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Abstract 

 

Optimizing DNA printing on surface 

for luminescent silver nanodot 

transfer 
 

Sungjay Hong 

Department of Science Education 

(Major in Chemistry) 

The Graduate School 

Seoul National University 

 

Various silver nanodot properties have been studied and characterized in 

solution. However, their properties on the surface have not been studied 

enough yet. In this research, after printing single-stranded DNA (ssDNA) on the 

glass coverslip surface and transferring polyacrylic acid stabilized silver 

nanodots (PAA-AgNDs) to the printed DNA, we have examined the emission 

spectra of ssDNA encapsulated silver nanodots on the surface. On the glass 
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surface, even using the same ssDNA and PAA-AgNDs as in solution, emitters 

with different wavelengths are predominantly generated depending on the 

surface condition, such as system humidity, surface modifying materials, and 

surface pH. When the surface has a strong affinity for DNA, DNA can be 

kinetically trapped on the surface and cannot be reorganized with silver 

nanodots as flexibly as in the solution. Even using the same DNA and silver 

nanodots, different types of emitters can be generated by controlling the 

surface conditions. 

 

Keywords: Silver nanodots, Surface properties, DNA printing, Kinetic trap, 

Surface DNA-silver reorganization 
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Ⅰ. Introduction 

 

1.1. Silver nanodots and their applications 

 

Silver nanodots are reduced silver atom species that protected by different 

types of protection groups, such as solid matrix, peptide, polymer, and single-

stranded DNA (ssDNA)1. Silver nanodots have been studied because of their 

small size, fluorophore function, excellent photophysical properties, and 

applications utilized in various fields of scientific research1, 2 3 4 5 6. They have 

been used as cellular staining materials with an excellent signal to noise ratio7 

or DNA detection probes8 in a biological field. They have been also used in vivo 

imaging due to their high molar extinction coefficient9. Not only the function 

related to bio-cellular imaging, but silver nanodots also can measure the size 

of nanocage by using different emitters to measure the Förster resonance 

energy transfer (FRET) between the pair10. When measuring the size of a 

nanocage with FRET calculation, people can detect the diameter of a nanocage 

in a short time without cryo-TEM imaging. 
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1.2. Studying surface chemistry of silver nanodots 

 

1.2.1. Properties of silver nanodots 

 

In general, materials on a solid surface are more difficult to be characterized 

with respect to their unique properties compared to that in a solution due to 

their natural complexity11. Especially in the field of nanoscale, not only their 

surrounding environment but also their extremely small size influence their 

properties differently with larger metal particles12 13.  

When silver nanoparticles (AgNPs) are irradiated by a specific wavelength of 

the light source, the conduction electron on the metal surface simultaneously 

oscillates and this collective oscillation of electron clouds is called plasmon 

resonance (SPR)14. These silver nanoparticles can absorb the light efficiently 

due to SPR but cannot emit bright fluorescence. In contrast, nanodots not only 

can absorb the light but also emit bright fluorescence unlike silver 

nanoparticles15.  

Like previously introduced applications, usually silver nanodots have been 

studied and characterized in solution16. However, their properties on the 
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surface have not been studied yet enough. Therefore, in this research, we 

focused on studying the surface properties of the silver nanodots, especially to 

know if the predominantly generated emitter species and their emission spectra 

are same as those in solution or not. 

 

1.2.2. DNA attachment for studying silver nanodot 

surface properties 

 

Luminescent silver nanodot stability and brightness can be enhanced by 

various protection groups, such as peptide, polymer, or ssDNA17 18, and finally 

ssDNA was chosen for the protection group for silver nanodots in this research. 

One of the chemical properties of ssDNA protected silver nanodot is that the 

spectrally pure emitter excited at a certain wavelength can be generated19. For 

example, when the silver nanodot is protected by 5’-

CCCCCCCCCCCCCCCCCCCC-3’ (C20) sequence, it can generates green 

emitters at 523 nm, with a 467 nm excitation20. These emitters can be 

generated spectrally pure in solution.  

In solution, most of the materials can be purified and relatively well separated 



4 

 

from interruption of external factors from outside of system such as second 

contamination. However, on the surface condition, all materials are kept on the 

bare environment and influenced by various factors. Even silver nanodots were 

protected by the same species of ssDNA as in solution, their chemical or 

photophysical properties can be changed due to their different surrounding 

conditions. Thus the experiment about generation of emitter species and their 

emission spectra affected by environmental changing was performed.  

