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In the past few years, DNA sensors based on immobilized DNA 
oligonucleotides have become an essential tool in DNA analysis. However, sensitivity 
and selectivity were still problematic in many applications. One efficient way to 
improve the performance of DNA sensors was a replacement of traditional DNA 
probe by other DNA mimics which possessed superior properties. AcpcPNA is an 
attractive candidate DNA replacement because of its excellent stability and 
specificity of the acpcPNA-DNA hybrid. In this work, the acpcPNA was immobilized on 
cellulose paper by employing divinyl sulfone as a crosslinker. AcpcPNA acting as a 
capture probe rapidly hybridized with DNA target which was delivered through 
capillary transport. After that, DNA detection was carried out by simple staining with 
azure A. The results showed high specificity which can clearly discriminate single-
base mismatch although the sensitivity was somewhat low (detection limit was 3.3 
pmol). The signal intensity could have been theoretically enhanced by increasing the 
length of hanging sequence; nevertheless, preliminary experiments suggest that 
longer sequence led to more steric effect and therefore the detection of very long 
DNA sequences still requires further development. In conclusion, a prototype of 
paper-based macroarray with immobilized acpcPNA probes for DNA detection was 
developed for a simple and rapid label-free DNA detection with high specificity. 
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CHAPTER I 
INTRODUCTION 

1.1 DNA detection in pattern of analytical array 

DNA detection has been very important in the fields of forensic science,1 food 
analysis,2 and diagnostic applications.3-5 Among various analytical methods, DNA 
arrays are one of the most attractive methods due to its high throughputness and 
short detection time. Furthermore, a number of these DNA sensors have been 
developed and continued to increase in commercial utility.6 However, they are still 
not readily accessible for many developing countries, where resources and 
technology are very limited.7 Simple and robust assays that can be used routinely 
and do not require expensive instruments and specially trained personnel are 
accordingly essential and progressively utilized in those countries. This matter 
challenges many researchers to develop practical, low-cost, instrument-free and 
highly effective approaches. In this regard, cellulose paper, a natural material 
possessing several advantages such as low cost and biocompatibility, is attractive to 
be employed as an inexpensive platform for such analytical devices.8-9 
 
1.2 Background and examples of paper-based analytical devices 

The history of paper-based sensors has been dated back since paper 
chromatography was invented leading to the Nobel Prize in chemistry in 1952.10-11 
Pregnancy test which is a well-known commercial product was produced afterwards. 
This became the first lateral flow assay and one of the most used point-of-care 
biosensors.12 Later, the number of paper-based analytical devices has increased 
significantly.10-11 While the majority of DNA arrays employed glass slides, nylon 
membranes and gold surfaces, paper-based platforms did not gain much attention 
until recently. During the past 5 years, there were extensive development of paper-
based analytical devices in the field of point-of-care DNA testing, where simplicity, 
affordability, sensitivity, specificity, rapidity and robustness are all required.13 An 
example was paper-based analytical devices for DNA detection prepared by a simple 
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two-step method, in which divinyl sulfone (DVS) was employed as an effective 
linker.9 

The DVS molecule contains two electrophilic vinyl groups that allow the 
covalent attachment of nucleophile-bearing biomolecules.9 Amino-functionalized 
oligonucleotides can be immobilized onto cellulose paper through a simple two-step 
method performed in aqueous solution (Figure 1.1A). Oligonucleotide A was spotted 
onto DVS-activated (DVS+) and unmodified (DVS-) cellulose membranes, which 
illustrate covalent attachment to the DVS+ substrate and physisorption to the DVS- 
cellulose respectively (Figure 1.1B). Washing step removed the majority of 
physisorbed oligonucleotide, while covalently-bound DNA remained on the DVS+ 
membrane. Dylight 649-labeled probe sequence A’ was utilized in a fluorometric 
DNA hybridization assay. Oligonucleotide A that was bound with DNA on the DVS+ 
membranes gave stronger signal intensity. This result demonstrated that DVS-
activated cellulose paper is suitable to be used as a base material for fabrication of 
DNA detection device.  
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Figure 1.1 (A) Reaction showing chemical activation and functionalization with 
nucleophile-bearing biomolecule of cellulose. (B) Schematic diagrams of comparison 
between covalently-bound and physisorbed DNA on cellulose platform for DNA 
analysis.9 

