMO (the highest occupied molecular orbital) and LUMO 

(the lowest unoccupied molecular orbital).
40

  

QDs appeared excellent photophysical properties that overcome the drawbacks 

of organic fluorophores.
61, 65

 Even though QDs fluorescence quantum yield is 

similar to organic fluorophores, but for excellent molar extinction coefficient, 

QDs brightness is brighter than organic fluorophores over one order magnitude. 

Then QDs markedly reduced photobleaching rate.
66

 Consequently, QDs have 
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advantageous photophysical properties, such as high brightness, large absorption 

cross-sections, and outstanding photophysical stability.  

However QDs are not sufficiently biocompatible due to their large size, 

intermittent photon emission, tendency to aggregate, and intrinsic toxicity of 

heavy metals. 
67

  

 

1.3. DNA encapsulated silver nanodots 

 

Ag NDs (Ag nanodots) are small, few-atom clusters that exhibit discrete 

electronic transitions and strong photoluminescence.
68, 69

 After the report of the 

first stable silver nanodots in aqueous solution in 2002,
70

 Initially, Ag clusters 

were prepared in noble gas matrices due to their vulnerability to oxidation.
71

 

However, the vulnerable property of unprotected noble metal clusters to 

oxidative damage requires more intensive protections.
71

 Later, many scaffolds 

have been developed. As a specific example, poly(acrylic acid),
72

 short 

peptides,
73

 single-stranded DNA (ssDNA), and thiolated small molecules are 

applied widely as protection groups.
69

 Applying various protection groups has 

markedly improved their stability in aqueous solution, leading to the synthesis of 

a series of spectrally-pure AgNDs with emission wavelengths ranging from the 

blue to the near-IR.
70, 74
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1.3.1. Advantages of DNA-Ag NDs 

 

Among those scaffolds, ssDNA stabilization has induced the best 

photophysical characteristics of Ag NDs. For DNA-Ag NDs show not only high 

one- and two- photon molar extinction coefficients, but also high emission 

(fluorescence) quantum yields, subsequently have high brightness. Especially its 

superior two-photon absorption coefficients are great advantage, for as 

mentioned above, two-photon fluorescence spectroscopy is one of the most 

powerful modalities in fluorescence molecular imaging. Moreover DNA-Ag 

NDs have outstanding photostability which means that they not only don’t show 

blinking, but also have reasonably good fluorescence lifetime. DNA-Ag NDs 

have small overall size about 5nm or below, water soluble, nontoxic with noble 

metal silver that is commonly used in human life.
64, 73, 75-78

.  

Consequently, we can consider DNA-Ag NDs as fluorescence probe which 

has excellent photophysical properties comparable to semiconductor QDs and 

much closer biocompatibility to Organic fluorophore. For these reasons, DNA-

encapsulated AgNDs have been attracting huge attention in fluorescence 

molecular imaging.
68, 77, 79-81
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1.3.2. Undisclosed DNA-Ag NDs emission mechanism 

 

The exact structures and the transitions between various DNA-AgNDs are still 

under debate.
82, 83

 If the process is composed by effective control over the whole 

interactions between the ingredients and entropic effect, then the resulting 

structure will be ordered. But in terms of DNA-Ag NDs, it remains challenging 

for they use self-assembly as synthetic systems.
84

  

Even in this case, if we could get crystral structure of DNA-Ag NDs, it can be 

identified via x-ray diffraction.
85

 Unfortunately, the fluorescent silver nanodots 

crystal is still not reported. Besides, purification of DNA-Ag NDs becomes more 

difficult due to the low DNA-Ag NDs synthetic yield and numerous possible 

complexes between silver and protection groups. As a result, although it is not 

directly interpreted to silver nanodots structure, deciphering of DNA-Ag NDs 

structure is mostly based on photospectroscopy information.
68

  

 

1.4. What happens in oxidation of DNA-Ag NDs  

 

As mentioned above, there is a limitation to determine the structure of DNA-

silver NDs just through their photophysical spectroscopy information. However, 

under this circumstance, analyzing the response of DNA-Ag NDs appearing in 
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the process of oxidizing using various oxidizing agent is meaningful. From this 

observation, it is possible to infer the DNA-Ag NDs’ structures and reaction 

mechanisms via acquired clue in oxidation of DNA-Ag NDs. At the same time 

we can make use of the characteristics of the oxidative DNA-Ag NDs to develop 

specific probe for certain oxidant. 