In this research, different types of ssDNA was tested for detecting emission 

spectra on the glass surface, but the C20 was mainly discussed hereafter. 

Various types of DNA can be used to generalize results in specific experiment 

condition, but only two to three additional types of DNA sequence was used for 

experiment, because we wanted to first examine the results of experiments in 

different environments using a single DNA sequence. 

 

1.3. DNA attachment on the surface 

 

Before detecting the emission spectra of silver nanodot transferred to DNA, 

firstly DNA should be successfully attached on the surface. To optimize DNA 
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printing on the surface, two different methods with a focus on either physical or 

chemical bonding were considered. 

 

1.3.1. Microcontact printing 

 

DNA can be fixed to glass surface with different ways such as lithography21 

22 23 24 25, inkjet printing26 27 28 29,  and microcontact printing30 31 32 33, which are 

proven methods that can uniformly attach the target materials onto the surface. 

However, for the lithography and inkjet printing, they have the disadvantage 

that the process of attaching target materials onto the surface is not so simple. 

To attach the materials by using these methods, especially for inkjet printing, 

the device to uniformly attach the materials on the surface is needed.  

However, the microcontact printing method is one of the method that can 

print target materials on the surface efficiently by easy way, using elastic stamp 

generally made of polydimethylsiloxane (PDMS)31 32 34. This PDMS stamp can 

be easily prepared by using source materials such as SU-8 with low cost 

compared with using inkjet device. 

Advantage of microcontact printing method is the simplicity of protocol30. The 
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printing protocol is generally performed in order of incubating the printing 

materials onto PDMS stamp, rinsing and drying of printing materials, and 

printing these materials from PDMS stamp to target surface. This process of 

transferring the material to the target surface is very simple, so if only the PDMS 

stamp and the printing material are well prepared, a large amount of samples 

under various conditions can be prepared in one time preparation. In addition, 

well made PDMS stamp can be anytime used after first time preparation, a 

cost-effective method.   

 

1.3.2. Covalent bonding  

 

Covalent bonding is the binding interaction between two atoms which sharing 

the electron pairs. When attach the DNA to another materials by using covalent 

bonding, the crosslinker should be used between the DNA and its target 

materials35 36. Usually the functional groups on the glass surface are hydroxyl 

group (–OH) from the oxidized silica surface37 38, so the silane crosslinker 

mostly had a specific functional groups such as methoxy (–OMe) or ethoxy (–

OEt) group that can react with –OH on the glass surface. On the other side of 
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crosslinker, the materials that can connected with DNA such as NHS ester 

groups are positioned. 

The advantage of this method is that if the covalent bond between the DNA 

and the surface is successful, it indicates that DNA exists exactly at that point. 

Unlike printing methods in which only physical contact exists between materials, 

covalent bonds can fix the target materials to surfaces much more stably due 

to crosslinking between molecules. Thus, if silver is transferred to the point 

where DNA is exactly connected on the surface, the emission detected at that 

point is exactly an emission from DNA.  

 

1.3.3. Microcontact printing for DNA attachment 

 

People tried different types of method to attach DNA on the surface condition, 

such as chemical covalent bonding method by using different chemicals and 

microcontact printing method. Each method has its own advantage and 

disadvantage compared with others. 

If DNA attached to surface by covalent bonding, the interaction between 

surface and DNA become stronger and more stable. Even after transferring the 
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silver solution, they will not be detached from surface easily due to their strong 

interaction. In this case DNA on the surface can be detected much more 

efficiently. However, several steps of experiment preparation are required to 

induce stable chemical bonding between DNA and surface, and also 

processing time is much longer than microcontact printing method.  

Microcontact printing methods can also attach the DNA to the surface, but 

binding force between DNA and surface is much weaker and DNA stability on 

the surface is worse compared with covalent bonding methods. However, once 

PDMS stamp and DNA solutions are made for transferring, they can be easily 

reused for several times of experiment. In addition, their printing process is very 

simple and DNA printing under various conditions can be attempted due to a 

relatively short experimental time. The disadvantage of weak binding force 

between DNA and the surface can be overcome by mixing DNA with high 

viscosity glycerol and spraying silver solution. 