Another example is the development of colorimetric bioassay based on 
cellulose paper to detect the DNA of pathogens. In this study, the paper-based 
device was prepared by tosylation and precipitation of microcrystalline cellulose; A 
5’-end hexanethiol-modified oligonucleotide was then immobilized onto the 
tosylated cellulose (Figure 1.2).14 After that, the strip was incubated in a solution of 
biotinylated DNA target, followed by a detection method based on streptavidin-
horseradish peroxidase (SA-HRP) using 3,5,3’,5’-tetramethylbenzidine as a substrate. 
The results showed that the detection limit was 0.05 pmol and analysis of 71 and 74 
bp PCR products was successful; nevertheless, the specificity was rather low in 
discrimination between fully matched, single-, double-, and triple-base mismatched 
sequences. 
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Figure 1.2 Enzyme-based coloricmetric assay on tosylated cellulose paper with 
immobilized DNA probe.14 

 
Another interesting example is the development of a paper-based device for 

rapid target hybridization. In this work, 1,4-phenylenediisothiocyanate (PDITC), an 
amine-reactive homobifunctional linker, was used to activate paper sheets for 
immobilization of amino-functionalized single-stranded DNA (ssDNA) probe (Figure 
1.3A).8 The DNA hybridization assay was performed through capillary transport of the 
DNA sample through the ssDNA-immobilized paper. Importantly, the intrinsic porosity 
of cellulose paper is a crucial factor which allows capillary flow leading to rapid 
hybridization. After separation of targeted Cy3-labeled single-stranded DNA from PCR 
mixture, the strip was dipped in the DNA solution which sequentially moved along 
the paper. The labeled-target captured by the DNA probe provided fluorescence 
signals in the area that contain the immobilized probe (Figure 1.3B). A similar 
strategy was also applied with paramagnetic beads-biotinylated PCR products 
conjugates, which allowed direct visualization by naked eyes (Figure 1.3C).13  
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Figure 1.3 (A) Schematic illustration of the methodology of activation of cellulose 
sufaces with PDITC followed by DNA immobilization. Rapid hybridization of (B) Cy3-
labeled ssDNA and (C) bead-ssDNA complexes through capillary force.8, 13  
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Although DNA arrays are widely used and can be applied in several detection 
assays, the discrimination of single nucleotide mismatch is often challenging.15 In 
order to overcome this limitation, peptide nucleic acid, a DNA mimic with remarkable 
features, especially high specificity, has been extensively investigated as a DNA 
probe. To the best of our knowledge, the combination of PNA and paper-based 
device for DNA detection has not yet been reported prior to this study apart from 
only one report from our own group.16 
 
1.3 Peptide nucleic acid 

1.3.1 History of peptide nucleic acid and its property 

Peptide nucleic acid (PNA) is a nucleic acid analog of which the sugar 
phosphate backbone is replaced by a synthetic peptide backbone, resulting in an 
uncharged mimic (Figure 1.4A). The PNA prototype, where the backbone consists of 
N-(2-aminoethyl)glycine units (now known as aegPNA) was discovered by Nielsen and 
coworkers in 1991.17-19 In spite of the difference of chemical functionalities, the 
intramolecular distances between consecutive nucleobases and the distance 
between the nucleobases and the backbone are similar to those in natural DNA 
molecule.20 AegPNA consequently can bind to DNA according to standard Watson-
Crick rules (Figure 1.4B). Due to the absence of charges on aegPNA backbone, 
electrostatic repulsion between aegPNA-DNA complexes is absent, leading to higher 
thermal stability than DNA-DNA duplexes. The strong affinity between aegPNA and 
DNA target usually led to a decrease in the limit of detection in many applications.2, 

15 Another attractive feature of aegPNA is its capability of discriminating between fully 
matched and single-base mismatched DNA with high specificity – usually exceeds the 
corresponding DNA. Furthermore, the unnatural peptide backbone of aegPNA exhibits 
much greater biological and chemical stability than DNA, rendering long-term storage 
at room temperature and can be used with samples containing proteases or 
nucleases.2, 21 
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Figure 1.4 (A) Repeating units in the structure of DNA and aegPNA. (B) an aegPNA-DNA 
duplex in the antiparallel mode, showing the base pairing according to the Watson-
Crick base-pairing rules. 

 
Due to the aforementioned advantages, aegPNA has been utilized in 

various analytical applications, especially for the detection of DNA/RNA targets.2, 15 
Examples include a fluorescent DNA probe based on immobilized aegPNA on a glass 
slide,21-22 an aegPNA-immobilized nylon membrane for luminescence imaging,23 and a 
label-free DNA detection by using gold nanoparticle enhancement.24 These 
developments DNA-based biosensors focused on glass, nylon and gold surface,25 
whereas cellulose platform was rarely applied. 
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1.3.2 A recent development of conformationally constrained PNAs and 
 their attractive features 