 

1.4.1. Oxidation of DNA-Ag NDs  

 

The DNA encapsulated silver NDs’ red emitters were considered to be fully-

reduced species. Ripening from red emitters results in typically the blue,
86

 the 

green,
74

 or the yellow AgNDs.
74, 79

 Oxygen was believed to play a role in such 

processes and especially the blue emitter was proposed to be a species oxidized 

directly from the red emitters.
86

  

However, it was ignored that the creation of such derived emitters was due to 

the rearrangement of red emitters, not just the simple decrease in nanodot size. 

Herein we examined the reactions of various DNA-Ag NDs in strong oxidizing 

environments induced by diverse ROS (reactive oxygen species) to trace the link 

between the red and its derivatives, and found that such processes could be 

selectively tuned by different ROS.  
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1.4.2. Applications of oxidative DNA-Ag NDs for specific probe 

   

Hypochlorite (OCl−) is a major ROS species. Especially in immunological 

cells, cellular OCl−  is synthesized by myeloperoxidase (MPO)-catalyzed 

oxidation of chloride ion with hydrogen peroxide (H2O2)
87, 88

 The regulated 

generation of OCl− plays a predominant role during the microbicidal process in 

the immune system. However, uncontrolled overproduction of OCl−  in 

phagocytes is regarded as a provoking cause of diseases.
89-94

. Even though it is 

very important and urgent to explain the pathways of OCl− generation and its 

systemic impact, progress is still slow since it is hard to detect transient ROS 

refluxes.
91

  

Sodium hypochlorite is also one of the major active ingredients used as a 

disinfectant and bleach in some cleaners, together with surfactants, builders, 

solvents, etc.
95

 Even though widely used, excessive hypochlorite may induce 

neurodegeneration, endothelial apoptosis, ocular irritation, and other tissue 

damage.
87, 96-99

 Chemosensors are indispensable to allow us to obtain the exact 

concentration of OCl− with high spatiotemporal resolution. We were tried to 

develop a different class of OCl− probe using oxidative DNA-Ag NDs. Prior to 

evaluating the bio-suitability of our probe, investigated the parameters for 

accurate detection of hypochlorite and evaluated the derived ratiometric imaging 
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method by monitoring the concentration of OCl− in commercially available 

cleaners. 

Meanwhile, we explored the capability of oxidative DNA-Ag NDs as imaging 

agents in presence of hydrogen peroxide (H2O2) with glucose oxidase. As a new 

strategy, by coupling analyte to glucose oxidase (GOx) we can theoretically 

detect any analyte with excellent selectivity and greatly improved detection limit 

in-vivo.  

The glucose oxidase is an enzyme that catalyzes glucose into hydrogen 

peroxide and D-glucono-δ-lactone. Looking more closely, GOx needs a cofactor 

for working as catalyst, flavin adenine dinucleotide (FAD). In the GOx-catalyzed 

redox reaction, FAD initially accepts electron and is reduced to FADH2. Then 

FADH2  is oxidized by oxygen (O2 ), and then O2  is reduced to hydrogen 

peroxide (H2O2).
100

  

Just as hypochlorite, hydrogen peroxide (H2O2) are also involved in a wide 

range of physiological and pathological processes. Although H2O2 produced in 

normal cellular environments are essential for life, they are harmful when 

overproduced by exogenous stimulation.
101-104

 To stably regulate the amount of 

H2O2 in-vivo, it is necessary for micro- or nano- molar detection capability at 

least.
105

 To meet these needs we designed novel imaging strategy using GOx and 

oxidative DNA-Ag NDs. 
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II. Experimental section  

 

2.1. Chemicals  

 

Chemicals. Silver nitrate (99.9999%), sodium hypochlorite, hydrogen 

peroxide, potassium dichromate, potassium dioxide, Hoechst 33258, harmaline, 

sodium sulfate, glucose oxidase, biotin 3-sulfo-n-hydroxysuccinimide ester, iron 

perchlorate, tert-butyl hydroperoxide, tris(2-carboxyethyl)phosphine 

hydrochloride, sodium borohydride and polyvinyl alcohol were purchased from 

Sigma-Aldrich and used as received. DNA was purchased from IDT DNA. 

