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Functionalized nanoparticles (dye-doped silica nanoparticles, gold 

nanoparticles and dots quantum) have been extensively explored and applied for 

assay of various biomolecules, such as DNA, protein, and enzyme. With the 

advantages of high sensitivity, high stability, and easy surface modification, the 

functionalized nanoparticles have gradually become an alternative to traditional 

fluorescent molecular probes in current bioassay protocols. In addition, with the 

development of genomics and proteomics, the nanoparticle-based detection 

system has drawn great interests in recent years in development of a simple, rapid, 

and low cost strategy for point-of-care use in clinical diagnostics. 

In this dissertation, a detection system for human papillomavirus (HPV) 
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DNA based on the light scattering of aggregated silica nanoparticle probes on a 

HPV DNA chip is presented. In the assay, a target HPV DNA is sandwiched 

between the capture DNA immobilized on the chip and the probe DNA 

immobilized on a plain silica nanoparticle. The spot where the sandwich reaction 

occurs appears bright white and is readily distinguishable to the naked eye. The 

demonstrated capability to detect a disease related target DNA with direct 

visualization without using a complex detection instrument provides the 

prerequisite for the development of portable testing kits for genotyping. 

In addition, a simple and rapid colorimetric strategy was developed for 

detecting LSD1 enzyme using avidin functionalized gold nanoparticles. The 

strategy was based on the vivid color changes from red to purple by adding a 

biotinylated peptide (dimethyl-H3K4, substrate of LSD1) solution to an avidin 

functionalized gold nanoparticle solution, while no color changes if the dimethyl-

H3K4 peptide is complexed with its antibody. Thus, the presence of LSD1 

enzyme in a sample containing the biotinylated dimethyl-H3K4 can be determined 

by simple visual inspection of the color changes with naked eye upon mixing with 

the avidin functionalized gold nanoparticle solution. 
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Chapter 1 
Introduction 

    Fluorescence-based detection techniques have been widely used in modern 

biochemical researches and disease diagnoses. With the development of 

microarray techniques, various biomolecules as well as their reactions have been 

detected in a high-throughput manner with low reagent consumptions. Currently, 

microarray techniques mainly rely on the use of fluorescent dye labels. However, 

these fluorophores have several drawbacks (e.g., overlapping emission spectral 

features and nonuniform fluorophore photobleaching rates) which lead to reduced 

sensitivity and poor reliability of the microarray techniques. As a consequence, 

sample analysis can be particularly difficult when trace amounts of biological 

analytes are present, and the additional steps required for signal amplification can 

be time-consuming and impede quantitation. In addition, these organic dyes are 

prone to degradation and photobleaching when exposed to a complex biological 

sample and a light source of high intensity. All of these limitations have greatly 

hindered the use of fluorophores for in vitro and in vivo assays. 

The field of nanoscience and nanotechnology has been rapidly explored 

provide alternatives to fluorophores in various bioanalytical applications.[1-6] 

Quantum dots (QDs), dye-doped silica nanoparticles, and gold nanoparticles are 

representative fluorescent nanoparticle probes of increasing research interest. 

These nanoparticles of various shapes, sizes, and compositions have unique 

optical properties, high surface-to-volume ratios, and other size-dependent 

qualities, which provided enhanced fluorescence signal, increased sensitivity, 
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prolonged detection time, and better reproducibility. While most methodologies to 

date have significantly improved detection sensitivity and specificity in bioassay 

of biomolecules (such as DNA, proteins),[7-12] the reported protocols are yet to 

be improved more for clinical settings. The main obstacle lies in the requirements 

for special laboratory skills in detection label preparation and for the complex 

instruments in signal readout. New approaches that enable sensitive detection of 

analytes in an instrument-free detection fashion are desirable for the development 

of any portable screening devices. 

1. Visual detection of biomolecules on microarrays 

    1.1. Metal-nanoparticle based system 

    Metal nanoparticles, especially gold and silver nanoparticles have extremely 

large extinction and scattering coefficients. It has been estimated that the flux of 

scattered light from a single 80 nm particle is equivalent to that of fluorescent 

light from six million co-localized, individual fluorescein molecules.[13-15] 

Mirkin and Letsinger have pioneered developing a scanometric chip-based 

detection system for DNA that has single mismatch selectivity and a sensitivity 

that 100 times greater than that of conventional, analogous fluorescence-based 

assays as monitored by confocal fluorescence microscopy.[16] In the detection 

system, gold nanoparticles modified with oligonucleotides were used to indicate 

the presence of a particular DNA sequence hybridized on a transparent substrate 

in a three-component sandwich assay format (Figure 1-1). For tests at high target 

concentrations (≥1 nM), the high density of surface-hybridized nanoparticles 

made the surface appear light pink, which could be visualized with the naked eye. 

To facilitate visualization of nanoparticle labels hybridized to the array surface, 
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they used a signal amplification method in which silver ions are reduced by 

hydroquinone to silver metal at the surfaces of the gold nanoparticles. Thus, the 

size of the nanoparticles attached to substrate was enlarged and at the same time 

the nanoparticle-attached substrate became darker, which could be easily visible 

by naked eye or by a simple flatbed scanner. Combined with the unique optical 

properties (e.g. optical absorbance and scattering) of metal nanoparticles, such 

metal nanoparticle-based detection system has been modified and applied to 

detect other biomolecules by several research groups,[17-21] further providing a 

potential for developing a simple, fast, and cost-effective point-of-care bioassay 

system. 

    1.2. Surface polymerization-based system 

    PCR (polymerase chain reaction) and RCA (rolling circle amplification) are 

widely used in molecular biology for amplification of a single or a few copies of 

DNA or RNA to get enough quantities of target molecules for detection. Usually, 

such amplification reactions couldn’t be controlled as will. In addition, for 

detection of target molecules, additional signaling steps (e.g. tagging probe or 

target molecules with fluorescent dye molecules) are needed. Polymers have long 

been used in biological fields as blocking reagents to reduce nonspecific 

adsorption of biomolecules to solid substrates. With the unique electric or optical 

properties, some polymers have also been used to detect target DNA molecules 

through electrostatically interacting with DNA chains. Taking advantages of the 

highly efficient signal amplification process and controllable reaction level, Lou 

and coworkers[22] demonstrated a new DNA detection protocol in which polymer 

growth in atom transfer radical polymerization (ATRP) is used as a means to 
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amplify detection signals. In the method, DNA hybridization and ligation 

reactions led to the attachment of ATRP initiators on a solid surface where specific 

DNA sequences were located. These initiators subsequently triggered the growth 

of poly(hydroxyethyl methacrylate) (PHEMA) at the end of immobilized DNA 

molecules and formed polymer brushes. The formation of PHEMA altered the 

substrate opacity, rendering the corresponding spots readily distinguishable to the 

naked eye. The demonstrated instrument-free ATRP-assisted DNA detection 

strategy simplifies the future sensor construction and opens up opportunities for 

the particles or polymers with a relatively lower refractive index for the 

development of point-of-care diagnostic devices. 
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Figure 1-1. Schematic illustration for visual detection of biomolecules on a solid 

surface using various signaling probes. 
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2. Visual detection of biomolecules in solution 

    The plasmon resonances of gold nanoparticles are influenced by inter-

particle spacing or assembly, which has been exploited for colorimetric detection 

of target molecules in an aqueous phase. For example, when a biomolecule 

recognition event induces the aggregation of a citrate-capped gold nanoparticles in 

solution, the color of the solution turns from red to blue which can be 

characterized by a spectrophotometer. According to the various properties of 

target analytes, detection scheme for the analytes can be classified into 

nanoparticle aggregation mechanism as well as nanoparticle dispersing one. In the 

scheme based on nanoparticle aggregation [23-33], the aggregation of 

nanoparticles companied with nanoparticle solution color change from red to blue 

is used to indicate the presence of target molecules. However, in the scheme based 

on nanoparticle dispersing, the dispersing of nanoparticles as accompanied 

nanoparticle solution color changes from blue to red is used to indicate the 

presence of target molecules. The nanoparticle aggregation-based protocol has 

been widely used by most research groups for the detection of various target 

molecules, since this kind of scheme is relatively simple to devise, but it has the 

disadvantage of relatively high false positive results. The nanoparticle dispersing-

based protocol has the advantage of relatively low false positive results, but it has 

the disadvantage of complicated detection process and strong target-dependence. 