The purpose of this experiment is to detect the surface properties of silver 

nanodot on the surface condition and for this purpose, the transfer of DNA to 

the surface must be efficiently performed and a clear distinction is needed 

whether the emission generated from surface is from DNA or not. Therefore, a 
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printing protocol capable of confirming a large amount of samples under various 

surface conditions is needed. Even if the binding interaction between surface 

and DNA is much weaker, checking various conditions at once is much more 

efficient and also printing DNA with a clear shape and size is much easier way 

to distinguish if this emission is from DNA or not. For these reasons, the 

microcontact printing method was finally used for our sample preparation. 

 

1.4. Factors affecting the printing efficiency and emission 

spectra 

 

In this research, the several parameters were compared to optimize how can 

attach DNA on the glass surface more efficiently. First of all, hydrophilicity of 

the glass coverslip was tested if it can influence the DNA printing efficiency. 

Coverslips were modified with methyl group or primary amine group attached 

silane. Simply washed coverslips without modification were also tested. Not 

only glass coverslip surface, also stamp surface hydrophilicity was tested to 

transfer DNA from coverslip to stamp efficiently. Then the concentration of DNA 

and glycerol also examined if they can be physically attached onto the glass 
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surface stable or not.  

To identify if the silver nanodots surface properties were changed on the 

surface condition or not, emission spectra were detected by a microscope. 

Samples were prepared in several different conditions after successful DNA 

printing. Because silver and DNA cannot move and interact with each other on 

the surface as flexibly as in solution, the reaction system was differently 

prepared in humid and dry condition. The modifying materials of coverslip that 

decide the surface functional groups were prepared also differently. 
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Ⅱ. Experimental section 

 

2.1. Materials 

 

(3-aminopropyl)triethoxysilane (APTES), silver nitrate, polyacrylic acid (PAA), 

isobutyl(trimethoxy)silane (IBTMS), sodium hydroxide, sodium borohydride,  

3-(2-aminoethylamino)propyldimethoxymethylsilane, anhydrous methanol, 

ethanol, toluene, glycerol, polyvinyl alcohol (PVA) were purchased from Sigma 

Aldrich and used as received. Acetone, hydrochloric acid, hydrogen peroxide 

were purchased from Daejung Chemicals&Metals. Ammonia solution was 

purchased from Samchun Chemicals. SYLGARD™ 184 Silicone Elastomer Kit 

for making PDMS stamp was purchased by Dow Chemical Company. All 

ssDNA sequences were purchased from Integrated DNA Technologies.  

 

2.2. Instruments 

 

Surface printed pattern of silver nanodots were detected by an Olympus IX81 

microscope, with an Andor LucaEM S 658M camera. DNA and glycerol mixture 
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was spin coated by Rhabdos SC-100RPM spin coater. PDMS stamp was 

baked by Drying oven FO-450M. All samples were prepared in deionized water 

(DIW) purified by a Millipore Direct-Q3 ultrapure water system with a resistivity 

of 18.2 MΩ cm. Solution pH was examined by Eutech SG/pH510 pH meter.  

 

2.3. Preparation of glass coverslips 

 

Glass coverslips were prepared in three different surface condition. Simply 

washed with detergent and rinsed by DIW, and modified to hydrophilic and 

hydrophobic. By hydrophilic modification, coverslips were immersed in acidic, 

basic solution to make hydroxyl group on the surface, then modified with 

APTES39. Hydrophobic modification was performed as same protocol with 

hydrophilic modification, only type of silane was changed from APTES to 

IBTMS. To prepare polymer coated coverslips, PVA and PAA solution of same 

concentration (5 mg/mL) were spin coated by Rhabdos spin coater. 
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2.4. Preparation of samples 

 

 

Scheme 1. Protocol of sample preparation. DNA-glycerol mixture was 

transferred from acetate/APTES modified coverslip to PDMS stamp, and 

printed on the coverslips of different condition. After DNA printing, polyacrylic 

acid stabilized silver nanodots (PAA-AgNDs) were sprayed and silver clusters 

were transferred from PAA to surface DNA. 