Avidin modified magnetic nanoparticles were purchased from Fisher Scientific. 

Hydroxyl radical and alkylperoxy radicals were generated from corresponding 

amount of hydrogen peroxide or tert-butyl hydroperoxide in the presence of 1 

mM iron perchlorate respectively. 

 

2.2. Preparation and measurement of samples  

 

Preparation of silver nanodots. Different silver nanodots emitters were 

prepared according to published data.
74, 79, 86

 Briefly, ssDNA and silver ions were 
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mixed at a DNA base/Ag+ ratio of 2:1. For chemical reducing, 2~3 hr later 

NaBH4 was added into the mixture. At that time, the amount of borohydride was 

optimized to produce maximum blue emitters with a Ag+/NaBH4 ratio of 6/5, 

slightly lower than the regular NaBH4 dose. Silver nanodots were used as probe 

a day after chemical reduction of the mixture.  

Comparison of photostability. The above mixtures were dropped onto quarts 

cuvettes for measuring absorbance. Absorption spectra were recorded on a 

SCINCO S-4100 Scan UV–visible spectrophotometer (Seoul, Korea) at room 

temperature. Sample was filled onto the glass vial when it was measured on a 

PTI QuantaMaster™ 30 Plus Phosphorescence/Fluorescence Spectrofluorometer.  

Dyes and the blue silver nanodots were mixed with 1% PVA in the presence 

or absence of 5mM of hydrogen peroxide. The above mixtures were dropped 

onto a glass coverslip and dried under vacuum for 15 min. The resulting films 

were imaged under continuous UV excitation on an Olympus IX81 inverted 

microscope equipped with 60× 1.35 NA objective and Andor Luca CCD camera. 

The excitation filter was 360-370 band pass and the emission filter BP 460-495. 

HRTEM and HPLC-MS spectrometry. HRTEM images were obtained on 

JEM 3010 high resolution transmission electron microscope at voltage of 300kV. 

The sample for TEM characterization was prepared by placing a drop of 

colloidal solution on a carbon-coated copper grid which was dried at room 
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temperature. 

 Specific samples were analyzed with HPLC-MS system (acetonitrile/water, 

ESI-MS system (LCQ)).  

 

III. Results and discussion  

 

3.1. Oxidation properties of DNA-Ag NDs 

 

From the same red peaks of polycytosine protected AgNDs (C24-Ag NDs, 

λ𝑒𝑚=625nm), different kinds of peak shift are generated selectively by ROS 

oxidation as shown in (Figure 2). As mentioned in introduction part (1.3.1.), the 

reason of this phenomenon has widely believed that it is because of their size 

decrease, caused by oxidation from the oxygen in the air.
86

 However, results 

shown in Figure 2 bring some conflict from old belief.  

Both hydrogen peroxide (H2O2) and sodium hypochlorite (NaOCl) quenched 

the red, meanwhile, a blue emitter ( λ𝑒𝑚 =485nm) was generated with an 

excitation maximum at 340nm (Figure 2a and d). Under a hydrogen peroxide, 

the red C24-Ag NDs decreased faster than the generation of the blue emitter 

(Figure 2b). Higher hydrogen peroxide concentration did not quench the red 

emission faster, but accelerated the generation of the blue significantly. 



 

24 

 

Intriguingly, with the sodium hypochlorite, oxidation of the red C24-Ag NDs  

induced blue emission much faster than the bleaching of the red (Figure 2e),  

indicating that the blue emitter had been formed before the decay of the red. 

If these peak shifts were simply because of reduced size owing to oxidation, 

their kinetic behavior should have been same in various ROS. But the kinetic 

data suggested that the blue emitter had been formed before the decay of the red 

emitter. A simple decrease of the cluster size could not account for the transition 

from the red to the blue. Therefore we assumed that there are some intermediate 

states are related.  