The nanoparticle aggregation-based scheme can be further categorized into 

crosslinking (target molecules crosslink nanoparticles to form nanoparticle 

network through various interactions) and non-crosslinking mechanism 

(nanoparticle networks are formed by changing the surface charges of 
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nanoparticles or steric morphology or combination of both).  

    2.1. Nanoparticle aggregation-based system 

    2.1.1. Crosslinking mechanism 

    In a crosslinking mechanism protocol, nanoparticles are crosslinked by target 

molecules through specific interactions such as DNA hybridization, aptamer-

ligand interaction, antibody-antigen interaction, and peptide bridging with two 

binding tags to induce nanoparticle aggregation (Figure 1-2, A). Aggregation of 

nanoparticles can be qualitatively detected by naked eye to the color change of 

nanoparticle solution, and quantitatively detected according to changes in spectral 

properties (surface plasmon resonance band, emission band, or light scattering) of 

the nanoparticles. Usually, in order to bridge nanoparticles together, either the 

target molecules (crosslinkers) are carefully designed and selected, or the surface 

of nanoparticles have to be modified according to the sequence or property of 

target molecules. 

    In proof-of-concept experiments, to perform a complete detection, at least 

two kinds of nanoparticles are needed to induce inter-particle crosslinking by 

target molecules.[34-38] The two nanoparticles can have different compositions, 

different sizes and shapes, or different surface modifications, as long as they can 

be crosslinked each other and aggregated to be large enough to be observable by 

the naked eye. Two kinds of nanoparticles are used; one is magnetic nanoparticles, 

the other is gold nanoparticles. Both of them can be surface modified with DNA 

probes which are complementary to the different part of the target DNA sequence. 

In the presence of target DNA, the two kinds of nanoparticles are crosslinked each 

other through sandwich hybridization. Dehybridization of the gold particles from 
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the sandwich complex followed by silver deposition on the gold particles provides 

amplification and straightforward detection by the naked eye, absorbance 

measurement, or light scattering measurement. Since Mirkin et al. pioneered 

scanometric DNA detection with nanoparticle probes, many research groups have 

designed and developed various crosslinking detection schemes for detecting 

DNA, protein, or small molecules either heterogeneously or homogeneously with 

nanoparticles such as gold nanoparticles, quantum dots, magnetic nanoparticles, 

and dye-doped silica nanoparticles.[39-45] However, not all biomolecules can be 

detected by such crosslinking mechanism based detection schemes because of 

their structure and property specificity. In addition, depending on the interaction 

between target molecules and nanoparticles, the process of nanoparticle 

aggregation induced by inter-particle crosslinking can be relatively slow, which 

sometimes takes a few hours to observe the aggregation-induced optical changes. 

Therefore, a more simple, quick, and popular strategy is needed for easier 

detection of such biomolecules. 
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Figure 1-2. Schematic illustration for visual detection of biomolecules in solution 

using gold nanoparticles. 
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    2.1.2. Non-crosslinking mechanism 

    In a non-crosslinking mechanism protocol, nanoparticles are aggregated as a 

result of reduced inter-particle repulsions caused by analyte-induced surface 

charge neutralization, reduced steric hindrance around nanoparticle, or the 

combination effect of the two factors (Figure 1-2, B). Following the nanoparticle 

aggregation, optical properties of nanoparticle dramatically change, which can be 

detected by a UV-vis spectrophotometer, fluorimeter, or even naked eyes. As long 

as the presence of target molecules causes dramatic changes in local surface 

charges of nanoparticles or steric hindrance around nanoparticles, the non-

crosslinking strategy can be used for detection of various biomolecules, for 

studying the kinetic interactions between biomolecules or ligands, and for 

investigating the activities of various enzymes. Based on their unique optical 

properties, various nanoparticles, such as gold nanoparticles, quantum dots, and 

silver nanoparticles, have been used in a widely range of bioassays. 

    With the advantages of relatively high sensitivity, rapidness, and simplicity, 

non-crosslinking mechanism-based protocols have been recently developed by 

many research groups for detection of various biomolecules as well as their 

kinetic performances.[46-54] Li and coworkers have developed a colorimetric 

assay for sensing enzymatic activities based on the different charge effects on gold 

nanoparticles by substrate and product of an enzymatic reaction.[55] In the assay, 

an enzymatic dephosphorylation reaction where ATP was converted into 

adenosine by calf intestine alkaline phosphatase was monitored. Although the 

substrate (ATP) and the product (adenosine) in CIAP-mediated dephosphorylation 

reactions have essentially identical absorption spectra, but in the colorimetric 
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protocol, they can be differentiated according to the color change of gold 

nanoparticle solutions. 

    2.2. Nanoparticle dispersing mechanism 

    In a nanoparticle dispersing-based scheme, addition of target analytes to a 

solution of gold nanoparticles which are aggregated through certain linking 

ligands causes dispersing of the aggregated nanoparticles with simultaneous color 

changes from blue to red (Figure 1-2, C). In such a scheme, the surface of the gold 

nanoparticles should be functionalized with DNA, protein, peptide, or other 

ligands so as to make a well aggregated gold nanoparticle solution through 

various mechanisms such as DNA hybridization, antigen-antibody interaction, or 

ligand-ligand interaction. In the presence of analytes such as enzymes which can 

specifically cleave the linkers between nanoparticles, the aggregated nanoparticles 

became dispersed, which can be observed by a UV-vis spectrophotometer, or even 

by the naked eye according to color changes in the nanoparticle solution. Such a 

nanoparticle dispersing scheme has the obvious advantage of much lower false 

positive signals compared with those of a nanoparticle aggregation based scheme 

as mentioned previously. Usually, in a nanoparticle aggregation based system, 

nanoparticles tend to aggregate with each other spontaneously. Therefore, in some 

cases, the nanoparticle dispersing based detection protocol provides an extremely 

high sensitivity as mentioned in literatures.[56-59] Stevens and co-workers have 

described a simpler conceptually novel approach to protease-responsive 

nanoparticles whereby only a single population of nanoparticles is required and 

real-time monitoring of protease action is possible. They used nanoparticle 

tethered protease cleavable peptides consisting of three sections: (1) a thiol 
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containing Cys for anchoring onto the gold surface, (2) a protease cleavable 

section, (3) and an assembly directing actuator, (N-(fluorenyl-9-methoxycarbonyl), 

(Fmoc)) that is known to control physical assembly through p-p stacking 

interactions. Upon enzymatic hydrolysis of the peptide-NP conjugate, disassembly 

occurs through a combination of electrostatic repulsion between the nanoparticle-

bound NH3
+ groups and removal of hydrophobic interactions between the Fmoc 

groups. 

However, the nanoparticle dispersing based system needs a carefully design 

of ligands immobilized on the surface of nanoparticles and surface 

functionalization strategy with such ligands. Therefore, trained people and 

complex experimental steps may be needed, which may limit its wide applications 

in clinical fields. 
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Chapter 2 
 

Direct Visual Detection of DNA Based 
on the Light Scattering of Silica 

Nanoparticles on a Human 
Papillomavirus (HPV) DNA chip 

 [This chapter was published in Talanta (2009) 80: 967–973.] 