Various systems of PNA are being continuously developed in order to 
improve binding properties over aegPNA, the firstly discovered PNA. One of the most 
successful concepts is a design of conformationally constrained structure to reduce 
the entropy change in formation of PNA-DNA complex. Based on this concept, the 
pyrrolidinyl PNA incorporated with nucleobase-modified proline and 2-amino-1-
cyclopentanecarboxylic acid (ACPC) as a rigid spacer (acpcPNA, Figure 1.5A) was 
introduced by Vilaivan and coworkers.26 AcpcPNA structure is conformationally rigid, 
rendering higher thermal stability of its DNA hybrid compared to aegPNA. Besides, the 
specificity of acpcPNA was demonstrated by the extremely large decreases of 
thermal stability in mismatched hybrids compared to the complementary hybrid. 
Interestingly, acpcPNA-DNA hybrid could only form in antiparallel direction (Figure 
1.5B), whereas both parallel and antiparallel forms may occur in aegPNA-DNA 
hybrids. The excellent performance of acpcPNA suggests it as a potential candidate 
as a paper-based analytical device for DNA detection with improved sensitivity and 
specificity. 

 
Figure 1.5 (A) acpcPNA structure. (B) Antiparallel hybrid of acpcPNA and DNA.  
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A potential prototype of paper-based DNA biosensors using acpcPNA 
probe was described by Laopa and coworkers.16 The development of this sensor is 
based on the concept similar to dot blot hybridization that consists of four steps, 
which are spotting of the DNA targets on the paper substrate ("blotting"), 
hybridization with sequence-specific probe, conjugation to enzyme-labeled 
secondary probe, and addition of substrates to generate signals. For the first step, 
DNA target was spotted on cellulose paper functionalized with a positively charged 
polymer called quaternized poly(2-(dimethylamino)ehtylmethacrylate) or 
QPDMAEMA. The DNA was adsorbed on the membrane by electrostatic interaction 
between the positive charges of the QPDMAEMA-grafted paper and the negative 
charges of its backbone phosphate groups. The immobilized DNA was then 
hybridized with biotinylated acpcPNA probe (b-PNA) and sequentially conjugated 
with streptavidin-horseradish peroxidase (SA-HRP), whereas mismatched DNA was not 
(Figure 1.6). Finally, a yellow signal was generated by the reaction with the HRP 
substrates – o-phenylenediamine (OPD) and hydrogen peroxide. This enzyme-based 
colorimetric assay showed a very high sensitivity where detection limit was 10 fmol. 
Moreover, incorporation of acpcPNA exhibited high specificity allowing single 
mismatch discrimination. However, many steps were required and the adsorption of 
the DNA by electrostatic interaction is non-specific by nature, and therefore other 
non-specific DNA may potentially interfere with the detection according to this 
concept. 
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Figure 1.6 Schematic diagram of a paper-based colorimetric enzyme-based assay for 
DNA detection using acpcPNA probes.16 
 
1.4 Rationale and objective of this work 

This work aims to develop a paper-based DNA analytical device for point-of-
care tests. AcpcPNA possessing high sequence specificity and strong affinity to DNA 
was employed as a probe. Unlike the previous work by Laopa et al. that also uses 
acpcPNA and cellulose paper for DNA detection,16 the acpcPNA probes will be 
covalently immobilized on the cellulose membrane through a suitable chemistry 
such as divinyl sulfone activation. This will be used in combination with a simple, 
rapid, label-free and instrument-free method for the DNA detection with high 
sensitivity and specificity. Thus, a simple two-step assay consisting of DNA 
hybridization and staining steps was proposed. The DNA target will be captured by 
acpcPNA immobilized on cellulose paper via capillary transport (Scheme 1.1A) and 
then stained with a suitable cationic dye which would selectively interact with the 
captured DNA target, but not with the immobilized PNA probe, through electrostatic 
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interaction (Scheme 1.1B). Mismatched DNA would not bind to the immobilized PNA 
probes and would be easily removed by washing with a buffer solution.  

 
Scheme 1.1 (A) Movement of DNA along paper strip through capillary transport. DNA 
target was captured by complementary acpcPNA probe and ignored by the other.  
(B) Electrostatic interactions between a cationic dye and target DNA captured by 
acpcPNA immobilized on cellulose membrane. 



 

 

CHAPTER II 
EXPERIMENTAL SECTION 

2.1 Materials 

All chemicals were purchased from Fluka, Merck, ChemImpex or Sigma-
Aldrich Chemical Co., Ltd., and were used as received without further purification. 
Anhydrous N,N-dimethylformamide (H2O ≤ 0.01 %) for solid phase peptide synthesis 
was obtained from RCI Labscan and was dried over activated 4Å molecular sieves 
before use. The solid support for peptide synthesis (TentaGel S-RAM Fmoc resin, 0.24 
mmol/g) was obtained from Fluka. The protected amino acids (Fmoc-L-Lys(Boc)-
OPfp) were purchased from Calibiochem Novabiochem Co., Ltd. Nitrogen gas was 
obtained from Labgas (Thailand) Co., Ltd. with high purity up to 99.995%. 
Chromatography paper (grade 1 Chr) was purchased from GE Healthcare UK Ltd. 
Divinyl sulfone was purchased from Merck. Azure A was purchased from Chemimpex. 
MilliQ water was obtained from ultrapure water system with Millipak® 40 filter unit 
0.22 µm, Millipore (USA). All oligonucleotides were purchased from Pacific Science 
(Bangkok, Thailand). 
 