 

APTES modified coverslips were prepared in two types; one is for making a 

thin DNA-glycerol film to transfer DNA mixture from coverslip to PDMS stamp; 
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another is for transferring DNA pattern from PDMS stamp to the coverslip 

surface. All APTES modified coverslips were spin coated with an acetate buffer 

(50 mM, pH 4.67) to protonate surface primary amine group. A DNA-glycerol 

solution was spin-coated on the acetate/APTES modified coverslip. DNA spin-

coated film was contacted to hydrophilic modified PDMS stamp and dried by 

nitrogen gas. The stamp was then firmly pressed to another acetate/APTES 

modified coverslip. After DNA totally dried on the coverslip, PAA-AgNDs (0.243 

mM, prepared in DIW) was sprayed to DNA pattern, and subsequently silver 

nanodots in PAA were transferred to ssDNA on the glass surface and became 

ssDNA encapsulated silver nanodots. 
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Ⅲ. Results and Discussion 

 

3.1. Optimizing DNA printing on the surface 

 

Printing DNA in standard size and shape on the surface is very important 

process of this research. During detecting DNA and silver nanodots on the 

coverslip surface, it is necessary to verify whether the observed emission is 

definitely from DNA or other materials, because even only PAA-AgNDs were 

sprayed on the surface without DNA, also bright emissions can be detected by 

a microscope.  

However, when DNA was simply attached on the surface without any specific 

patterns, the emission from surface DNA which silver nanodots were 

transferred and the emission from PAA-AgNDs were hard to be distinguished. 

The reason why DNA was clearly patterned on the surface, not simply attached, 

was to make sure that detected emission is from a which material. Therefore, 

to optimize the DNA printing with clear shape on the surface, various of 

parameters were tested among the printing protocol. 
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3.1.1. Hydrophilicity of glass coverslip and PDMS stamp 

 

    

(A)                   (B)                   (C) 

Figure 1. DNA (2 mM) mixed with glycerol (20 %) patterns on the differently 

modified coverslip, printed by APTES modified PDMS stamp. Coverslips were 

detergent and DIW washed (A), IBTMS modified (B), APTES modified (C). All 

patterns were detected by microscope imaging; 420-460 nm excitation filter and 

545-580 nm emission filter were used.  

 

DNA patterns were all successfully printed in each of three different coverslip, 

but the amount of each patterns were differently printed depends on the surface 

hydrophilicity.   

In simply washed coverslip, the amount of DNA patterns were very less, size 

of pattern was also smaller than regular size, 40 μm (Figure 1A). It seems DNA 

did not transferred enough from PDMS stamp to glass coverslip due to weak 
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binding interaction between DNA and unmodified glass surface. Similar results 

were also shown in hydrophobic condition (Figure 1B). Like unmodified 

coverslip, DNA patterns were regularly printed but size of each pattern was 

smaller than 40 μm and also the number of pattern dots was slightly less than 

unmodified condition. It seems due to methyl group attached IBTMS, by which 

the binding interaction between hydrophobic coverslip surface and hydrophilic 

DNA become weaker.  

Only on the hydrophilic silane modified glass surface, the regular size of DNA 

pattern was successfully generated (Figure 1C). In this condition, coverslip 

surface was modified with APTES that contains amine groups in the carbon 

chain. DNA could have much stronger interaction with a protonated amine 

group modified surface compared with other hydrophobic or simply washed 

surface.  
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(A)                    (B) 

Figure 2. DNA (2 mM) mixed with glycerol (20 %) patterns on APTES modified 

coverslip, printed by differently modified PDMS stamp. PDMS stamps were 

unmodified (A) or modified with APTES (B). All patterns were detected by 

microscope imaging; 420-460 nm excitation filter and 545-580 nm emission 

filter were used. 

 

The hydrophilicity of PDMS stamp was also very important for successfully 

transferring the DNA from DNA-glycerol film to PDMS stamp, and then from 

PDMS stamp to coverslip to be patterned. DNA patterns were not successfully 

printed on the surface when using PDMS stamp without any modification 

(Figure 2A). However, the clear DNA patterns appeared when using APTES 

modified PDMS stamp (Figure 2B). Similar as coverslip hydrophilicity, DNA did 

not attached efficiently to unmodified PDMS stamp due to their low 

hydrophilicity. 
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3.1.2. Concentration of DNA and glycerol 

 

   

(A)                   (B)                   (C) 

Figure 3. Different concentration of DNA mixed with glycerol (20 %) patterns 

on the APTES modified coverslip, printed by APTES modified PDMS stamp. 