Abstract 

A detection system for a human papillomavirus (HPV) DNA chip based on the 

light scattering of aggregated silica nanoparticle probes is presented. In the assay, 

a target HPV DNA is sandwiched between the capture DNA immobilized on the 

chip and the probe DNA immobilized on the plain silica nanoparticle. The spot 

where the sandwich reaction occurs appears bright white and is readily 

distinguishable to the naked eye. Scanning electron microscopy images clearly 

show the aggregation of the silica nanoparticle probes. When three different sized 

(55 nm, 137 nm, 286 nm) plain silica nanoparticles were compared, probes of the 

larger silica nanoparticles showed a higher scattering intensity. Using 286-nm 

silica nanoparticles, the spots obtained with 200 pM of target DNA were visually 

detectable. The demonstrated capability to detect a disease related target DNA 

with direct visualization without using a complex detection instrument provides 

the prerequisite for the development of portable testing kits for genotyping. 
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1. Introduction 

To perform highly sensitive but low-cost analysis of nucleic acids, a great deal 

of progress has been made to develop signal amplification and detection 

methodologies. Various types of fluorescent nanomaterials, such as quantum 

dots [1], fluorophore-doped silica nanoparticles [2-5], and metal nanoparticles 

[6-10], have been extensively explored for ultrasensitive DNA detection, both 

in homogeneous reactions and on microarrays. Other detection methods based on 

absorbance, scattering, or conductivity have also been employed. Recently, gold 

nanoparticles [11,12] and silver-amplified gold nanoparticles [13] have been used 

to perform highly selective and sensitive detection of DNA, utilizing the enhanced 

light scattering of nanoparticle probes. The advantages of light scattering [14] are 

that (a) high intensity signals can be obtained by using intense light sources 

without photodecomposing the light-scattering probes, (b) there is negligible 

quenching by the substances normally used in biological studies, and (c) more 

importantly, the signal can be detected by relatively simple instruments, including 

the naked eye. 

Silica nanoparticles and microspheres have been widely used in bioanalysis 

due to their easy synthesis and surface modification, biocompatibility, and high 

chemical and thermal stability. In addition, silica nanoparticles can load a large 

quantity of fluorescent dye molecules and serve as signaling probes of amplified 

sensitivity for cell imaging, DNA detection, and amino acid sensing [15]. 

However, plain silica particles, having neither dye molecules doped inside silica 

matrix nor a specific resonance light scattering band like gold or silver particles, 

have not been used as signaling tags for DNA detections. 



 20

Human papillomavirus (HPV) is the major etiological agent of cervical 

cancer which is the second most common form of cancer among women with a 

mortality rate of almost 300000 per year worldwide [16]. Among the more than 20 

distinct HPV types which are associated with cervical carcinoma, the HPV-16 

type is the most prevalent one in patients with cervical intraepithelial neoplasia 

and cervical carcinoma. Currently, a hybrid capture (HC) system [17,18], which 

has been approved by the U.S. Food and Drug Administration, and a PCR-based 

HPV test [19] are used for the detection of high-risk HPV subtypes in a cervical 

sample obtained with a Pap test. While the HC system is a ready-to-use test for 

routine diagnosis of the disease, low selectivity and sensitivity still limit its wide 

application in a clinical setting. Although the PCR-based HPV test has shown 

improved sensitivity, its low reproducibility, demanding work, and complex 

instrumentation hinder its use in point-of-care clinical diagnostics. 

In this report, we outline our exploration of the potential of plain silica 

particles as signal tags for a HPV DNA chip. The detection is based on the 

light scattering of silica particle probes aggregated on a glass slide chip through 

DNA hybridization. The spots where DNA hybridization occurred appeared 

brightly white and were directly visible to the naked eye or by a simple flatbed 

scanner. To our knowledge, this is the first time that plain silica particles h

ave been used as signal tags for a DNA chip. The detection system is quit

e simple and inexpensive and thus represents a promising step toward the 

development of portable testing kits for genotyping. 
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2. Experimental Section 

2.1. Reagents 

All the oligonucleotides (see Table 1) used were purchased from Bioneer 

(Seoul, Korea). The HPV DNA chips with the capture DNA array spots of 12

0 mm diameter were obtained from Biomedlab (Seoul, Korea). The HPV DNA 

chip (25 ´ 75 mm) has four silicon-separated reaction chambers (20 ´ 5 ´ 1 mm) 

and each chamber has two 5 ´ 3 DNA array blocks composed of 10 probe spots to 

capture HPV-16, and 5 control spots to capture HPV-18. Tetraethyl orthosilicate 

(TEOS), 29 wt% aqueous ammonia solution, 3-(aminopropyl)trimethoxysilane 

(APTMS), 25 wt% aqueous solution of glutaraldehyde, sodium dodecyl sulf

ate (SDS), phosphate buffered saline (PBS, pH 7.4), anhydrous ethanol, and 

avidin were from Sigma-Aldrich (St. Louis, MO, USA). 3-(Trihydroxysilyl)-pr

opylmethylphosphonate (THPMP) was from Gelest (Tullytown, PA, USA). 

Deionized water was prepared with a NANOpure II purification system 

(Barnstead, Dubuque, IA, USA). 
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Table 1 DNA sequences used for silica particle probes formation and 

hybridization experiments 

Name Sequence Description 

Prm1a 5’-TTTKTTACHGTKGTDGATACYAC-3’ 

K; G/T, H; T/A/C, D; A/T/G, Y; T/C 

Primer used in PCR 

amplification of real 

samples 

   

Prm2 

b 

5’-GAAAHATAAAYTGYAADTCATAYTC-3’ 

K; G/T, H; T/A/C, D; A/T/G, Y; T/C 

Reversed primer 

used in PCR 

amplification of real 

samples 

   

T1 5’-

ACAGGTTCCTACCCTAAGGACCTTTATGTAGTTT 

CTGAAGTAGATATGGCAGCACATAT-3’ 

Target DNA 

complementary to 

capture DNA on 

DNA chip and P1 

   

P1 5’-AAGGTCCTTAGGGTAGGAACCTGT-biotin-3’ Probe DNA 

immobilized on SP1 

   

P2 5’-biotin-TAACTTAGTTCAACGAAGCTCGCC-3’ Probe DNA 

immobilized on SP2 

   

L c 5’-CCTAAGGACCTTGGCGAGCTTCGT-3’ Linker DNA 

complementary to P1 

and P2 

a, primer 1; b, primer 2; c, linker. 
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2.2. Synthesis and surface modification of silica particles 

2.2.1. Plain silica nanoparticles  

Plain silica particles of 55 nm, 137 nm, and 286 nm in diameter were used. 

The plain silica particles of 137 nm and 286 nm were purchased from Bangs Lab

oratories (Fishers, IN, USA) and the 55-nm plain silica particles were synthesized 

using the Stöber method [20] with some modification. Briefly, to a mixture of 875 

mL ammonia solution and 12.5 mL ethanol, 1 mL of TEOS was added and the 

resultant mixture was stirred at room temperature overnight. The reaction mixture 

was then centrifuged for 20 min at 4000 g and washed with ethanol three times 

and PBS once, and then suspended in PBS for future use. All three kinds of plain 

silica particles were processed with the same surface modification procedures 

below. 

2.2.2. Amine-modification  

10 mg of plain silica nanoparticles were suspended in 4 mL of PBS wi

th sonication. 50 mL of APTMS and 50 mL of THPMP were added to the 

suspension and the mixture was stirred for 4 h in a sealed glass vessel at 

room temperature [21]. The amine-modified particles were separated by cent

rifugation at 4000 g for 15 min, washed three times with PBS, then disper

sed in 2 mL of PBS, and stored at 4°C until use. 

2.2.3. Avidin-modification [22]  

0.5 mL of the amine-modified silica particle suspension in PBS (5 mg/m

L) was mixed with 0.9 mL of PBS for better dispersion of the silica particles. 
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After adding 1.6 mL of glutaraldehyde solution, the mixture was sonicated 

for 10 min and then stirred for 1.5 h at room temperature. The silica parti

cles were separated by centrifugation at 4000 g for 15 min, washed with 

PBS and separated by centrifugation twice, and then dispersed in 3 mL of 

PBS, to which 1 mg of avidin in 1 mL of PBS was added. The mixture w

as stirred for 3.5 h at room temperature. To block any unreacted amine gro

ups on the silica surface, 50 mL of 1 M glycine was added to the mixture

 which was then stirred for a further 30 min. The avidin-modified particles

 were separated by centrifugation at 4000 g for 15 min, washed three time

s with PBS, dispersed in 2 mL of PBS, and stored at 4°C until use. 

