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中 文 摘 要 ： 一個穩定且多用途的生物感測器表面對於任何感測器來說都

是一項欲具備的特徵，而在混合 OEG 自我聚集單分子層上實

現的 DNA 導向蛋白質固定法提供了製備多種形式蛋白質晶片

的方法。這種 DNA 晶片適合作為長期儲存並可以只透過一個

簡單的步驟即可轉換成為蛋白質晶片。在我們的研究中，實

驗結果已經顯示出 OEG 與端基為羧基(-COOH)的 OEG 硫醇以

50:1 的莫爾比例混合，搭配使用 20 個鹼基的 DNA 序列，是

透過 DNA 導向蛋白質固定法來製作蛋白質晶片的最佳條件。

在研究中，我們研究溶液酸鹼值值對於使用 DNA 導向蛋白質

固定法來製作蛋白質晶片於進行量測人類血清蛋白的影響。

結果顯示出在偵測人類血清蛋白時得到的最大表面電漿共振

訊號是在使用酸鹼值 4.0 的 MES 緩衝液時量測到。我們推測

較大的表面電漿共振訊號應該是由於人類血清蛋白與帶負電

的感測器表面間有靜電吸引所造成。人類血清蛋白在使用酸

鹼值 4.0 的 MES 緩衝液的條件下，於感測器的最低量測極限

是 0.02 毫克/毫升。此外，表面電漿共振訊號與人類血清蛋

白的濃度間有一個線性的關係(從 0.02 毫克/毫升到 0.5 毫克

/毫升)。晶片再生的實驗也在我們的研究中進行，結果顯示

使用再生後的晶片用於量測時得到的訊號大約是使用全新的

晶片所得到訊號值的 92.3%。表面電漿共振細胞量測系統的

硬體部份，也已經在研究中完成架設，系統的測試工作仍持

續進行中。 

中文關鍵詞： DNA 導向蛋白質固定法, 表面電漿共振, OEG 硫醇, 蛋白質晶

片,晶片再生 

英 文 摘 要 ： A stable and versatile biosensor surface is a 

desirable feature for any sensor, and the DNA-

directed immobilization (DDI) of protein-DNA 

conjugates on the mixed ssDNA/Oligo(ethylene glycol) 

(OEG) self-assembled monolayers (SAMs) offer an 

alternative choice for preparing various types of 

protein chips. The patterned DNA chip is suitable for 

long-term storage and easily converted into a protein 

chip in one simple step. In our previous study, the 

experimental results indicated that a 50:1 ratio of 

OEG: COOH-terminated OEG and DNA sequences with 20 

mer are the best conditions or making a protein chip 

via a DNA-directed immobilization (DDI) method. In 

this study, we investigate the effect of buffer pH 

values on the measurement of human serum albumin 

(HSA) by using the protein chip prepared by DDI 



method. The results showed that the largest SPR 

response is found in the detection of HSA with the 

use of 10 mM MES buffer (150 mM sodium chloride, 

adjusted to pH 4.0). We suggest that this was a 

consequence from the contribution of attractive 

electrostatic force between HSA and the negatively 

charged sensor surface. The lowest detection 

limitation of HSA with the use of MES buffer is 0.02 

mg/ml. In addition, there is a linear relationship 

between the SPR signals and HSA concentrations (from 

0.02 mg/ml to 0.5 mg/ml). Chip regeneration 

experiments were also performed in our study with the 

results showing that the average response for HSA 

detection on regenerated surface was nearly 92.3% of 

the response produced by using fresh surface. The 

hardware of surface plasmon resonance system for cell 

measurement has been setup in the research, and the 

testing work of our developed system is still 

ongoing. 