Besides, another oxidizing agent potassium dioxide (KO2 ) which induce 

superoxide radical can give yellow emission from the same C24-Ag DNs (Figure 

2g). Note that, following the addition of potassium dioxide, the red emission 

intensity increased at the first and then about 1hr later started to decrease 

continuously (Figure 2h). Such a phenomenon was likely due to the generation 

of hydrogen from hydroperoxy radicals, which initially reduces precursors of the 

red emitter. Being strong oxidizing agents,
106, 107

 hydroxyl radical and 

alkylperoxy radicals quenched most of the emissions (Figure 2j and k), but 

interestingly, the green lasted longer and the emission intensity ratio (I525/I625) 

correlated the concentration of hydroxyl radical (Figure 2l). 
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Figure 2. Selective oxidization of silver nanodots with reactive oxygen species. 

Figures in the first column show the spectral shifts of red C24 AgNDs in the presence of 

1 mM hydrogen peroxide (a), 50 μM sodium hypochlorite (d), 600 μM potassium 

dioxide (g) and 30 μM hydroxyl radical (j). Their corresponding plots of intensity versus 

time are displayed in the second column, respectively. Given the ratiometric responses 

of C24 AgNDs to oxidizing agents, calibration curves of the respective ROS are shown 

in the third column. The arrows indicate the intensity changes with time. The solid lines 

in (b, e, h) as marked xxx fitting are tentative monoexponential fits of the time courses 

for the corresponding emission. 

 

 With another approach, the generation of new peaks was DNA sequence 
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dependent. Only loose single-stranded DNA protected AgNDs showed the 

selective oxidation to various color emitters. Oxidation of hairpin DNA-

protected red AgNDs led to either the generation of the blue emitter, or the 

simple bleach of the red emission, as seen from another red emitter by hydrogen 

peroxide. Contrary to our expectation, the oxidants did not accelerate the 

formation of a specific emitter from its corresponding emissive precursor (one of 

red emitters). Such a phenomenon may suggest that the possible different 

oxidizing mechanisms, the difference in DNA sequences might also play a role. 

The precursors mentioned above have a mostly hairpin structure. The tight 

polycytosine loop that encapsulates AgNDs hinders the free rearrangement of 

silver cluster intermediates (Fig 3). However, the loose structures, such as 

polycytosine or 5'-CCCTAACTCCCC-3', provide enough protection during the 

somewhat free rearrangement of AgNDs. 

 

Figure 3. Different sequences of DNA encapsulated silver nanodots. Both of yellow 

emitter (λ_em= 560nm, 5’-ATATCCCCCCCCCCCCATAT-3)(a) and red emitter 

(λ_em=615nm, 5'-CGCGCCCCCCCCCGCG-3')(b) didn’t show peak shift in the 

presence of 1mM hydrogen peroxide. 
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When red emitter is oxidized to blue emitter, their size got lowered and size 

distribution is also narrowed. HRTEM images of the red solution showed that the 

silver cluster/particle sizes ranged between 1.5nm to 8.5nm, with a higher 

distribution centered at 4.5nm (Figure 4b). It implies that the red is a spectrally 

pure, but chemically mixture, in which non-luminescent crystallites were easily 

observed. The oxidation of the red to the blue showed a much narrower 

distribution in size, with majority centered at 2.0nm (Figure 3c). Although 

particles in TEM images cannot be linked to emissive species directly, we could 

think that the oxidizing agents dramatically decreased the Ag cluster/nanoparticle 

size, and the size distribution reflected the change in cluster size between the red 

and the blue. Moreover, The ROS supposed to be able to remove not most non-

luminescent silver clusters. That’s why we can get spectrally-pure blue, exhibited 

strong absorption between 300nm and 450nm, with a quantum yield of 43% 

(Figure. 3a).  

 
Figure 4. Characterization of the blue silver nanodot. (a) Absorption (black) and 

emission (blue) spectra of the blue silver nanodot. (b) HRTEM images of the as-

prepared red emitter solution (left) and the corresponding H_2 O_2-oxidized blue 

emitter solution (right). The particle size distributions are displayed in the middle with 

the top for the red emitter and the bottom for the blue emitter. Scale bar: 5 nm 
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Being generated by oxidation, the blue Ag NDs is naturally stable in oxidizing 

environments. This property is valuable to the development of oxidant-resistant 

imaging agents. Here we compared blue emitter’s photostability to organic dyes, 

Harmaline and Hoechst 33258, which have similar region of emission 

wavelength. In aqueous solution, harmaline was bleached instantly by sodium 

hypochlorite, but stable in 5mM hydrogen peroxide. However Hoechst 33258 

was stable in both hydrogen peroxide and sodium hypochlorite solutions. For 

hoechst 33258 showed reasonably good photostability in ambient condition, we 

compared to photostabilities of in oxidized DNA-Ag NDs and Hoechst 33258 in 

the presence of hydrogen peroxide. Hoechst 33258 was reasonably stable, but 

quickly disappeared in the presence of hydrogen peroxide (Figure 5c and d). The 

H2O2 added blue Ag NDs, however, showed 4-fold better photostability than 

Hoechst 33258 (Figure 5a). 