2.2.4. Oligonucleotide-modification  

Two kinds of silica particle probes were prepared from the avidin-modifi

ed silica particles through the avidin-biotin interaction with P1 DNA and P

2 DNA, respectively. (Fig. 2-1) P1 DNA-modified plain silica nanoparticles 

(SP1) were used in both sandwich hybridization and three-step hybridization, 

while P2 DNA-modified plain silica nanoparticles (SP2) were only used in th

e three-step hybridization. To 0.5 mL of the avidin-modified plain silica parti

cle suspension, 6 mL of 100 mM P1 DNA was added and the mixture was 

stirred at room temperature for 1 h. The resulting SP1 were separated by c

entrifugation at 4000 g for 20 min and washed with PBS three times. The 

successful immobilization of probe DNA on the surface of the silica particles was 

confirmed by the absorbance at 260 nm. Then, the resulting SP1 were suspended 

in 0.5 mL of PBS and stored at 4°C for future use. SP2 were prepared sim



 25

ilarly using P2 DNA. 

In order to estimate the number of DNA probe molecules immobilized 

on the surface of a silica particle, a double-labeled (5'-fluorescein and 3'-bioti

n) oligonucleotide with the same sequence as the P1 DNA was conjugated 

with the avidin-modified silica particle. By comparing the fluorescence inten

sities of the fluorescein-oligonucleotide-modified silica particles with free do

uble-labeled oligonucleotides, the numbers of probe DNA molecules on a si

ngle silica particle were estimated to be about 42, 190, and 1100 for the si

lica particles of 55, 137, and 286 nm diameter, respectively. 

2.3. Sandwich (two-step) and three-step DNA hybridization 

2.3.1. Sandwich DNA hybridization  

(1) Synthetic HPV-16 target (T1). Each 10 mL aliquot of HPV-16 DNA 

(T1) of various concentrations in water was mixed with 90 mL of PBS, contai

ning 0.2 wt% SDS, and then injected into the reaction chambers of a HPV 

DNA chip. The hybridization was performed for 2 h at 40°C with shaking. 

(2) PCR-amplified HPV-16 DNA target from the SiHa cell line (Korean Cell Line 

Bank, Seoul, Korea). The target DNA was extracted from the HPV-16 positive 

SiHa cell line using a DNA extraction kit (Intron Biotech, Seoul, Korea), and the 

L1 region of the HPV DNA was amplified using a T1 thermocycler (Biometra, 

Goettingen, Germany) without dye labeling. The PCR-amplified HPV-16 DNA in 

PBS, containing 0.2 wt% SDS, was denatured at 95°C for 5 min and chille

d on ice for 3 min, then injected into the reaction chamber to perform the 

hybridization reaction as in (1). After hybridization, the silicon chamber with its 
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cover was detached from the DNA chip. Then the opened DNA chip was washed 

with PBS in a dish at 40°C for 2 min, to remove unbound DNA molecules, and dr

ied in air. For the next step, a clean silicon chamber with a cover was attached to 

the DNA chip. Then, the second hybridization was performed by adding a mixt

ure of 10 mL of 100 ppm SP1 suspension and 90 mL of PBS containing 0.2 

wt% SDS to the reaction chamber and incubating for 2 h at 40°C with sha

king. Then, the hybridized DNA chip was washed with PBS in a dish at 40°C 

and dried in air. Fig. 2-2 shows the schematics of this procedure. 

2.3.2. Three-step DNA hybridization  

The first two hybridization procedures were the same as those of the sandwich 

DNA hybridization. As shown in Fig. 2-2, after the second hybridization, a mixtu

re of 10 mL of 100 nM linker DNA in water, 10 mL of 100 ppm SP2 suspension, 

and 80 mL of PBS containing 0.2 wt% SDS was injected into the reaction c

hamber and incubated for 2 h at 40°C with shaking. After hybridization, the 

silicon chamber was detached from the DNA chip first. Then the DNA chip was 

washed with PBS in a dish at 40°C for 2 min and dried in air. 

2.4. Instruments 

A transmission electronic microscope (H-7600, Hitachi, Tokyo, Japan) was 

used to check the size and dispersion state of the silica particles. The 

hydrodynamic diameters of the silica particles were estimated using a light 

scattering system (BI-200SM, Brookhaven, New York, NY, USA) with a He-Ne 

laser (632.8 nm) light source. A silica particle sample for measurement was first 



 27

diluted by water to 2.0 vol%, filtered through a 0.45 mm filter (Whatman, 

Maidstone, England), and then transferred to a sample cell kept at 20°C. The mor

phology of the silica particles in a probe spot was assessed with a field 

emission-scanning electron microscope (S-4000, Hitachi, Tokyo, Japan). Fluores

cence measurements were conducted with a fluorescence spectrophotometer 

(Eclipse, Palo Alto, CA, USA). The UV-visible absorbance of silica particles was 

measured with a spectrophotometer (S-3100, Scinco, Seoul, Korea). A flatbed 

scanner (HP Scanjet 7400c, Palo Alto, CA, USA) was used to show the entire 

image of hybridized spots in each chamber. These can also be observed with the 

naked eye by holding the chip toward a daylight lamp. A microscope illuminatio

n system was arranged for detecting the scattered light from the silica parti

cles, as shown in Fig. 2-3, following the method in Ref 24. A light beam fro

m a 20 mW argon-ion laser (Melles Griot, California, USA) was focused ont

o a probe spot of an HPV DNA chip placed on the slide holder of a micr

oscope (IX71, Olympus, Tokyo, Japan). The laser beam was incident from b

elow the DNA chip at an angle of 35° for maximum contrast between the 

dark background and the bright scatter of the spots. Images collected by a 

20× objective lens were recorded with an iXon CCD camera (Andor, Belfa

st, UK) and analyzed using a public domain software Image J (NIH, Bethe

sda, MD, USA). A photomultiplier tube (PMT) (Hamamatsu, Bridgewater, NJ, 

USA) was also used for monitor light intensities. 
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Figure 2-1. Preparation of probe DNA functionalized silica nanoparticles. 
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Figure 2-2. Schematics of (a) sandwich or two-step DNA assay on a HPV DNA 

chip using SP1 and (b) the third step DNA hybridization reaction using SP2 to 

form dendrimer-like silica particle networks in a probe spot. 
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Figure 2-3. Microscope illumination arrangements for detecting light scatteri

ng from silica particle probes hybridized on a DNA chip. q is the angle be

tween the incident light and the detector and R is the distance from the D

NA chip to the detector. I0, linearly polarized light intensity; Iscatt, scattered 

light intensity.
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3. Result and Discussion 

3.1. Characterization of the silica particle probes 

Changes in the hydrodynamic diameters of the silica particles before and after 

the probe DNA immobilization were monitored by dynamic light scattering. The 

hydrodynamic diameters were estimated from the diffusion constants of silica 

particles obtained from the cumulant fit to the autocorrelation functions of 

scattering signals [23,24]. After the probe DNA immobilization, the 

hydrodynamic diameters of all three sizes of silica particles were increased from 

67 ± 9 nm, 161 ± 1 nm, and 317 ± 2 nm to 93 ± 5 nm, 199 ± 1 nm, and 353 ± 2 

nm, while the diameters from TEM remained at 55 ± 5 nm, 137 ± 10 nm, and 286 

± 11 nm, respectively. (Fig. 2-1) The discrepancies between the diameters were 

due to the water molecules and the probe DNA attached to silica particles in 

solution not being observable by TEM of a dried sample because of their low 

electron densities [25]. In the UV spectra of SP1 or SP2 around 260 nm, the 

characteristic peak of DNA was observed, which further confirmed the successful 

immobilization of the probe DNA on the silica particle surface. The increases of 

~32 nm in the hydrodynamic diameters of the silica particles after series of 

modifications correspond reasonably well to the sizes of avidin and DNA moieties, 

as reported in the literature [26,27]. 