2.2 Synthesis of acpcPNA 

2.2.1 AcpcPNA monomer synthesis 

The four Fmoc-protected, Pfp-activated pyrrolidinyl PNA monomers 
(Fomc-ABz-OPfp, Fmoc-CBz-OPfp, Fmoc-GIbu-OH and Fmoc-T-OPfp), and (1S,2S)-2-
amino-1-cyclopentanecarboxylic acid (ACPC) spacer (Figure 2.1) were synthesized by 
Ms. Boonsong Ditmangklo (Fmoc-T-OPfp, Fmoc-ACPC-OPfp), Ms. Duangrat Nim-
Anussornkul (Fomc-ABz-OPfp, Fmoc-CBz-OPfp) and Mr. Chayan Charoenpakdee (Fmoc-
GIbu-OH) using the previously reported methods.27-28 
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Figure 2.1 Structure of pyrrolidinyl PNA monomers and ACPC spacer used for solid 
phase peptide synthesis 
 

2.2.2 Solid phase peptide synthesis 

AcpcPNAs were synthesized on Tentagel S-RAM resin through a 
standard solid-phase peptide synthesis protocol at 1.5 µmol scale (1 equiv) by 
stepwise couplings of four Fmoc-protected pyrrolidinyl PNA monomers and the 
activated ACPC spacer as reported in details elsewhere.29 The N-terminal Fmoc group 
on the resin was first removed (100 µL of 20% piperidine and 2% DBU in DMF, 5 
minutes), revealing a reactive N-terminal amine. Next, Pfp-activated monomers or 
spacer or Fmoc-L-Lys(Boc)-OPfp were directly coupled to free amino groups on the 
resin (4 equiv Pfp-activated monomers or spacer or Fmoc-L-Lys(Boc)-OPfp, 4 equiv 
HOAt, 4 equiv DIEA in DMF, 30-minute single coupling (40 minutes for Fmoc-T-OPfp)). 
In the case of Fmoc-GIbu-OH, HATU-activation was required before the coupling  
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(4 equiv free acid monomers, 4 equiv HATU, 8 equiv DIEA in DMF, 1-minute pre-
activation, 40-minute single coupling). Finally, a capping step was applied to ensure 
the absence of any unreacted free amino group (5 µL of Ac2O and 30 µL of 7% DIEA 
in DMF). This process was repeatedly performed until the desired sequence was 
obtained. For the last amino acid, N-terminal Fmoc group was removed and the free 
amino group of the acpcPNA was then acetylated. The nucleobase protecting groups 
were removed by heating with 1:1 aqueous ammonia-dioxane at 60 °C overnight, 
before the resin was washed thoroughly with methanol and dried. The acpcPNA was 
cleaved by treatment with 500 µL of trifluoroacetic acid (TFA) for 1 hour (3 times), 
purged by N2 and washed by diethyl ether to remove TFA. Purification was 
performed by reverse phase HPLC on a Water 600 HPLC System using C-18 column 
(4.6x50 mm). The sample elution was carried out using a gradient of water (A) and 
methanol (B) containing 0.1% trifluoroacetic acid (monitored by UV absorbance at 
260 nm, 10% B for 5 minutes then linear gradient to 90% B over 60 minutes, flow 
rate 0.5 mL/minute). Characterization was achieved by MALDI-TOF mass spectrometry 
(Microflex, Bruker Daltonics) and purity was analyzed by HPLC (10% B for 5 minutes 
then linear gradient to 90% B over 35 minutes, flow rate 0.5 mL/minute). 
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2.3 Fabrication of the acpcPNA macroarray 

2.3.1 Divinyl sulfone activation 

Cellulose membrane was immersed in divinyl sulfone solution (10 
%v/v DVS in 0.1 M Na2CO3 buffer, pH 11) and shaken on an orbital shaker for 2 hours. 
After three-time washing with MilliQ water, the cellulose sheet was air-dried at room 
temperature.9 The DVS-activated paper should be used on the same day. 

 
Figure 2.2 Chemical activation of cellulose paper using DVS molecules 

 
2.3.2 Immobilization of acpcPNA on cellulose support 

AcpcPNA solution (0.5 µL of 200 µM acpcPNA in phosphate buffer 
saline (PBS), pH 7.4; equivalent to a total amount of 100 pmol acpcPNA) was spotted 
onto the DVS-activated paper and the paper was incubated in a humidity chamber 
for 16 hours. The cellulose sheets were next washed with PBST (phosphate buffer 
saline with 0.0005%w/v Tween20) solution on an orbital shaker for 1 hour and then 
air-dried at ambient temperature. 