英文關鍵詞： DNA-directed immobilization, surface plasmon 

resonance, Oligo(ethylene glycol), protein chip, 

regeneration 
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國科會計畫成果報告 

計畫名稱：發展基於表面電漿共振技術之細胞影像量測系統 

 

中文摘要 

   一個穩定且多用途的生物感測器表面對於任何感測器來說都是一項欲具備的特徵，而在混合 OEG 自

我聚集單分子層上實現的 DNA 導向蛋白質固定法提供了製備多種形式蛋白質晶片的方法。這種 DNA 晶

片適合作為長期儲存並可以只透過一個簡單的步驟即可轉換成為蛋白質晶片。在我們的研究中，實驗

結果已經顯示出 OEG 與端基為羧基(-COOH)的 OEG 硫醇以 50:1 的莫爾比例混合，搭配使用 20 個鹼基的

DNA 序列，是透過 DNA 導向蛋白質固定法來製作蛋白質晶片的最佳條件。在研究中，我們研究溶液酸

鹼值值對於使用 DNA 導向蛋白質固定法來製作蛋白質晶片於進行量測人類血清蛋白的影響。結果顯示

出在偵測人類血清蛋白時得到的最大表面電漿共振訊號是在使用酸鹼值 4.0 的 MES 緩衝液時量測到。

我們推測較大的表面電漿共振訊號應該是由於人類血清蛋白與帶負電的感測器表面間有靜電吸引所造

成。人類血清蛋白在使用酸鹼值 4.0 的 MES 緩衝液的條件下，於感測器的最低量測極限是 0.02 毫克/

毫升。此外，表面電漿共振訊號與人類血清蛋白的濃度間有一個線性的關係(從 0.02 毫克/毫升到 0.5

毫克/毫升)。晶片再生的實驗也在我們的研究中進行，結果顯示使用再生後的晶片用於量測時得到的

訊號大約是使用全新的晶片所得到訊號值的 92.3%。表面電漿共振細胞量測系統的硬體部份，也已經

在研究中完成架設，系統的測試工作仍持續進行中。 

 
關鍵字：DNA 導向蛋白質固定法, 表面電漿共振, OEG 硫醇, 蛋白質晶片,晶片再生 

 
Abstract 

A stable and versatile biosensor surface is a desirable feature for any sensor, and the 
DNA-directed immobilization (DDI) of protein-DNA conjugates on the mixed 
ssDNA/Oligo(ethylene glycol) (OEG) self-assembled monolayers (SAMs) offer an alternative choice 
for preparing various types of protein chips. The patterned DNA chip is suitable for long-term storage 
and easily converted into a protein chip in one simple step. In our previous study, the experimental 
results indicated that a 50:1 ratio of OEG: COOH-terminated OEG and DNA sequences with 20 mer 
are the best conditions or making a protein chip via a DNA-directed immobilization (DDI) method. In 
this study, we investigate the effect of buffer pH values on the measurement of human serum albumin 
(HSA) by using the protein chip prepared by DDI method. The results showed that the largest SPR 
response is found in the detection of HSA with the use of 10 mM MES buffer (150 mM sodium 
chloride, adjusted to pH 4.0). We suggest that this was a consequence from the contribution of 
attractive electrostatic force between HSA and the negatively charged sensor surface. The lowest 
detection limitation of HSA with the use of MES buffer is 0.02 mg/ml. In addition, there is a linear 
relationship between the SPR signals and HSA concentrations (from 0.02 mg/ml to 0.5 mg/ml). Chip 
regeneration experiments were also performed in our study with the results showing that the average 
response for HSA detection on regenerated surface was nearly 92.3% of the response produced by 
using fresh surface. The hardware of surface plasmon resonance system for cell measurement has 
been setup in the research, and the testing work of our developed system is still ongoing. 
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1. INTRODUCTION  

DNA-directed immobilization (DDI) method has been proposed and used in the fabrication of 
protein chips. The DDI method converts a patterned DNA chip to a protein chip, which make the 
preparation of a stable and versatile biosensor surface possible. Boozer et al. 1-2 demonstrated the 
feasibility of this method of using DNA-directed assembly to convert an ssDNA probe surface into a 
protein biosensor in one simple step. The conjugate coverage on the sensor surface is influenced by 
the DNA probe density and probe sequence. Different probe sequences produce different amounts of 
SPR response to complementary hybridization.1 Therefore, the complementary DNA sequences need 
to be chosen to ensure the DNA sequences have superior hybridization efficiency. Higher 
hybridization efficiency of DNA could produce a greater effect of protein immobilization through a 
DNA-directed method. 