3.2. Light scattering from 2-step hybridization 

3.2.1. Detection with the naked eye  

SP1 prepared from the plain silica particles of three sizes were 2-step 
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hybridized in different reaction chambers of a HPV DNA chip. The concentration 

of T1 in each reaction chamber was kept at 10 nM. The concentrations of SP1 for 

the silica particles of each size were also kept at 100 ppm, which corresponds to 

640, 47, and 6.0 fM of 55-nm, 137-nm, and 286-nm silica particles, respectively 

and 26, 12, and 6 pM of probe DNA molecules, respectively. The fourth chamber 

was used to check nonspecific interactions with similar hybridization reactions 

without DNA probe immobilization. The concentration of 100 ppm for SP1 was 

chosen as optimal for a sufficient hybridization reaction between SP1 and the 

target DNA but also low interferences from the nonspecific binding of SP1 to the 

chip surface (data not shown). When observed by the naked eye, the hybridized 

spots obtained with larger SP1 were brighter and larger than those with smaller 

SP1. The S/N ratios of the hybridized spots in the scanned image for SP1 of 55 nm, 

137 nm and 286 nm diameter were 7.6, 8.3 and 10.6, respectively, which agreed 

with the trend observed by the naked eye (Figs. 2-4a-c). Using SP1 of 55, 137 and 

286 nm, probe spots of down to 1 nM, 500 pM, 200 pM of the target DNA were 

detectable by the naked eye, respectively. It is quite surprising that the DNA 

hybridization results can be observed with the naked eye, since, unlike gold or 

silver particles, both the plain silica particles and surface modified silica particles 

have negligible absorbance and no resonance light scattering bands in the visible 

range. 

3.2.2. Aggregation of silica particles  

SEM images of hybridized probe spots revealed the aggregation of SP1 

immobilized onto the chip surface by hybridization (Figs. 2-4d-i). The whole 
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region of a spot was neither regularly nor completely covered by SP1. In some 

regions of a probe spot, silica particles aggregated to form large particle 

complexes with sizes from several hundred nanometers to several micrometers. 

However, in some regions, only a few single silica particles were present. The 

286-nm SP1 were likely to be bound in one layer, while the 137-nm and 55-nm 

SP1 often aggregated heterogeneously to show multilayer morphology in some 

regions. Inside the control spot, no silica particle probes were found. Decreasing 

the target DNA concentration from 10 nM to 100 pM, the fraction of areas with 

137-nm SP1 aggregation decreased roughly from 18% to 3%. When the target 

DNA concentration was lower than 100 pM, it was difficult to find aggregated or 

single silica particles in a probe spot. We suppose the SP1 aggregation was 

through non-cross-linking mechanism [28], since no cross-linking DNA 

connecting two silica particles together was present. More investigation is needed 

to understand the aggregation mechanism of silica particle probes during the 

sandwich DNA hybridization on a DNA chip.
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Figure 2-4. (a–c) Images of DNA (both probe and control) arrays after sandwich 

hybridization using the SP1 of 55 nm, 137nm and 286 nm, respectively, scanned 

by a flatbed scanner. The white circles highlight the region where control spots 

were present; (d–f) SEM images of one region of probe spots where three silica 

particle probes with diameters of 55 nm, 137nm and 286 nm, respectively, 

hybridized with 10nM target DNA in a two-step hybridization; (g–i) SEM images 

of one region of probe spots where silica particle probes with diameter of 137nm 

hybridized with target DNA concentration of 100 pM, 1 nM, 10 nM, respectively, 

in a two-step hybridization. The spots are about 120 mm in diameter. 
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3.2.3. Laser light scattering  

Using the microscope illumination system, the relationship between light 

scattering performance of silica particle probes and their sizes were investigated. 

In Rayleigh scattering by a small spherical particle of radius r much smaller than 

the wavelength of light l in a particular medium (r < l/20), the scattered light 

intensity is proportional to r6. However, when the particle becomes larger, the 

intensity of scattered light is described by Mie theory [29]. Following the 

numerical method of Yguerabide et al. [14,30], the intensities of the scattered light, 

Iscatt, can be calculated as a function the particle radius. When linearly polarized 

light of intensity I0 is scattered by a spherical particle of radius r and detected by a 

detector in the plane parallel to the polarization direction and at a distance R from 

the particle and an angle q from the direction of incident light, the intensity is 

given as 

Iscatt = I0

l 2 S2

2

4p 2R2
,                                               (1) 

Where 

S2 = 
(2n+1)(ant n + bnpn )

n(n+1)n=1

å                                       (2) 

is a function that depends on the size parameter x = 2pr/l and the angle 

q. The coefficients an and bn are defined as 

an = 
[(Dn(mx) m)+ (n x)]Yn (x)- Yn-1(x)

[(Dn (mx) m)+ (n x)]xn (x)-xn-1(x)
                          (3) 
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bn = 
[mDn (mx)+ (n x)]Yn (x)-Yn-1(x)

[mDn (mx)+ (n x)]xn (x)-xn-1(x)
                             (4) 

with 

Dn(mx) = 
d lnYn (mx)

d(mx)
                                           (5) 

where m is the relative index of the bulk particle material. The coefficients 

pn and tn depend on  and are evaluated by the recurrence relations 

pn = 
(2n -1)cosq

n -1
pn-1 -

n

n -1
pn-2                                   (6)  

tn = (ncosq)pn – (n + 1)pn–1                                        (7) 

starting with p0 = 0 and p1 = 1. Refer to Ref. 29 for the definitions of y

n(x) and xn(x) and detailed description of the numerical evaluations. 

Fig. 2-5 shows the dependence of the scattering intensity on the silica 

particle radius. The solid line represent the theoretical ratio Iscatt/I0 calculated 

from Eq. (1) using Mathematica (Wolfram, Champaign, IL, USA) with the valu

es m = 1.37, l = 488.0 nm, q = 55°, and R = 1 cm. Instead of estimating t

he values of Iscatt/I0 by measuring both Iscatt and I0, we compared the relative 

changes in the light scattering intensity per particle with respect to the one 

by one SP1 of 55-nm diameter. The number of SP1 in a probe spot (N; 7 ´ 106, 

5 ´ 105 and 7 ´ 104 for SP1 of 55 nm, 137 nm and 286 nm, respectively) was 

estimated by multiplying the fraction of SP1-covered areas (21%, 18%, and 22% 

for SP1s of 55 nm, 137 nm and 286 nm, respectively obtained using Image J) and 

the average number of layers of the aggregated SP1s (4, 2, and 1 for SP1s of 55 

nm, 137 nm and 286 nm, respectively, by visual inspection of SEM images) with 
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the number of SP1s needed to cover the spot with a close-packed SP1 monolayer 

(8.6 ´ 106, 1.4 ´ 106 and 3.2 ´ 105 for SP1 of 55 nm, 137 nm, and 286 nm, 

respectively). Note that the obtained SP1 numbers were rough approximations 

only due to the randomly aggregated states of the SP1s and these numbers were 

used only for rough comparisons. The general trends of the light scattering 

intensity per particle with respect to the particle size—the larger the size of a 

particle, the stronger the light scattering intensity—showed a good agreement b

etween theory and experimental data. However, the rate of increase in the 

observed scattering intensity (Fig. 2-5, solid circles) was 

Iscatt ~ r3.4                                                      (8) 

which is smaller than that expected by Mie theory (Fig. 2-5, solid line) for the SP1 

used, 

Iscatt ~ r5.8                                                      (9) 

This is supposedly due to the different degrees of aggregation of the three kinds of 

SP1 particles as shown in Figs. 2-4d-4i. If z particles aggregate together acting as 

one big particle, the number of aggregates and their radii are respectively given as 

Nagg ~ N/z and ragg ~ z1/3r. If we assume the exponent f for the dependence of 

Iscatt on r does not change much in the range of particle sizes we are considering, 

the scattered intensity of the aggregates is given by 

Iscatt µ Naggragg
f  ~ 

N

z
z1/ 3r( )

f
 = Nz( f /3-1)r f                           (10) 

Therefore, as long as f > 3, the aggregation of particles will give a scattering 

intensity higher than the scattering from unaggregated particles, 
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Iscatt µ Nr f .                                                  (11) 

In addition, from the visual inspection of the SEM images, it was clear that the 

smaller the particles, the larger the degrees of aggregation (z). Then the apparent 

increase in the scattering intensity with respect to the SP1 diameter should be 

slower than expected by Mie theory, as shown in Fig. 2-5. 
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Figure 2-5. Scattered light intensity vs. the radius of silica nanoparticles. The 

solid line represents Iscatt/I0 calculated from Eq. (1) and circles are experimentally 

measured light intensity scattered by one silica nanoparticle normalized to the 

intensity scattered by one 55-nm SP1. 
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Figure 2-6. Comparison of the scattering signals of probe spots between two-step 

and three-step DNA hybridization (n≥10). Target DNA concentration range: 100 

pM, 1 nM, 10 nM, 100 nM. 286nm diameter silica particle probes were used. The 

spots are about 120mm in diameter. The solid lines are guides to the eye. 
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3.3. Enhanced light scattering from 3-step hybridization 