 
Figure 2.3 Immobilization of acpcPNA on DVS-activated paper. 
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2.4 Hybridization by capillary transport 

After 4 corners of acpcPNA-immobilized strip were cut, it was dipped into a 
DNA target solution (PBST as a solvent, Figure 2.4). The sample was drawn towards 
the other end of the paper by capillary action. After the whole paper sheet was 
thoroughly wet, the paper was air-dried at room temperature and then dipped into 
the solution again, using the opposite end. This was followed by washing with PBST 
and PBS solution on an orbital shaker for 3 minutes and air-dried before the 
detection step. 

 
Figure 2.4 DNA hybridization through cappillary force. 

2.5 Colorimetric detection 

The sheet was immersed in a solution of azure A (1 mg/mL, in MilliQ water) 
for 30 minutes without shaking, washed with PBS solution twice (3 minutes), and 
then air-dried. Optical images were obtained by scanning with a multifunction printer 
(HP Deskjet Ink Advantage 2515) with resolution of 2400 dpi. 

 
Figure 2.5 Specific binding of azure A and DNA via electrostatic interaction. 
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2.6 Fluorometric detection 

2.6.1 Ethidium bromide stain 

The sheet was stained with 0.5 µg/mL ethidium bromide in Tris-
acetate-EDTA (TAE) buffer (pH 8.0) for 30 minutes without shaking, destained in water 
for 30 minutes, and then air-dried before taking the image under 365 nm UV light 
using (Cannon Powershot SX1110IS, camera setting: ISO-100, f/2.8 and 1.3-s exposure 
time). 

2.6.2 SYBR Gold stain 

The sheet was stained in a 1:10000 dilution of SYBR Gold stock 
solution (10000X) in TAE buffer (pH 8.0) for 30 minutes without shaking, destained in 
water for 30 minutes, and then air-dried before taking the image under 365 nm UV 
light as above.  
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2.7 Image Analysis 

Images of all tested sensors were scanned by multifunction printer and saved 
as JPEG files with a resolution of 2400 dpi. Using ImageJ software (National Institutes 
of Health), the marked areas on the obtained images were selected by the 
“selection” command (all circled region were exactly the same area in size and 
smaller than the average size of each area which signal appears to ensure that all 
measured areas excluded the blank area) and converted to integrated intensity by 
the “measure” command. The integrated intensity was plotted in the Microsoft 
Excel. 

Fluorescence assay results were obtained by photographing under black light 
(365 nm) with the following camera setting: ISO-100, f/2.8 and 1.3-s exposure time. 
The marked areas were analyzed in the same process as colorimetric assay. 

For quantitative analysis of various signals, the Student’s t-test was employed 
in Microsoft Excel at p = 0.05. The detection limit was determined to be the 
concentration that gave no statistical difference between the signals from the 
respective concentration and the background control. 



 

 

CHAPTER III 
RESULTS AND DISCUSSION 

3.1 Synthesis and characterization of acpcPNA oligomer 

The acpcPNA oligomers used in this work were T9, 5801, 5701, R06N and 
R06M (Table 3.1). T9 was used in DNA-binding test with a fluorescein-labeled DNA 
oligomer. PNA 5801 was mainly employed in this work including optimization, 
discrimination and comparison experiments. For PNA 5701, R06N, and R06M, they 
were used in double- and single-base discrimination experiments. After solid-phase 
synthesis, 1.5 µmol of resin bearing acpcPNA oligomers was stored at 4 °C until they 
were required. After cleavage of acpcPNAs from resin, they were purified by HPLC 
and characterized by MALDI-TOF mass spectrometry. All acpcPNAs gave the expected 
masses and their purities were more than 90%, as confirmed by HPLC (Figure A1–5). 
The concentration was determined by UV spectrophotometry at 260 nm using 
molecular extinction coefficient values calculated by an in-house web-based 
software (http://www.chemistry.sc.chula.ac.th/pna). The characterization data of all 
acpcPNAs was summarized in Table 3.1. 