Concentration of DNA was 0.5 mM (A), 1.0 mM (B), 2.0 mM (C). All patterns 

were detected by microscope imaging; 420-460 nm excitation filter and 545-

580 nm emission filter were used. 

 

Concentration of DNA also has affected to print the DNA on the surface. Until 

the concentration of DNA reached to 2 mM, the number of patterns was very 

less, 0.5 and 1.0 mM (Figure 3A, 3B). DNA patterns on the surface were 

successfully printed when their concentration reached to at least 2 mM (Figure 

3C) and most of them appeared with standard size in a clear circle shape.  
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(A)                  (B)                    (C) 

Figure 4. DNA (2 mM) mixed with different concentration of glycerol patterns 

on APTES modified coverslip, printed by APTES modified PDMS stamp. 

Concentration of glycerol was 10 % (A), 20 % (B), 40 % (C). All patterns were 

detected by microscope imaging; 420-460 nm excitation filter and 545-580 nm 

emission filter were used. 

 

During printing protocol, silver nanodot was transferred from sprayed PAA-

AgNDs solution to DNA patterns on the glass surface. Because water-based 

solutions were sprayed on the surface, DNA was required to be viscous to keep 

the clear patterns. So different concentration of viscous glycerol was mixed 

together with DNA. When the concentration of glycerol was between 10 to 20% 

(Figure 4A, 4B), DNA was successfully fixed on the surface. It seems when 

the concentration of mixed glycerol increased, fixing efficiency of DNA also 

increased.  
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However, the printing efficiency of DNA was decreased in too high 

concentration of glycerol (Figure 4C). When the concentration of glycerol 

reached to 40%, almost no bright DNA emitters were detected on the surface. 

It seemed most of DNA molecules were buried in the glycerol and their 

emission was also blocked.  

 

3.2. Different emission spectra of ssDNA protected silver 

nanodots depending on the surface condition 

 

After successfully print the DNA on the glass surface, we detected emission 

spectra of silver nanodots on the surface with different wavelength, 480-520 

nm (green range), 545-580 nm (yellow range), 585-625 nm (red range), 665-

700 nm (near-IR range), and all samples were excited at 420-460 nm. DNA 

protected silver nanodots have specific emission spectra under different 

excitation source when silver nanodots were transferred to solution condition, 

which means DNA-silver compound can generate pure emitters. However, on 

the surface condition, emission spectra of DNA-silver compound were 

generated differently depends on their environment even using same sequence 
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of ssDNA. To study spectral properties of silver nanodot on the surface, their 

emission spectra were monitored and compared in different condition. The 

emission intensity can be treated as equal to the amount of the emitters 

generated. 

 

3.2.1. Influence of system humidity 
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Figure 5. Emission spectra of silver nanodots transferred to C20 DNA on the 

coverslip surface. Each samples were kept in the opened system (A) and 

sealed system (B) after silver solutions were sprayed to surface DNA.  

 

Silver solutions were sprayed to DNA printed pattern on the glass surface 

and dried for 1 hr. Samples were kept in different Petri dish. First sample was 

kept in an open Petri dish without any sealing, second sample was kept in a 
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sealed Petri dish. The second Petri dish was covered with a lid and the small 

gap between Petri dish and the lid was completely sealed with parafilm paper, 

therefore the moisture in the system was saturated during DNA-silver solution 

reaction.  

In opened system (Figure 5A), the emission intensity of green to red range 

were much lower than that in the near-IR range, which means most of the 

emitters were generated in the near-IR range. Except the near-IR emitters, 

emission intensity of yellow emitter was highest and of green and red emitter 

was lower than yellow, indicating not only near-IR emitters were generated, 

even less amount of yellow emitters were also generated. 

However in sealed system (Figure 5B), the emission intensity of near-IR 

range was significantly decreased and of yellow range was highly increased 

compared with the opened system, which means yellow emitters were 

predominantly generated. The opening and closing of each system might 

induced the ambient humidity of the silver solution differently and also affected 

the reaction time and environment at which silver was transferred to DNA. 