Patterned sensor surfaces for biosensing are usually prepared with the SAMs of alkanethiolates. 
These self-assembled monolayers (SAMs) are used as a linker layer for immobilizing biological 
components at the transducer surface or used directly to study protein adsorption and cell adhesion.3-4 
Alkanethiols with the ethylene glycol (EG) group can prevent the adsorption of protein.5 The SAMs 
formed by alkanethiols with short oligomers of the ethylene glycol group ((OCH2CH2)nOH, which 
are also expressed as (EG)nOH, n=3-6) and exhibit good performance in the prevention of the 
adsorption of proteins.4-6 In our previous study, we found that the sensor surface modified with 50:1 
ratio of OEG: COOH-OEG is the optimal choice for preparing a protein chip via DNA directed 
immobilization on the mixed OEG/COOH-OEG SAM.7 In the viewpoint of practicality, this protein 
chip has enough antibodies immobilized on the sensor surface to have the two characteristics of a 
maximum conjugate coverage and better sensor sensitivity. However, 20 mer complementary 
oligonucleotides with a few bases (guanines or cytosines) arranged in order at the end-point 
sequences have the best hybridization efficiency.  

In this study, we used the same procedure as previously report 7 to prepare a protein chip for SPR 
measurement. The main purpose of this study is to investigate the effect of buffer pH value on the 
detection of human serum albumin (HSA) by using a protein chip prepared through DNA-directed 
immobilization (DDI) on the mixed OEG/COOH-OEG SAM. 
 
2. EXPERIMENT 
2.1. Chemical Reagents 

Sodium dihydrogen phosphate monohydrate (NaH2PO4•H2O), di-sodium hydrogen phosphate 
dihydrate (Na2HPO4•2H2O), and sodium hydroxide were all purchased from Merck (Germany). 
N-Hydroxy-sulfo-succinimide (sulfo-NHS), 1-ethyl-3-(3-dimethyl- aminopropyl)-carbodiimide 
hydrochloride (EDC), and Sulfo- succinimidyl 4-(p-maleimidophenyl) butyrate (sulfo-SMPB) were 
purchased from Thermo Scientific (USA). Human serum albumin, sodium chloride, monoclonal 
anti-human serum albumin (anti-HSA), tris(2-carboxyethyl)phosphine hydrochloride solution (TCEP), 
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trifluoroacetic acid (TFA), absolute ethanol (99.5%), and ethanolamine were purchased from 
Sigma-Aldrich (USA). OEG-terminated thiols (HSC11(EG)6OCH2COOH and HSC11(EG)6OH) 
were purchased from ProChimia (Poland). Phosphate buffered saline (PBS) tablets were acquired 
from Amresco (USA). 1X PBS solution contains 10 mM phosphate buffer, 137 mM sodium chloride, 
and 2.7 mM potassium chloride, adjusted to pH 7.4. 10 mM Tris-HCl (150 mM sodium chloride, 
adjusted to pH 9.0 with NaOH) and 10 mM MES buffer (150 mM sodium chloride, adjusted to pH 
4.0 with HCl) were also used as the experimental buffers. Other chemicals used in this study were all 
reagent grade. 
 
2.2. DNA–protein conjugate synthesis 

The DNA sequences used in this study are listed in Table 1. These modified oligonucleotides were 
purchased from MDBio, Inc. (Taipei City, Taiwan). The thiolated sequences c1D-SH were used to 
synthesis with HSA antibodies to form the DNA antibody conjugates, and the synthesized work was 
done according to previous literature 1-2. The key procedure was achieved by chemically 
cross-linking a thiolated single stranded DNA (ssDNA) (e.g., sequence cD1-SH) with anti-HSA. The 
operating procedure is briefly described as follows: Thiolated oligonucleotides were treated with 1 
mM TCEP for 1 h and then purified by ultrafiltration (3,000 MW cutoff membrane; Pall Corporation) 
for 10 mins. The antibodies were reacted with a 10-fold molar of sulfo-SMPB in PBS and the 
solution was incubated for 30 mins at room temperature. The molarity of antibodies was the same as 
the molarity of thiolated oligos (cD1-SH). After incubation, the derived antibodies were desalted by 
ultrafiltration (30,000 MW cutoff membrane; Millipore) for 8 mins. The DNA-conjugated antibodies 
and the thiolated oligos acquired after ultrafiltration were mixed together with 50 μl PBS and reacted 
for 30 mins. Unreacted ssDNAs were removed by ultrafiltration (30,000 MW cutoff membrane; 
Millipore) for 8 mins, and subsequently DNA-antibody conjugates were dissolved in 50 μl PBS and 
stored at 4  C prior to use. 
 