 
Table 3.1 Characterization data of acpcPNA 

Name PNA sequence 
tR

a 
(minute) 

Yieldc 
(%) 

Molecular 
Weight 

(observed)b 

Molecular 
Weight 

(calculated) 
T9 Ac-TTTTTTTTT-LysNH2 32.2 35 3186.495 3179.440 

5701 Ac-CGCCATCCTCG-LysNH2 28.9 28 3820.714 3813.121 

5801 Ac-CTCCGTCCTCG-LysNH2 28.2 18 3811.007 3804.108 
R06N Ac-Lys-GCCTCACCACCA-NH2 28.3 31 4128.241 4123.478 

R06M Ac-Lys-GCCTTACCACCA-NH2 28.1 8 4143.332 4138.490 
aSee HPLC conditions in experimental section. bMALDI-TOF mass spectrometry in 
linear positive ion mode using α-cyano-4hydroxycinnamic acid as a matrix. cIsolated 
yield after HPLC. 
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3.2 Preliminary experiment for PNA immobilization 

3.2.1 Immobilization of fluorescein-labeled acpcPNA on DVS-activated 
paper 

There are various approaches to immobilize amino-containing 
acpcPNA probes. However, not all of them are suitable for colorimetric detection 
proposed in this study. Click chemistry and surface activation using bifunctional 
molecule such as disuccinimidyl adipate, PDITC and DVS were chosen for the 
immobilization. Unfortunately, click reaction gave undesired fluorescence signal 
(Figure A6–7), whereas disuccinimidyl adipate-activation which was based on spot 
synthesis induced inconsistent background after staining with methylene blue 
solution (Figure A8–10). Although immobilization of acpcPNA can be performed 
through PDITC-activation,8 there is no signal after detecting DNA with gold 
nanoparticle staining (Figure A14) and many washing steps were also required (Figure 
A11–12). After an extensive screening, DVS chemistry9 was found to be the most 
suitable one. To prove that acpcPNA can be covalently attached on the paper, 
fluorescein-labeled acpcPNA was used since the signal of which can be monitored 
under black light (Figure 3.1A). Comparing between acpcPNA spotted onto the DVS-
activated and unmodified cellulose membrane, higher signal intensity of the former 
demonstrated that acpcPNA was efficiently immobilized on the DVS-activated 
cellulose paper (Figure 3.1B). The presence of signal in negative control arise form 
non-specific adsorption due to the hydrophobicity of fluorescein label, which is 
difficult to be washed away by water (Figure 3.1C).  
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Figure 3.1 (A) The immobilization of fluorescein-labeled acpcPNA (synthesized by  
Ms. Chotima Vilaivan, sequence: fluorescein-O-CGTCCACGTA-LysNH2; O = 2-[2-(2-
aminoethoxy)ethoxy]acetyl linker) on DVS-activated membrane. Fluorescence images 
under black light (365 nm) after immobilization of fluorescein-labeled acpcPNA (100 
pmol/spot) on (B) DVS-activated and (C) unmodified cellulose membrane. 
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3.2.2 Binding experiment of unlabeled PNA immobilized on cellulose 
paper and fluorescently labeled DNA 

Rapid hybridization along with multiple detections was carried out 
through capillary transport,8 where DNA in aqueous solution was pulled along paper 
strip via capillary force and then captured by a specific sequence of acpcPNA 
immobilized on the cellulose membrane (Figure 3.2A and B). Moreover, there is no 
non-specific interaction between the DNA and the cellulose paper as sometimes 
observed when DNA target was directly spotted onto the membrane. To prove this 
concept, the T9 acpcPNA probe was first immobilized on the cellulose paper by DVS 
chemistry. The fluorescently-labeled DNA was then employed as the target, and the 
binding was observed under black light. Only complementary DNA gave fluorescence 
signal after washing (Figure 3.2C–E). The result confirmed that acpcPNA can perform 
effectively under this system. 

 
Figure 3.2 (A) The schematic illustration of hybridization of fluorescein-labeled 
complementary (sequence: 5’-fluorescein-AAAAAAAAA-3’, 6 µM) and (B) TAMRA-
labeled non-complementary DNA (5’-TAMRA-CGAGGGATAACT-3’, 6 µM) to 
immobilized acpcPNA probe (T9, 100 pmol/spot) by capillary transport. Fluorescence 
images of acpcPNA macroarray hybridized with (C) fluorescein-labeled 
complementary and (D) TAMRA-labeled non-complementary DNA and (E) negative 
control. 
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3.2.3 Staining with cationic dye 

Before focusing on cationic dye, silver (Figure A13) and gold 
nanoparticle staining (Figure A14) were studied.24, 30 Unexpectedly, silver staining 
showed incontrollable background whereas gold nanoparticle staining was low 
reproducibility (Figure A13–14). To generate a signal from label-free DNA, we 
proposed that cationic dyes capable of selectively forming electrostatic interaction 
with negatively charged DNA or PNA-DNA duplexes (Figure 3.3A) are likely to be a 
viable readout. In the experiment, unlabeled PNA 5801 probe was immobilized 
followed by hybridization with complementary DNA target and staining. After 
screening various cationic dyes (Figure A15) commonly used for DNA staining 
(methylene blue, azure A, azure II, ethyl violet, and nile blue), azure A provided the 
highest intensity with lowest amount of non-specific interaction between dyes and 
probes (Figure 3.3C and D). 