In opened system, solutions were evaporated in a short period and the 

transferring time from silver to DNA was affected by silver solution’s 
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evaporation speed. Due to short evaporation time in opened system, silver 

might not be fully transferred to DNA as in a solution. Then the generation of 

emitter species might be influenced by this insufficient interaction between 

silver and DNA. However, some of the silver might be transferred to DNA 

successfully even in a short period, so even small amount of yellow emitters 

were also generated, not only near-IR emitters.  

By contrast in sealed system, sprayed silver solution might be remained on 

the surface for much longer time than as in opened system. The reaction time 

between silver and DNA might similar as in solution due to humid environment 

in the Petri dish. Even DNA molecules were fixed with glycerol on the surface, 

they can more freely interact with silver clusters in the moisture saturated 

system. During surface DNA was covered with the droplet of silver solution, it 

can be interacted with silver cluster as much similar condition as in solution 

until solution droplet evaporated. However, due to perfect sealing of Petri dish, 

system might be remained in a saturated state and the interaction between 

silver and DNA can be last for a sufficient time. 

In opened system, dry condition, the interaction between silver and DNA was 

insufficient due to quick evaporation of silver solution. However, in sealed 
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system, humid condition, during the surface DNA were contacted with silver 

droplet for a sufficient time, they can be redissolved into silver solution and 

reacted with silver more efficiently as in solution. Thus, the generation of 

emitters on the surface can be affected by the system humidity which can 

influenced the interaction time between silver and DNA.  

 

3.2.2. Influence of surface modifying material 
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Figure 6. Emission spectra of silver nanodots transferred to C20 DNA depends 

on the coverslip modifying materials. Each coverslips were spin coated with 
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PVA (A), modified with IBTMS, hydrophobic silane (B), simply washed (C), 

modified with APTES, hydrophilic silane (D). All samples were prepared in 

opened system, without any Petri dish sealing. 

 

Emission spectra of C20 protected silver nanodots was also shown differently 

depends on their surface modifying material. Surface modifying materials are 

important factors for attaching DNA to the glass surface because their binding 

force might be decided by the affinity with DNA. The binding force depending 

on the surface modifying material is important factor of rearrangement between 

silver cluster encapsulated in PAA and surface DNA. Because systems were 

opened in every condition, the silver solution sprayed on the surface DNA might 

be evaporated in a short period under dry environment, and unlike humid 

condition, might not be able to reacted with surface DNA in sufficient time. So 

unlike in solution, how flexibly DNA can react with silver clusters in a surface 

environment where it cannot move freely, can be decided by the binding force 

between the surface modifying material and DNA.   

Coverslips were modified with different materials and different functional 

groups were covered on the each coverslip surface. When compared with C20 
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emitters in solution, the most similar emission spectra were detected in the PVA, 

polymer coated surface, and the most different emission spectra was detected 

in the APTES, hydrophilic silane modified surface. 

In PVA coated condition (Figure 6A), similar as in humid condition, yellow 

emitters were generated the most and near-IR emitters were the less. Similar 

as in PVA, in IBTMS modified hydrophobic condition (Figure 6B), the number 

of yellow emitters was highest, and near-IR emitters was lowest; similar 

emission spectra was appeared. However, the relative amount of yellow 

emitters compared with near-IR was decreased than PVA condition.  In 

unmodified coverslip condition (Figure 6C), the yellow and near-IR emitter 

were generated almost the same amount, but yellow was slightly higher. In 

APTES hydrophilic modified condition (Figure 6D), near-IR emitters were 

predominantly generated compared with other emitters.  

Depends on the surface modifying material and condition, the emission 

spectra was differently generated even with the same opened system and the 

same DNA sequence used. Therefore, this result was influenced by how flexibly 

the DNA can move on the each of surface condition. 

DNA was physically attached with coverslip surface after transferred from 
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PDMS stamp and their binding force with coverslip surface was different in each 

of surface condition. As tested in printing step, APTES modified surface had 

stronger affinity with DNA due to their hydrophilicity than IBTMS modified 

surface, which means DNA can be flexibly moved in IBTMS condition than 

APTES condition. The same principle might be applied between unmodified 

and APTES modified condition, DNA can more flexibly move in unmodified 

condition. In PVA coated surface, because all area of coverslip surface was 

physically blocked by concentrated PVA, the affinity between surface and DNA 

might be decreased compared with other condition. 