Table 1. DNA strands 

Name Sequence Description 
D1 5’NH2-TTAAAAAAAAAAAAAAAAGG-3’ used to prepare dsDNA SAMs 

cD1 5’-CCTTTTTTTTTTTTTTTTAA-3’ used to prepare dsDNA SAMs 

cD1-SH 5’HS-CCTTTTTTTTTTTTTTTTAA-3’ used to conjugate with anti-HSA 
 
2.3. SPR Measurements 

The SPR sensor platform used in this study was an SPR imaging system with six flow chambers 
that was developed by Piliarik and Homola8. A narrow-band light source was used and linearly 
polarized by a polarizer. The narrow-band light beam (central emission wavelength is 750 nm) 
impinges on a glass substrate and excites SPs at the metal-dielectric interface. For the SPR imaging 
sensor, a change in refractive index produced by the analytes at the interface results in a change in the 
intensity of reflected light. The SPR platform is a self-referencing SPR imaging sensor with 
polarization contrast,8-9 which is able to detect the smallest signal corresponding to the change in the 
refractive index unit (RIU) better than 10-6 within the operation range of 0.011 RIU.8 It also can be 
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illustrated in terms of protein surface coverage that the sensor is able to detect changes as small as 0.2 
pg/mm2. BK7 glass substrate was utilized for preparing the SPR chip. A thin adhesion chromium 
layer (thickness approx. 2 nm) was pre-coated on the clean glass substrate, and an active gold layer 
with the thickness of 48 nm was subsequently deposited on chromium layer. The flow rates in SPR 
measurements were controlled at 50 μl/min. The temperature was controlled at a constant temperature 
of 25 C. 
 
2.4. Preparing a Protein Chip  

To achieve better performance in the detection of protein, we investigated the optimal surface 
functionalization of a protein chip in our previous study.7 In this study, we adopted the same scheme 
in the preparation of the protein chip on the SPR sensor surface. Fig. 1 shows the experimental 
scheme used in this study. In the scheme, the chip was functionalized as a ssDNA chip in the first step 
via the de-hybridization of double stranded DNA (dsDNA) on the chip. Afterwards the chip was 
converted to a protein chip by hybridizing with the DNA-antibody conjugate. The overall procedures 
are illustrated briefly in the following sections. 

The SPR chips were rinsed with abundant deionized (DI) water and absolute ethanol before being 
blown dry with nitrogen. After that, chips were cleaned by UV-ozone treatment for 20 mins, followed 
by washing thoroughly with DI water and absolute ethanol, and blown dry with nitrogen. The clean 
chips were subsequently immersed in a mixture solution of OEG and COOH-OEG for 16 h. The total 
concentration of mixture is 1.1 mM and the molar ratio of OEG: COOH-OEG used in this study is 
50:1. At the 14th hour of incubation, 1% (v/v) TFA was added to the ethanol solution. The chips were 
subsequently rinsed with an ethanolic solution of NH4OH (10% (v/v)) and DI water, then blown dry 
with nitrogen. EDC and NHS were mixed together in the DI water as a coupling reagent to 
concentrations of 0.1 mM and 0.025 mM, respectively. The chip surfaces were reacted with the 
EDC/NHS solution for 15 mins for activating the carboxyl groups of the mixed OEG/COOH-OEG 
SAM. After that, the chip was rinsed with DI water and blown dry with a stream of nitrogen. The 
activated carboxyl group reacts with the amine group of a DNA sequence to generate a covalent 
bonding and anchor the DNA sequence on the mixed OEG SAM. However, the NH2 groups on three 
nitrogenous bases in a DNA sequence may have a chance to react with the activated carboxyl groups, 
causing a disordered orientation of DNA immobilization on the sensor surface. For avoiding this 
situation, the sensor chips were immersed in the PBS solutions with dsDNAs (5 μM) for 2 h instead 
of using ssDNAs. The dsDNA was prepared by mixing ssDNA and its complementary strand (e.g., 
sequences D1 and cD1) together in the PBS solution. The temperature of the PBS solution was raised 
to 80  C and the solution cooled naturally to room temperature. dsDNAs could be formed in this 
process. The chips were immersed in the PBS solutions containing dsDNAs. Then, they were rinsed 
with DI water and blown dry with nitrogen. The chips were immersed in 1 mM ethanolamine for 30 
mins to deactivate residual carboxylic groups. Subsequently, the chips were rinsed with DI water and 
blown dry with nitrogen. Chips were then immersed in 50 mM NaOH for 3 mins to dehybridize the 
immobilized dsDNAs. After rinsing with DI water thoroughly and blown dry with nitrogen, an 
ssDNA probe sensor surface was formed. 