According to the above observation of aggregated silica particle probes, it was 

reasonable to expect that additional aggregation could improve DNA detection 

sensitivity. Formation of dendrimer-like silica particle networks may increase the 

aggregation degree of silica particle probes, as in Fig. 1b. As a proof-of-concept 

experiment, after the sandwich hybridization of SP1 of 286 nm, a second 

generation of silica particle probe (SP2) and a linker DNA was introduced into the 

reaction chamber. As expected, the light scattering signal from a probe spot, 

measured using the microscope set up, increased more by the three-step 

hybridization than by the two-step hybridization (Fig. 2-6). The improvement 

after the third step hybridization was also easily observed with the naked eye as 

much brighter spots. The SEM image in Fig. 7 shows a highly aggregated state of 

silica particle probes. After three-step hybridization, the probe spots for the target 

concentration down to 50 pM were discernable using the microscope system, 

while the probe spots for the target concentration down to 100 pM were 

discernable in the two-step hybridization. 
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Figure 2-7. SEM images of (a) a probe spot (guided by the dotted circle) and (b) 

one region of the spot after a three-step hybridization. 137nm sized SP1 and SP2 

were used and the target DNA concentration was 10 nM. 
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3.4. Real HPV DNA assay using plain silica particle probes 

The signal detection strategy based on the light scattering from silica particles 

can be applied to DNA genotyping to get yes‐or‐no answers, important in clinical 

HPV genotyping. The DNA sample extracted from the HPV-16 positive SiHa cell 

line was PCR amplified and then directly used to perform the two-step 

hybridization. When the hybridization reaction was finished, the probe spots were 

readily visible to the naked eye, while within the control spots no discernible 

patterns could be recognized (Fig. 2-8) The total time used for the two-step 

hybridization analysis, including the sample preparation and PCR, was 5-6 h, 

which is comparable to that required by the fluorescent dye-based test using a 

commercial HPV DNA chip (Biomedlab). Although the sensitivity of our system 

capable of detecting subnanomolar target DNA is relatively lower than those of 

both an HPVDNA chip test (LOD of low pM) and a fluorescent dye-doped silica 

nanoparticle based system (LOD of 1 pM) [3], our system offers the advantage of 

using a simple detection system such as a flatbed scanner or even the naked eye 

without requiring an expensive and complicated fluorescence detection system. 

Therefore, our detection system provides the possibility of developing portable 

clinical devices for diagnosing a disease related DNA of low to high nM 

concentrations after PCR. 
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Figure 2-8. Photograph of real HPV DNA detection with a sandwich 

hybridization reaction. The probe spots (P) show discernible patterns, while the 

control spots (C) remain unchanged as background. PCR-amplified HPV DNA 

concentration: 350 mg/mL. The dotted circles are guides to the eye. 
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4. Conclusions 

We have described a novel and simple method for detection of specific 

DNA sequences based on light scattering from aggregated silica particles on a 

HPV DNA chip. The light scattering performance of the silica particles was 

analyzed by Mie theory, to account for the enhanced light scattering in terms of 

the increased effective sizes through aggregation. The scattering signal 

intensities were further enhanced after 3-step hybridization compared with that 

after 2-step hybridization due to the increased aggregation state of the silica 

particle probes. It was the first time that the scattering from plain silica particles 

was used for a DNA detection system. The detection method provides the 

possibility for the development of rapid, easy, and economic genetic diagnosis 

due to the advantages of using (1) a low cost light scattering detector systems 

such as a flatbed scanner or even the naked eye and (2) plain silica particles 

either commercially available or easily synthesized by the Stöber method. Even 

with only 2-steip hybridization, the limit of detections were about 100 pM with 

a simple microscope illumination system or 200 pM to 1 nM by the naked eye 

and a flatbed scanner, respectively, sufficient for most real DNA samples 

(usually in the nanomolar concentration range) obtained from a standard PCR 

protocol. 
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Chapter 3 

Novel colorimetric assay of LSD1 
activity using gold nanoparticles 

 
[This chapter was published in Analyst (2012) 137: 2669–2673.] 

 

Abstract 
We have developed a simple and sensitive strategy for colorimetric LSD1 

enzyme activity assay using avidin modified gold nanoparticles. The strategy was 

based on the vivid color changes of a gold nanoparticle solution from red to violet 

by adding a test solution of a peptide-antibody treated with LSD1. Thus, the 

presence of LSD1 in a sample could be determined by simple visual inspection 

with the naked eye. In addition, a wide range of the LSD1 concentrations (13 pM 

to 0.13 M) were quantitatively determined by spectrophotometry, which 

showed the possibility of quantitative analysis of the over expression levels of 

LSD1 in cancer tissue samples. 
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1. Introduction 

Human histone demethylase LSD1 (lysine-specific demethylase 1) is a 

flavin-dependent amine oxidase that catalyzes the specific removal of the methyl 

groups from mono- and dimethylated lys4 of histone H3 (H3K4) or lys9 of 

histone H3 (H3K9).[1,2] LSD1 plays an essential role in regulating the extent of 

histone methylation, which is one of the posttranslational histone modifications 

controlling chromatin states and gene expression. Aberrant expression of LSD1 

has been discovered to cause the malignant progression of prostate cancer.[3,4] In 

addition, LSD1 may be a potential tumor marker for breast cancer, especially 

estrogen receptor- and progesterone receptor-negative and clinically advanced 

tumors.[5] Therefore, the detection of LSD1 activity including its expression level 

is increasingly the subject of research interest. 

Conventional methods[1,5-7] used for the detection of LSD1 activity include 

western blotting, immunocytochemistry assay, chromatin immunoprecipitation 

assay, and enzyme-linked immunosorbent assay. These protocols, used in a wide 

variety of protein analyses, provide relatively high sensitivity and accuracy but 

suffer from the time-consuming and laborious nature of the complex separation 

and staining processes, often requiring complex instrumentation and trained 

operators. Therefore, the development of a simple, rapid, and low cost strategy for 

measuring the LSD1 expression level and activity is overdue. 

Recent progresses in colorimetric assays using gold nanoparticles have 

enabled the rapid detection of a wide range of analytes including DNA,[8] metal 

ions,[9] small molecules,[10] and proteins.[11-15] Different from other 
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nanoparticles (quantum dots,[16,17] silica nanoparticles,[18,19] and magnetic 

nanoparticles[20,21]) which are used as detection probes in various bioassays, 

gold nanoparticles have unique size- and distance-dependent optical properties 

arising from the collective oscillations of surface plasmons.[22,23] By controlling 

the aggregation/dispersion states of a gold nanoparticle solution, target analytes 

can often be selectively and sensitively detected by the naked eye from visual 

changes in the colors of the gold nanoparticle solution. In this report, a simple and 

rapid colorimetric strategy was developed for detecting LSD1 using avidin 

functionalized gold nanoparticles. The strategy was based on the vivid color 

changes of a gold nanoparticle solution from red to violet upon the addition of a 

mixture of a peptide and its antibody, also containing LSD1. Thus, the presence of 

LSD1 in a sample can be determined by a simple visual inspection. In addition, a 

wide range of LSD1 sample concentrations (13 pM to 130 nM) were 

quantitatively determined by spectrophotometry, which shows the possibility of 

quantitative analysis of the over expression levels of LSD1 in cancer tissue 

samples. 