 

 

Scheme 2. Kinetic trapping of silver nanodots and DNA on the surface. DNA 

and silver clusters were hard be reorganized efficiently due to strong interaction 

between surface and materials, the low flexibility of DNA.  
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Depends on the surface flexibility of DNA and silver, different emitters can be 

generated. When there was strong affinity between surface and DNA, DNA can 

be kinetically trapped on the surface and cannot move freely and flexibly. In 

this condition, even if silver solution was successfully transferred to surface 

DNA, they cannot be reorganized efficiently because DNA is strongly fixed and 

trapped on the surface. Due to their inefficient reorganization, the species of 

emitters also differently generated. The near-IR emitters were predominantly 

generated when DNA was strongly fixed on the surface such as APTES 

hydrophilic modified condition. 

By contrast, when the affinity between the surface and DNA was less, DNA 

can move more flexibly even on the surface condition and the reorganization 

and reconstruction between silver clusters and DNA can be more efficiently 

occurred. In this condition, more similar emitters can be generated as in 

solution. Mostly yellow emitters were generated when DNA and surface affinity 

was less such as PVA coated or IBTMS hydrophobic modified condition. The 

same principle can be applied to the generation of different emitters depends 

on system humidity because DNA can more flexibly move in humid condition 

than dry condition.  
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Figure 7. The ratio of C20 emission intensity depends on different surface 

modifying materials between two emitters, the yellow and red emitters (A), 

yellow and near-IR emitters (B).  

 

The emission spectra depend on the surface modifying materials was 

differently appeared in each of condition. Experiment result indicated that the 

DNA flexibility on the surface had an important role in the generation of emitters 

species. 

Basically C20 emitters can emit at 523 nm, therefore the red emitters cannot 

be predominantly generated in any conditions, especially the yellow and red 

emitters were generated in almost similar ratio in every condition (Figure 7A). 

The amount of red emitter was considered that not significantly affected by 

different surface modifying materials. It seemed that only the near-IR emitters 
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were affected by different surface conditions (Figure 7B), depending on how 

strong the interaction between the surface and the material is. 

 

3.2.3. Influence of surface pH 
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Figure 8. The ratio of C20 emission intensity between the yellow and near-IR 

emitters depends on surface pH. DNA was printed on the simply washed 

coverslip spin coated by PAA with different pH (5, 6, 7, 8, 9 and 10).  

 

Generation of emitters was also affected by different surface pH (Figure 8). 

The ratio between yellow and near-IR was detected almost similarly in all range 

of pH, between 2 to 4. Because every value was over the 1, this result indicated 

that the yellow emitters were generated more than near-IR emitters in every pH. 
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All samples were prepared in simply washed coverslip and the near-IR emitters 

were always less generated than yellow emitters in this unmodified condition 

(Figure 6C, 7B), so this result seemed reasonable. The ratio between yellow 

and near-IR emitter was slightly increased compared with previous unmodified 

condition, the reason might be due to polymer spin coating on the coverslip 

surface (Figure 6A, 7B). 

However in pH 7, value was highly increased compared with other pH 

condition. The value was near 10 in pH 7, while the average values of other pH 

condition were nearby 2 to 4. Result might be influenced by electrostatic force 

between surface and DNA. In lower surface pH, surface was charged more 

positively and electrostatic interaction between negatively charged DNA was 

increased. Therefore, more near-IR emitters were generated due to increasing 

of kinetic trapping between surface and DNA. However, in neutral charged pH 

7, which has a lowest electrostatic interaction with negatively charged DNA, the 

amount of DNA trapped on the surface was much less that other pH condition, 

thus less number of near-IR emitters was generated. Finally, the ratio between 

yellow and near-IR emitters were highest in pH 7. 
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3.2.4. Influence of DNA sequence 

 

The generation of near-IR emitters were not only influenced by different 

surface condition, also by the sequence of DNA used for silver transfer19 40. 