The ssDNA/OEG probe surface could be converted to a protein chip after the chip was placed in 
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the SPR instrument. The DNA-antibody conjugates hybridized with the single-strand and 
complementary DNAs on the sensor surface. The concentration of anti-HSA-DNA conjugate in the 
PBS solution was around 0.0067 mg/ml and the solution was flowed over the sensor surface for 30 
mins, followed by washing with PBS solution for 30 mins. Finally, the SPR sensor surface with 
immobilized antibodies was ready for using in the detection of HSA. 

 

 
Fig. 1 The experimental scheme used in this study. 

 
2.5. Optimal Buffer pH 

The buffer used in the experiments of DNA hybridization or protein adsorption has a critical 
influence on the results, because the increment in salt concentration may increase the electrostatic 
shielding force for improving the efficiency of DNA hybridization. The charged amount of solute in 
the solution can be adjusted by varying the pH value. By changing the pH value of buffer solution, 
the electrostatic repulsion or attraction force between molecules can be reduced. Especially for the 
protein molecules, the selection of buffer solutions with different pH values used in 
immunodetections can result in controversial outcomes. The nonspecific binding of protein can be 
enhanced by electrostatic attraction force, and the increase in the electrostatic repulsion force between 
receptor and target molecules can decrease the ability of a sensor in the detection of specific binding.  
Kick et al.10 reported that increasing salt concentration of solvent or replacing Na+ with Mg2+ in the 
solution could increase the efficiency of DNA hybridization. Petrovykh et al.11 also proposed that 
divalent cations in the buffer solution more than the monovalent cations can improve the surface 
coverage of biomolecules in the DNA hybridization. However, it is not suitable for our scheme to 
enhance the performance of SPR measurement by merely increasing the salt concentration in the 
buffer solution, because the antibodies in DNA-protein conjugates may be influenced by the 
electrostatic shielding force and absorb on the ssDNAs as increasing the salt concentration in the 
buffer solution. The increase of salt concentration can increase the hydrophobic interactions in buffer 
solution and lead to the protein precipitation and aggregation. These consequences will cause an 
unfavorable outcome in the following immunodetection. Concerning these conditions, we did not 
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want to change salt concentration to increase the amount of immobilized DNA-protein conjugate and 
improved the performance in the immunodetection. We chose to adjust the pH value of target protein 
solution to enhance the sensing performance of a sensor surface prepared by DDI method. 