 

Figure 5. Comparison of the photostability of silver nanodots and blue dyes in 

oxidizing environments. (a-d) are the epifluorescence images of the H2O2-added blue 

silver nanodot, harmaline, Hoechst 33258 and Hoechst 33258 in the presence of H2O2, 

respectively. Samples were vacuum-dried in PVA film in the presence or absence of 
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hydrogen peroxide (5 mM). Images from left to right were taken after 5 s, 15 s, 25 s, 45 

s, 65 s and 85 s exposure of UV excitation except harmaline after 1 s, 2 s, 4 s, 6 s, 8 s 

and 10 s UV light exposure. The plot of mean mission intensities of the above images 

indicates that silver nanodots are more stable in the presence of oxidizing agents. 

 

As we can see from above results, the oxidized DNA-Ag NDs blue emitters 

have extremely good photostability in oxidation environment. It may be 

accounted for its positively charged silver clusters exhibit much better stability 

compared to the neutral in aqueous solution. One of the possible hypothesis is 

that the oxidizing agents degrade large size silver clusters, meanwhile, silver ions 

and even smaller non-luminescent clusters are generated. The deposit of silver 

ions on these small clusters at critical locations induces the formation of more 

stable charged species, and some of them are blue emitters. There is a report said 

that the deposition of silver ions on non-luminescent silver clusters might induce 

the formation of emissive Agn@Ag+ clusters.
108

 Such a scenario was also 

supported by the fact that addition of a small amount of silver ions to the AgND 

solution increased the blue emission intensity.
86
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Figure 6. HPLC-UV chromatograph andMass spectrum of oxidized DNA-Ag NDs. (a) 

HPLC-UV chromatograph of the blue silver nanodot (red) and a mixture of C12 and silver ions 

(black). (b) ESI mass spectrum of the blue silver nanodot at retention time of 14 minutes shows 

the possible peaks of silver-DNA complexes. 

 

What I want to deliver could be much clear with HPLC-MS spectrometry. A 

solution of the C12-protected blue Ag NDs alone exhibited an extra peak in 

HPLC spectrum (Figure 2c) which was absent in C12-protected red emitters and 

silver ions. The ESI mass spectrometry for the extra peak displayed spectra 

matching that of [C12-Ag2-5Ag+] (Figure 2d), which was likely the 

corresponding emitter.
109

  

 

 

3.2. Ratiometric luminescence probe for hypochlorite detection 

 

The dual-wavelength response of red Ag NDs was utilized for ratiometric 
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luminescence detection of a specific oxidant.
79

 Here, the photoresponses of 

24mer polycytosine-protected silver nanodots (red emitter, λ𝑒𝑚=625nm) upon 

the addition of sodium hypochlorite (NaOCl) are illustrated in Figure 7. 

 

 

Figure 7. Reaction kinetics between red silver nanodots and sodium hypochlorite. 

The time course of C24-Ag silver nanodot emissions in the presence of 10, 50, and 100 

μM of sodium hypochlorite. 485 and 625 indicate the wavelength at which the intensity 

was monitored. The red curves are tentative monoexponential fits of the time courses. 

The fitting indicates that the red emitters degraded much slower than the generation of  

the blue emitter. 

 

The enhanced blue emission intensity levelled off at a certain point and 
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decreased gradually. Generally, increasing the concentrations of oxidants did not 

extend the maximum of blue emission intensity but just sped up the transition 

from red to the blue, leading to a fast response time towards the detection of 

oxidants.
110

 One of the advantages of the ratiometric detection is that it can 

reduce the error to the density change of the probe. The I485/I625 ratios showed 

much less fluctuation at a given concentration of the oxidizing agent, comparing 

to direct detection of emission. (Figure 8). 