Even C20 was mostly used for the experiment, different sequence of DNA 

sequences were also compared. All different DNA sequence condition was 

prepared in APTES modified coverslip due to printing efficiency and pattern 

recognition.  
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Figure 9. Emission spectra of silver nanodot transferred to different sequence 

of DNA. 5’-TTCCCACCCACCCCGGCCC-3’ DNA used sample was kept in the 

opened system (A) and sealed system (B), 5’-TTAACCCCCCCCCCCCTTAA-

3’ (TTAAC12) DNA used sample was also kept in the opened system (C) and 

sealed system (D) after silver solutions were sprayed to surface DNA.  

 

Emission spectra was also influenced by different DNA sequence. When 

silver was transferred to the 5'-TTCCCACCCCCCCCGCCC-3' DNA in dry 

condition (Figure 9A), the near-IR emitters were predominantly generated, and 

the amount of the remaining emitters were increased sequentially from the 

lower to higher wavelength. Tendency of emission spectra was also similar in 

humid condition (Figure 9B), the amount of green emitter was lowest, near-IR 

emitter was highest. Even the amount of near-IR emitter was decreased 

compared with dry condition, near-IR amount was still highest unlike C20 which 

near-IR emitter amount became less than other emitters. 

However, in TTAAC12 condition, their emission spectra were generated 

similar as C20. Near-IR emitter was predominantly generated but yellow also 

slightly generated in dry condition (Figure 9C), and the amount of near-IR 
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emitter was significantly decreased and yellow highly increased in humid 

condition (Figure 9B). The emission spectral tendency of TTAAC12 in both dry 

and humid condition almost similarly appeared as C20 (Figure 5), even the 

amount difference between yellow and near-IR was less. 

Though only two additional DNA sequences were used for experiment, their 

emission spectra difference depends on humidity differently appeared in each 

sequence. In addition, the generation of near-IR emitters was always 

influenced by the surface flexibility of DNA and silver nanodots regardless of 

DNA sequence.  
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Ⅳ. Conclusions 

 

DNA printing efficiency was mostly influenced by the concentration of 

materials and the hydrophilicity of PDMS stamp and surface. Through the DNA 

printed in a clear shape on the surface, it was possible to be certain that 

detected emission was from the silver nanodots transferred to DNA.  

The emission spectra of silver nanodots which transferred to the DNA on the 

surface condition differently appeared as in solution. On the surface, emitters 

were not generated the same as in solution and the large amount of near-IR 

emitters were additionally generated. The generation of the emitters on the 

surface condition was influenced by various factors such as system humidity, 

surface modifying materials, surface pH, or DNA sequence and related to how 

the DNA and silver nanodots were kinetically trapped on the surface. The near-

IR emitters were easily generated when DNA and silver nanodots could not be 

reorganized efficiently while they were strongly trapped on the surface and 

cannot be moved flexibly unlike solution. In contrast, when DNA and silver 

nanodots could move more flexibly on the surface, emitters were generated 

more similarly as in solution.  
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These result indicated that emitters can be selectively generated on the 

surface even using same DNA sequence by controlling the surface 

environment. 
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국문 초록 

 

다양한 은 나노닷 특성은 용액 상태에서 연구되어 왔고 특성화되어 왔다. 

하지만 표면에서 그들의 특성에 관한 연구는 아직 충분히 연구되지 않았다. 

본 연구는 유리 커버슬립 표면에 단일 가닥 DNA(ssDNA)를 프린트하고 그 

위에 폴리아크릴산으로 안정화된 은 나노닷(PAA-AgNDs)을 이동시켜, 그 

표면에서 ssDNA로 둘러싸인 은 나노닷의 발광 스펙트럼을 조사하였다. 

용액에서와 같은 ssDNA와 PAA-AgNDs를 사용하더라도, 유리 표면에서는 

시스템의 습도, 표면 개질 물질, 표면 pH와 같은 표면 조건에 따라 다른 

파장을 지닌 발광체가 우세하게 생성되었다. 표면과 DNA가 강한 친화력을 

가질 때 DNA는 표면에 동역학적으로 갇힐 수 있고, 용액에서와 같이 

유연하게 은 나노닷으로 재구성될 수 없다. 같은 DNA와 은 나노닷을 

사용하더라도 표면 조건을 조절함으로써 다양한 발광체를 생성할 수 있다. 

 

주요어: 은 나노닷, 표면 특성, DNA 프린팅, 동역학적 갇힘, 표면 DNA-은 

재구성 
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