 
Figure 3.3 (A) The schematic view of two-step DNA detection. (B) Array layout. (C) 
The scanned images of DNA sensors for HLA-B*5801. (D) Negative control. (E) The 
tables showing PNA and DNA sequences used in the preliminary experiment. 
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3.3 Optimization of acpcPNA immobilization and dye staining 

3.3.1 Optimal duration to immobilize acpcPNA 

In order to determine the minimum required duration of the 
immobilization step, incubation times were varied from 30 minutes to 16 hours. The 
hybridization and detection with azure A were then carried out on these membranes 
to observe immobilization efficiency, as judged by the signal intensity. The signals 
appeared on the membrane after 4 hours, therefore the minimum duration required 
for PNA immobilization is 4 hours (Figure 3.4B). However, 16-hour incubation was the 
optimal condition and used as a standard procedure in subsequent studies because 
of the highest immobilization intensity (Figure 3.4C). 

 
Figure 3.4 (A) Array layout. (B) The scanned images of DNA sensors prepared from 
different activation times (0.5, 1, 2, 4 and 16 hours). (C) Signal intensities derived from 
scanned images via the software ImageJ. 
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3.3.2 Optimization of staining time 

To investigate optimal staining condition, the acpcPNA-immobilized 
cellulose membranes after DNA were incubated in azure A solution for different 
durations from 5 to 60 minutes (Figure 3.5B). The signal intensity was low for short 
incubation periods (5 and 15 minutes), but the background intensity was 
unacceptably high for too long incubation (60 minutes). Thus, the optimal incubation 
time is 30 minutes (Figure 3.5C). 

 
Figure 3.5 (A) Array layout. (B) The scanned images of DNA sensors incubated in 
azure A solution for different times (5, 15, 30 and 60 minutes). (C) Signal intensities 
derived from scanned images via the software ImageJ.  
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3.4 Performance of acpcPNA-immobilized cellulose paper as DNA biosensors 

3.4.1 Specificity tests 

3.4.1.1 Double-bases mismatch discrimination 

We created a macroarray of three distinct features, consisting 
of two different probes and one negative control (Figure 3.6A). One probe, called 
PNA 5701, is specific to a portion of the gene HLA-B*5701, which is strongly related to 
abacavir hypersensitivity reaction, whereas the other one, called PNA 5801, is specific 
to the gene HLA-B*5801, a normal variant. The two 11-mer probes are different at 
two positions (Figure 3.6E). The result showed that each probe can specifically bind 
its complementary DNA sequence with perfect discrimination (Figure 3.6B and C). 

 
Figure 3.6 (A) Array layout. (B) and (C) the scanned images of DNA sensors for HLA-
B*5701 and 5801. (D) Signal intensities derived from scanned images via the ImageJ 
image processing software. (E) The tables showing PNA and DNA sequences used in 
double-base mismatch discrimination experiment. 
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3.4.1.2 Single-base mismatch discrimination 

3.4.1.2.1 Normal condition 

A macroarray similar to the experiment in 3.3.1 was 
created. One probe, called PNA R06M, specific to DNA R06M which represents a 
mutated gene at codon 26 of beta thalassemia and the other, called PNA R06N, 
specific to normal DNA R06N were immobilized in a pattern shown in Figure 3.7A. 
The two 12-mer probes are different at two positions (Figure 3.7F). Higher signal 
intensity on fully-complementary duplexes demonstrated high specificity of 
acpcPNA, although the signal on the mismatch duplexes was also observed (Figure 
3.7B). This demonstrated that the discrimination is not optimal for single mismatch 
discrimination. 

3.4.1.2.2 Higher stringency in washing condition 

It was proposed that the unsatisfactory single 
mismatch discrimination was primarily due to the rather high stability of the 
mismatched PNA-DNA duplexes. To solve the problem of non-specific interaction, we 
envisioned that addition of an organic solvent, such as acetonitrile, may reduce the 
stability of the mismatched duplexed. This strategy was successfully used in a 
related work.31 The results showed that addition of acetonitrile (20 %v/v in buffer 
solution) significantly removed the signal of the mismatched PNA-DNA pairs, despite 
slightly losing signal intensity of the complementary PNA-DNA pairs (Figure 3.7C). 
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Figure 3.7 (A) Array layout. (B) and (C) the scanned images of DNA sensors for  
R06 normal/mutant after washing with normal condition and high stringency washing. 
(D) and (E) Signal intensities of normal and high-stringency-washing condition derived 
from scanned images via the ImageJ image processing software. (F) The tables 
showing PNA and DNA sequences used in single-base mismatch discrimination 
experiment. 
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3.4.2 Sensitivity of the DNA sensor 

To determine the detection limit, defined as the lowest concentration 
that signal intensity was significantly different form background, the HLA*B 5801 PNA-
DNA duplex was observed by varying the DNA concentration in the range of 0.2 to 7 
µM (Figure 3.8B). The detection limit was 200 nM (3.3 pmol/spot), as confirmed by 
the student’s t-test (Figure 3.8C). The result herein (~40 ng) was comparable to 
previous reports32 of the related dye (methylene blue) showing 40 ng as the 
detection limit in the gel format. 