 
Figure 8. Emission and emission ratios of C24-Ag silver nanodots in the presence of 

100μM of sodium hypochlorite. The emission was examined after the addition of an 

oxidant to the nanodots solutions. The higher the DNA-Ag NDs concentration, the 

stronger the emission. The I485/I625 ratios showed much less fluctuation at a given 

concentration of the oxidizing agent when the nanodots concentration varied between 15 

to 35μM. 
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Some factors, such as pH and temperature, will influence the reaction rates 

between silver nanodots and oxidants, leading to change of the blue/red. The pH 

is important factor to successfully measure 𝑂𝐶𝑙− in bio organisms. Our results 

(Figure 9) suggested that neutral solutions showed most consistent results. 

Therefore, we carried out all subsequent experimental conditions in pH 8 

solutions at 25℃, which are potentially useful for further in vivo probe designing. 

 

Figure 9. Influence of pH on the oxidization and stability of C24-Ag silver nanodots 

in the presence of 100μM of sodium hypochlorite. The emission intensity of 485 nm 

decreased at pH = 4 (left), but gradually increased at pH = 8 (middle) and pH = 10 

(right). The numbers before “hrs” or “day” in the legends indicate the time to measure 

the emission and those after the ‘em’ indicate the excitation wavelengths. 

 

Sodium hypochlorite is used widely in some cleaners as disinfectants and 

bleach. To accurately detect the hypochlorite concentration in household cleaners 

in vitro, we examined the influence of some salts and surfactants, and then we 

chose sodium sulfate and Triton X-100 as a basic builder in the calibration buffer 

for hypochlorite detection.  

We chose four commercially-available cleaners marked as A to D. The 
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samples were diluted 6,000 folds into silver nanodots solutions. The photo-

responses of the nanodots were recorded and the ratios of emission intensity 

I485/I625 were compared to a calibration curve of C24-Ag nanodots obtained 

from solutions with 5mM NaS O4  and 10mM Triton X-100 at varied 

hypochlorite concentrations.  

 

Figure 10.  Luminescence titration of red silver nanodots with sodium 

hypochlorite. (a) Emission spectra were acquired 6 hrs after hypochlorite addition in 10 

mM Triton X-100 and 5 mM sodium sulfate solution at pH 8.3. Inset: A close-up of the 

red regio of I485/I625 against OCl
−
 concentration. The error bars represent the standard 

errors. 

 

Note that, the plot of luminescence intensity ratio of I485/I625 against OCl
−
 

concentration was not linear but leveled off at higher hypochlorite concentration. 

It can be partly explained by the contemporaneous generation and bleaching of 

the blue emitter both due to hypochlorite. The higher concentration of 

hypochlorite especially bleached the blue emitter faster, countervailing the 

increase of blue emission. Consequently, the detection region below 40μM of 
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hypochlorite was preferred in terms of better detection sensitivity. These cleaners 

contained 0.20M to 0.73M of hypochlorite. Some were lower than the 

recommended sodium hypochlorite concentrations in household bleach (5.25-

6.15%) 
111

. Our results were demonstrated by redox titrations of these samples 

based on the OCl
−
/I3

−
/starch/S2O3

2−
 method 

112
 (Table. 1), suggesting that our 

method is an excellent alternative for easy, fast and accurate hypochlorite 

detection. 

Sample A B C D 

Nanodot 
method 
(M) 

0.23 

± 0.01 

0.73 

± 0.05 

0.20 

± 0.02 

0.20 

± 0.01 

Titrition 
method 
(M) 

0.21 

± 0.01 

0.74 

± 0.01 

0.20 

± 0.01 

0.20 

± 0.01 

 

Table 1. Detected hypochlorite concentrations in several commercially-available 

cleaners. 

 

 

3.3. Oxidant-resistant imaging by coupling with GOx 

 

The successful association between the analyte and silver nanodots allowed us 

to primarily design probes for ultrasensitive detection with silver nanodots.  