2. Experimental Section 

2.1. Chemicals 

Gold nanoparticle aqueous solution (20 nm in diameter, G1652), avidin-suc

cinyl, potassium chloride, magnesium chloride, and phosphate buffered saline 

(PBS) powder were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 

Glycerol was from Junsei Chemical (Tokyo, Japan). Tris(hydroxymethyl)-amin

omethane (Tris) was from Wako Pure Chemical (Osaka, Japan). A Tris buffer 
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(50 mM Tris, 50 mM KCl, 5 mM MgCl2, 0.5 wt% BSA, and 5 wt% glycerol,

 pH 8.5) was prepared by adjusting the pH with HCl. A biotin-H3K4me2 (AR

T[dimethylK]QTARKSTGGKAPRKQLA-GGK-biotin) peptide and its antibody w

ere obtained from Millipore (Billerica, MA, USA). LSD1 was from Enzo Life

 Sciences (Plymouth Meeting, PA, USA). Tranylcypromine was from Santa Cr

uz Biotechnology (Santa Cruz, CA, USA). Water used in all experiments was 

doubly distilled and purified by a NANOpure II purification system (Barnstea

d, Dubuque, IA, USA). A 1× PBS stock solution (pH 7.4) was prepared from

 the PBS powder following the manufacturer's direction. All the buffers were 

filtered with a 0.22-m filter (Whatman, Maidstone, England) before use. 

2.2 Preparation of avidin-functionalized gold nanoparticles 

 Avidin-functionalized gold nanoparticles (avidin-AuNPs) were prepared 

by mixing 100 mL of 1 mg/mL succinylated avidin in PBS and 2 mL of the gold 

nanoparticle aqueous solution with stirring at room temperature for 30 min. (Fig. 

3-1) After removing the excess succinylated avidin by centrifugation at 7000 g for 

5 min with a tabletop centrifuge (Eppendorf, Hamburg, Germany), the 

functionalized nanoparticles were suspended in 0.1× PBS and stored at 4°C. The 

concentration was photometrically estimated to be 1 nM using the molar 

absorptivity ε520 = 8.8 × 108 M-1 cm-1 at 520 nm.[24] 
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Figure 3-1. Preparation of avidin-AuNPs using succinylated avidin and 

corresponding nanoparticle size and surface charge change. 
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2.3. Enzyme activity assay 

The assay protocol is schematically shown in Figure 3-2. In brief, a 50 mL 

enzyme reaction solution made of 3 mL of 175 mM biotin-H3K4me2 peptide in 

water, 10 mL of the LSD1 sample solution (13 nM in Tris buffer), and 37 mL Tris 

buffer was incubated at 37°C for 1 h. Then, by mixing the resulting solution and 

50 mL of 10.8 mM anti-dimethyl antibody (anti-dime Ab) in PBS, a test solution 

was formulated. The concentrations of substrate peptide and antibody in the test 

solution were 5.25 mM and 5.4 mM, respectively. The test solution was incubated 

again at 4°C overnight. Finally, 4 mL of the test solution was added to 50 mL of an 

avidin-AuNPs solution and stir-mixed with a pipette. Within a few minutes, the 

color change (from red to violet) of the gold nanoparticle solution could be 

observed with the naked eye. The change in the absorbance of the gold 

nanoparticle solution in an ultra-micro quartz cell (105.250-QS, Hëllma, 

Müllheim, Germany) was measured by a spectrophotometer (S-3100, Scinco, 

Seoul, Korea). Morphologies of the dispersed and aggregated gold nanoparticles 

were studied using a transmission electron microscope (H-7600, Hitachi, Tokyo, 

Japan). 
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Figure 3-2. Schematic illustration of gold nanoparticle-based enzyme sensing. 

 

 

 

 
 

 



 56

2.4. Enzyme inhibition assay 

The experimental procedure was similar to that of the enzyme activity 

assay described above, except for the involvement of the enzyme inhibitor 

tranylcypromine. A 50 mL enzyme reaction solution containing 10 mL of 0~90 

mM tranylcypromine in Tris buffer, 3 mL biotin-H3K4me2 solution (175 mM in 

H2O), 10 mL LSD1 sample solution (13 nM in Tris buffer), and 27 mL Tris 

buffer was incubated at 37°C for 1 h. By then mixing the resulting solution and 

50 mL of 10.8 mM anti-dime Ab in PBS, an inhibitor-mediated test solution was 

formulated. The inhibitor-mediated test solution was incubated again at 4°C 

overnight. Finally, 4 mL of the inhibitor-mediated test solution was added to 50 

mL of an avidin-AuNPs solution and stir-mixed with a pipette.  
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3. Result and Discussion 

3.1. Principle of the colorimetric assay 

A synthetic peptide composed of the amino acids 1-21 of human histone H3, 

linked to biotinylated lysine through a GG linker, was used as a substrate for 

LSD1. If a test solution of biotin-H3K4me2 and its antibody contained LSD1, the 

two methyl groups on K4 were removed and the peptide-antibody complex could 

not be formed. When the test solution was added to an avidin-AuNPs solution, the 

demethylated peptide became attached to a gold nanoparticle through biotin-

avidin conjugation. Then the gold nanoparticles aggregated and the color of the 

mixture changed from red to violet, a change visible to the naked eye. The 

absorbance spectra showed the surface plasmon resonance peak of the gold 

nanoparticles, broadened and red-shifted from 520 to about 600 nm (Figure 3-3a). 

Transmission electron microscopy (TEM) images further confirmed that the color 

change of the gold nanoparticle solution actually was due to aggregation of the 

gold nanoparticles. In the violet-colored gold nanoparticle solution, most 

nanoparticles existed as clusters of at least several tens to hundreds of 

nanoparticles (Figure 3-3b). In contrast, if a test solution of biotin-H3K4me2 and 

its antibody did not contain LSD1, there was almost no visual color change in the 

mixture of the test solution and avidin-AuNPs solution. In the absence of LSD1, 

the two methyl groups on K4 were retained and the peptide was able to form a 

complex with its antibody. The attachment of the peptide-antibody complex 

prevented the aggregation of gold nanoparticles, probably due to the introduction 

of an antibody stabilizer onto the surface of the gold nanoparticles.[25,26] In 

addition, the plasmon resonance peak did not shift in the absorbance spectrum 
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(Figure 3-3a) and no aggregated nanoparticles were observed in TEM images 

(Figure 3-3b). We speculate that the attachment of peptides to the avidin-AuNP 

surface would reduce the relative polymer graft density and the order of the 

surface structure (one avidin may link with up to three peptides) which enhanced 

nanoparticle surface entropy and van der Waals attraction between nanoparticles, 

lowering the steric stabilization of the nanoparticles and causing subsequent 

nanoparticle aggregation,[27-29] while the peptide-antibody complex on the 

avidin-AuNP surface acting as an antibody stabilizer.[25,26] 

 In order to confirm the proposed strategy of the colorimetric sensing of 

LSD1, control experiments have been performed. (Figure 3-4) First, when a 

H3K4me2 peptide without biotinylation was used, no color changes were 

observed, with or without LSD1. Without biotin-avidin conjugation, neither the 

dimethylated nor demethylated peptide could attach to the gold nanoparticles and 

induce aggregation. Second, a test solution lacking the antibody was mixed with 

an avidin-AuNPs solution. Then, irrespective of the presence of LSD1 in the test 

solution, nanoparticles aggregated with the concomitant red to violet color change, 

thus confirming the role of the peptide-antibody complex as an antibody stabilizer. 

Third, when other proteins such as BSA were used instead of LSD1, no color 

changes were observed, indicating the specificity of LSD1 in the colorimetric 

sensing strategy. Based on this confirmation, it was possible to measure the 

activity of LSD1, qualitatively by a simple visual inspection of the color of the 

gold nanoparticle solution, and quantitatively by correlating the absorbance 

changes at 600 nm with respect to the LSD1 concentration. 
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Figure 3-3a. 
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Figure 3-3b. 

Figure 3-3. (a) Absorbance of 1 nM avidin-AuNP solutions obtained 20 min after 

mixing with a test solution of peptide-antibody treated with or without LSD1. The 

inset is the photographs of the corresponding solutions taken 10 min after mixing. 

(b) TEM images of the corresponding nanoparticle solutions deposited onto a 200 

mesh Cu grid and dried overnight at room temperature. The scale bar is 100 nm. 