The isoelectric point (pI) of HSA is 5. The electric charge that a protein carried varies with the 
changes in environmental pH value. We performed these immunodetections of HSA in three buffers 
with different pH conditions. Fig. 2 shows the experimental results in these three buffers. The 
concentrations of HSA in these experiments are all 0.5 mg/ml and the sensor surfaces with 
DNA-conjugate anti-HSA are all prepared as the descriptions in Section 2.4. These consequences 
reveal that the largest measured signal (681.2 pg/mm2) is produced in using the pH 4.0 buffer. We 
suggest that the main reason is that the HSA has positively charged at pH 4.0 (below its pI value). 
HSA is easy to be attracted to the negatively charged sensor surface by the electrostatic force. The 
consequence contributes HSA more easily to interact with the immobilized DNA-conjugate anti-HSA. 
At pH 9.0, the binding amount of HSA on the sensor surface is the smallest (18.7 pg/mm2). We 
suggest that the consequence was contributed because the HSA carried a negative charge at pH 9.0 
and has an electrostatic repulsion force with the negatively charged DNAs on the sensor surface. The 
electrostatic repulsion force results in the decrease in the binding amount of immunodetection with 
the use of higher pH buffer solutions, such as pH 7.4 and 9.0. 
From the above experiment, we found that the pH 4.0 MES buffer benefited the interaction between 
the immobilized DNA-conjugate anti-HSA and HSA. Hence, we utilized the pH 4.0 MES buffer in 
the following experiments for the measurements of various concentrations of HSA. Fig. 3 shows the 
experimental results. The results indicate that the lowest detection limitation of HSA from use of our 
experimental scheme was 0.02 mg/ml. There is a linear relationship between HSA concentrations and 
the SPR signals. Under our experimental conditions, the SPR chip detected HSA exactly and the 
measuring signals respond to the concentrations of HSA in the solution. 
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Fig. 2 The immunodetections of HSA in three kinds of buffers (pH 4.0, 7.4, and 9.0). All experiments 
were carried out in triplicate. 
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2.6. Chip Regeneration 
By using the DDI method, a DNA chip can easily be converted to a protein chip. The 

DNA-protein conjugates are immobilized on the surface by the reaction of DNA hybridization. 
Chemical or thermal means can disrupt the hydrogen bonds in the double-helix structure of DNA for 
de-hybridization dsDNA. Therefore, the chip can be regenerated from a protein chip to a DNA probe 
chip and used again in the subsequent measurements. Fig. 4 shows the results of HSA detection and 
surface regeneration. After the first experiment was complete, the 1 M NaOH solution flowed for 6 
mins to de-hybridize the DNA duplex and remove the DNA-protein conjugates and other associated 
proteins. Then, the MES buffer at pH 4.0 was flowed into the flow chamber until the signal baseline 
almost returned to its original position. At this moment, the consecutive experiment of the same 
analyte was performed again. According to the data obtained the experiments, the SPR responses for 
HSA detection on fresh and regenerated surface are close. The average response for HSA detection on 
regenerated surface was nearly 92.3% of the response produced by using fresh surface.  
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Fig. 3 The detections of various concentrations of HSA in the MES buffer with pH 4.0. All 
experiments were performed in triplicate. 

 
2.7. SPR system for cell measurement 
   We have been completed the setup of the hardware of surface plasmon resonance system for cell 
measurement. However, some partial work of setting the surface plasmon resonance system is not yet 
finished due to the limitation of human resource and time. We will keep accomplishing the remaining 
work of developing the system in the near future. Under the financial support provide by NSC, we 
submit two conference papers and one SCI paper, and these papers are accepted and published, 
respectively. The Fig. 5 shows the current setup of surface plasmon resonance system for cell 
measurement in our lab. 



 9

0 50 100 150 200 250 300 350
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

an
ti-

H
S

A

H
S

A

D
N

A-
co

nj
ug

at
e 

an
ti-

H
S

A

 dB

Time (min)

D
N

A
-c

on
ju

ga
te

 a
nt

i-H
S

A

H
S

A

an
ti-

H
S

A

N
aO

H

 
Fig. 4 Regeneration and reusing the DNA probe surface. 

 

 
Fig. 5 The setup of SPR system for cell measurement 

3. CONCLUSIONS 
In this study, we used the DDI method to immobilize antibodies on the mixed OEG/COOH-OEG 

SAM for the detection of HSA. Among the three kinds of buffers used in this study, the MES buffer 
(pH 4.0) benefited the detection of HSA. HSA at this pH value easily approached the sensor surface 
under the effect of attraction of electrostatic force to react with the immobilized DNA-protein 
conjugates. Therefore, the largest SPR response is observed in experiments using MES buffer. The 
mixed OEG SAM presents a protein-resistant background. We have found a linear relationship 
between the concentrations of HSA and the SPR responses. The lowest detection limitation of HSA in 
concentration was 0.02 mg/ml. De-hybridization of DNA duplex for regeneration of the sensor 
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surface exhibits the regenerated surface can produce comparable responses in the steps of second 
detection. 
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