The low detection limits of AgNDs to ROS are potentially useful for such 

imaging purposes. However, it is impossible to highly-selectively detect ultra-



 

36 

 

low concentration analyte under the current protocol. To overcome such a 

drawback, we coupled silver nanodots to glucose oxidase (GOx). The enzyme 

has been used as sensors for glucose and other analyte, in which hydrogen 

peroxide is generated as a signal transducer and colorimetrically,
113, 114

  

electrochemically,
115

 chemiluminescently,
115

 or fluorometrically visualized.
116

 In 

our experiment, the ultralow limit of detection of GOx by silver nanodots 

enabled us to develop a protocol, in which the concentration of an analyte was 

correlated with the concentration of GOx. GOx consumed glucose to produce 

sufficient hydrogen peroxide, and the latter was subsequently visualized by the 

ratiometric response of our DNA-Ag NDs.  

 

Figure 11. Visualization of glucose oxidase with red Ag NDs. (a) A schematic 

showing the coupling between GOx and Ag NDs for the detection of ultra-low 

concentration analyte. (b) Emission intensity ratio (I485/I625) of silver nanodots 

responding to the concentration of GOx. (c) The concentration of HAV DNA visualized 
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with red AgNDs after coupling the GOx and HAV DNA. (d) The detection efficiency of 

GOx improved when biotin–avidin pair was utilized for GOx collection. 

 

This phenomenon was used for GOx visualization, with a detection limit of 

400 pg mL−1 of GOx) (Figure 9b). Our protocol improved the detection limit by 

five orders compared to the QDs-based method,
117

 in terms of the solution-based 

fluorometric detection of GOx. The ultralow detection limit of GOx was applied 

to develop AgND-based probes, for example, for a segment of hepatitis A virus 

(HAV) (Figure 9c). Moreover, when the binding between the analyte and GOx is 

strengthened, by utilizing the biotin–avidin pair, the detection limit has been 

dramatically improved (Figure 9d).  

 

IV. Conclusions 

 

In summary, the red and near-IR silver nanodots under loose single-stranded 

DNA protection were selectively oxidized to various emitters with blue, green or 

yellow emissions by reactive oxygen species. The blue emitter especially showed 

excellent chemical and photophysical stability, owing to its charged nature as 

shown from the HPLC-MS spectrometry. The kinetic data indicated that the 

intermediates from oxidation of the red and other non-emissive species led to the 

formation of the blue. Such a new controlled turn-on feature enabled us to 
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develop ratiometric luminescence probes and oxidant-resistant imaging agents. 

We demonstrated dual-wavelength response of silver nanodots emitters as 

ratiometric probes to detect hypochlorite ions. In particular, we have 

demonstrated the availability of nanodots by monitoring the concentration of 

𝑂𝐶𝑙− inside several commercial cleaners. 

In addition, silver nanodots were formulated to potentially detect any analyte 

with excellent selectivity and the limit of detection by coupling to glucose 

oxidase. Our results will not only greatly benefit the optical imaging in harsh 

oxidizing conditions, but also dramatically extended the scope of analytic 

application with silver nanodots.  
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국문초록 

 

형광 현미경은 최적화된 시스템에서 단일 분자까지 검출할 수 있는 

높은 감도와 선택성, 시간분해능을 갖기 때문에, 이를 생체 분자 영상에 

적용하기 위한 개발이 지속적으로 이루어지고 있다. 형광 현미경에서 

최적의 효과를 달성하기 위해서는 적절한 형광 탐침을 선택하는 것이 

필수적이다. 단일 사슬 DNA 로 둘러싸인 은 나노닷은 뛰어난 광물리적 

특성과 함께 적절한 생체적합성을 가졌기 때문에 최근 크게 주목 받고 

있다. 그러나 DNA-은 나노닷은 내부 구조와 반응 메커니즘이 명확히 

밝혀지지 않았다. 따라서 다양한 산화 과정에서 나타나는 DNA-은 

나노닷의 특성을 분석하여 이 물질에 대해 이해할 수 있는 실마리를 

얻고자 한다. 우리는 다양한 종류의 활성산소종을 이용하여 붉은 색 빛을 

발하는 DNA-은 나노닷을 산화시켜 산화 특성을 조사 하였다. 또한 

발견된 산화특성을 이용해서 비율척도 발광 탐침 및 새로운 형태의 생체 

영상 방법을 개발하였다.  

 

주요어 : DNA, 은 나노닷, 비율척도, 과산화수소, 차아염소산염, 

글루코오스 산화효소 
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