The concentrations of the avidin-AuNPs solution, LSD1 in the sample solution, 

biotin-H3K4me2 in the test solution, and anti-dimethyl antibody in test solution 

were 1 nM, 13 nM, 5.25 mM, and 5.4 mM, respectively. 
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Figure 3-4. Control experiment. (a) H3K4me2 peptide without biotinylation was 

used as control; (b) Control experiment was performed without antibody; (c) BSA 

was used as control.   
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3.2. Enzyme activity assay 

First, for fixed quantities of avidin-AuNPs solution (1 nM, 50 mL) and LSD1 

sample solution (13 nM, 10 mL), concentrations of biotin-H3K4me2 (substrate) 

and its antibody were varied to optimize the color changes due to aggregation of 

the gold nanoparticles. The minimum concentrations of the substrate peptide and 

its antibody in a 50 mL test solution that enabled a visual differentiation between 

the presence and absence of LSD1 were 3.5 mM and 3.6 mM, respectively. Further 

lowering the concentrations of substrate peptide and antibody resulted in 

undetectable color changes of the gold nanoparticle solution after mixing with a 

test solution of the substrate peptide-antibody treated with LSD1. The largest 

difference in absorbance (or color difference) between the aggregated (presence of 

LSD1) and dispersed (absence of LSD1) nanoparticles was observed when the 

substrate peptide concentration was approximately 5.25 mM and its antibody 

about 5.4 mM. 

 Next, for 5.25 mM substrate peptide and 5.4 mM antibody in a test 

solution, the concentration of the avidin-AuNPs solution was optimized. When 2 

nM avidin-AuNPs solution was used, a much smaller difference in absorbance 

between the aggregated and dispersed nanoparticles was observed, compared with 

that using a 1 nM gold nanoparticle solution of 50 mL. With 0.5 nM gold 

nanoparticles, it was difficult to recognize the color changes of the gold 

nanoparticles by the naked eye. Therefore, in the following investigations, 1 nM 

avidin-AuNPs solution was used with a test solution containing 5.25 mM substrate 

peptide and 5.4 mM antibody for enzyme activity and enzyme inhibitor studies. 
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 The activities of the LSD1 enzyme at three temperatures, 25°C, 37°C and 

45°C were compared. Figure 3-5a shows the absorbance spectra of the avidin-

AuNPs solutions after mixing with test solutions of a peptide-antibody treated 

with different concentrations of LSD1 at 37°C. As the LSD1 concentration was 

increased, the surface plasmon resonance peak of the gold nanoparticles gradually 

red-shifted, with the absorbance decreasing at 520 nm and concomitantly 

increasing at 600 nm. At a LSD1 concentration of 130 pM in the sample solution, 

the changes in the color of the nanoparticle solution were readily discernable even 

to the naked eye. Figure 3-5b shows the relative increases in absorbance A600 at 

600 nm, [A600(x) – A600(0)]/A600(0) with the LSD1 concentration x from 13 pM to 

130 nM in the sample solution. This wide dynamic range of more than three 

orders of magnitude suggests the possibility of measuring LSD1 expression levels 

without serial dilution of protein lysates from breast cancer tissue specimens 

containing 390 pM~1.3 nM LSD1, which have typically been measured with 

serial dilution using quantitative ELISA.[5] At 25°C, the sensitivity of the assay 

was reduced and the limit of detectable LSD1 concentration was increased to 1.3 

nM. When the temperature was increased to 45°C, the enzyme activity was 

completely lost, even at a LSD1 concentration as high as 1.3 mM, which suggests 

that the enzyme may have been denatured. Therefore, in the following 

investigations, the enzyme reaction temperature was fixed at 37°C. 

 

 

 



 64

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5a 
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Figure 3-5b 

Figure 3-5. Colorimetric enzyme activity assay. (a) Absorbance of the avidin-

AuNPs solution after mixing with the test solution of peptide-antibody treated 

with LSD1. (b) Plot of [A600(x) – A600(0))]/A600(0) vs. LSD1 concentration. Others 

as in Figure 3-3. Error bars are the standard deviations (n = 3). 

 

 

 

 

  



 66

The LSD1 enzyme activity was further studied by varying the enzyme reaction 

time from 30 min to 4 h at 37°C. As shown in Figure 3-6, with 13 nM LSD1 in the 

sample solution, an incubation time of 30 min was not enough to distinguish 

between the presence and absence of LSD1. However, the absorbance at 600 nm 

dramatically increased when the incubation time increased to 1 h and then 

gradually showed saturation with time as the peptide substrate was depleted. 

Therefore, this suggests that it needs at least 1 h for the enzyme demethylation 

reaction to block the antibody stabilization, enabling the aggregation of gold 

nanoparticles and thus a colorimetric assay of LSD1.  
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Figure 3-6. Plot of [A600(x) – A600(0))]/A600(0) vs. LSD1 enzyme reaction time. 

The solid line is drawn as a guide. Others as in Figure 3-3. Error bars are the 

standard deviations (n = 3). 
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Figure 3-7. Inhibition by tranylcypromine. Absorbance of avidin-AuNPs after 

mixing with the test solution of peptide-antibody treated with LSD1 which was 

mediated with tranylcypromine. Others as in Figure 3-3. 
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3.3. Inhibition assay of the LSD1 activity 

A human monoamine oxidase (MAO) inhibitor, tranylcypromine, which is also 

used as an LSD1 inhibitor (since the enzyme LSD1 shares some similarity in the 

catalytic and structural properties with MAO), was used in the inhibition 

test.[30,31] Figure 3-7 shows the changes in absorbance of the gold nanoparticles 

as the concentration of the tranylcypromine sample solution was increased from 

0.9 to 90 mM while the LSD1 concentration was kept at 13 nM in the LSD1 

sample solution. At 9 mM of tranylcypromine, inhibition of the LSD1 activity 

started to show, and above 90 mM of tranylcypromine the LSD1 activity was 

almost completely inhibited. The results demonstrate the possibility that our 

colorimetric assay protocol can be used as an alternative to conventional methods 

[5,32] for a sensitive assay of LSD1 activity and its inhibitors. 
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4. Conclusions 

We have developed a simple and sensitive strategy for colorimetric LSD1 

enzyme activity assay using avidin-AuNPs. LSD1 concentrations as low as 130 

pM were readily detected by naked eye. With a spectrophotometer, a dynamic 

range of more than three orders of magnitude from 13 pM to 130 nM was 

obtained. This wide range provides the possibility for measuring LSD1 

expression levels in real cancer tissues. Compared with existing methods for the 

detection of LSD1 activity, our method has the advantages of being simple and 

of relatively low cost. In addition, our LSD1 inhibition assay also provides the 

possibility for high throughput enzyme sensing and drug screening.
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국문 초록 

HPV DNA  LSD1  활성에 대한 나노 를  

용한 직접적 검출법 

박 정 옥 

울 학  학원 화학  

 

다양한 나노  (염료가 도핑  실리카 나노 ,  

나노  및 양  ) 하여 , 단백질 및 효  등 다향한 

생물  검 하는 방법에 해 많는 연 가 진행하고 다. 러한 

나노 들  체 가지고 는  (  들  높  감도, 높  

안 , 쉬운 표  처리 등) 현재 지 많  사 하고 는 통  

형   probe  안 었다. 또한 체학 및 proteomics  

발 과 합께 러한 나노  반한  시스  상 진단에  

사 한 간단하고 빠 고 그리고 한 략  개발에 근 큰 

심  고 다. 

본 논문에   HPV DNA 칩  하여 실리카나노  

집합체   산란  반  간 HPV DNA  검  하는 방법  

개발 했다. 러한 방법에  표 HPV DNA는 칩 및 실리카 

나노 에 고 한 probe DNA  capture DNA사 에 샌드 치 
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방식  끼워 넣었다. 샌드 치식 반  발생한 곳  하얀 밝   

나타나고 안  쉽게 별 할 수 다. 복 한  비  사 하지 

않고 안  표   검 하는 방법  휴  시스  

개발에  건  공 할 수 다. 

또한, LSD1란 효  검  하  해  나노  하여 

간단하고 신 한 검  방법  개발하 다. 개발한 검  방법   

나노  액  색상 변화 반  LSD1효  검 한다.  

LSD1효 가 샘플에  액 색상  빨간색   보라색  

변화한다 그러나 LSD1  없  액 색상  아무런 변화가 없다. 

라  한 샘플에 LSD1효  재  아무런  비 없   

나노  액  한  략  안  검  할 수 다. 

 

주 어 : 실리카 나노 ,  나노 ,  산란, 집합체, HPV DNA, 

LSD1 효 , 안 검   
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