 
Figure 3.8 (A) Array layout. (B) The scanned images of DNA sensors for HLA-B*5801 
varied from 0 to 7 µM. (C) Signal intensities derived from scanned images via the 
ImageJ image processing software. (D) The tables showing PNA and DNA sequences 
used for determining detection limit. 
  



 

 

30 

3.4.3 The effect of DNA target structure on signal intensity 

3.4.3.1 Effect of the location of binding region on the signal 
 intensity 

Three different sequences of DNA (DNA A, B and C) were 
designed with similar binding segments at different locations (Figure 3.9A and D). We 
found that A, in which the PNA binding region was located at the 5’-end interact 
most favorably with the immobilized acpcPNA, providing great signal intensity due to 
a less steric effect from a hanging part (Figure 3.9C and E). Like A, the binding region 
of C is located at the terminal of the DNA strand but at the opposite end (3’-end). 
Nevertheless, in this case the extra hanging sequence will be forced to stay close to 
surface because of the antiparallel binding direction with the immobilized PNA 
probes, thus inducing a steric hindrance which resulted in lower signal intensity than 
A. In a case of B, the binding segment at middle causes the most steric effect leading 
to lowest signal intensity. Thus, steric effect form hanging sequence was a major 
effect on the performance of this acpcPNA macroarray, whereas steric effect 
between the extra hanging sequence and the membrane surface showed only minor 
effects.  
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Figure 3.9 (A) The three forms of DNA-PNA hybrid on the membrane. (B) Array layout. 
(C) The scanned images of sensor incubated in three different DNAs. (D) The table 
showing the sequences of three DNAs used in this experiment. (E) Numerical values 
of signals in (C) as quantified by ImageJ.  
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3.4.3.2 Effect of lengths of hanging sequences on the signal 
 intensity 

It is generally accepted that longer DNA sequence has higher 
negative charge density leading to higher signal intensity due to increasing number of 
dye-binding sites.33 To prove this concept, we created three sequences of DNA with 
different length of hanging segments (20, 30, and 40 bases) but contained the same 
binding sequence in order to control the binding energy (Figure 3.10C). Comparing 
between A and B, higher intensity of A confirmed the assumption (Figure 3.10B and 
D). However, more steric effect form sequence C (51 bases) caused lower signal 
intensity. 

 
Figure 3.10 (A) Array layout. (B) The scanned images of sensor incubated in three 
different DNAs. (C) The table showing the sequences of three DNAs used in this 
experiment. (D) Numerical values of signals in (B) as qualified by ImageJ. 
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3.4.4 Comparison to DNA macroarray 

DNA macroarray was prepared by immobilizing 3’-amino-linked DNA 
5801 (Figure 3.11E) onto DVS-activated cellulose paper with the same strategy as 
PNA macroarray. Comparison of binding interaction between PNA 5801 and amino-
linked DNA 5801 was performed via the same protocol, as judged by the signal 
intensity. It was clear that PNA could capture DNA targets more effectively in this 
condition (Figure 3.11B and D). According to previous reports, acpcPNA-DNA duplex 
was more thermally stable than DNA-DNA duplex. Therefore, this result confirmed 
that acpcPNA macroarray with the stronger binding affinity of acpcPNA probes 
provided higher sensitivity than did DNA macroarray. 

 
Figure 3.11 (A) PNA macroarray layout. (B) The scanned images of PNA macroarray for 
detecting DNA 5801. (C) DNA macroarray layout. (D) The scanned images of DNA 
macroarray for detecting DNA 5801. (E) The tables showing PNA and DNA sequences 
used in this experiment. 
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3.4.5 Attempts to improve sensitivity of the sensors by other DNA 
binding dyes 

DNA-binding dyes such as ethidium bromide and SYBR Gold were 
generally used for staining DNA in gel electrophoresis. To compare with azure A, 
ethidium bromide and SYBR Gold were applied with this device under similar 
hybridization condition. Ethidium bromide binds to double-stranded DNA by 
intercalating,34 so it is not ideal for detection of single-stranded DNA (Figure 3.12A). 
SYBR Gold is more sensitive than ethidium bromide for detecting double-stranded 
DNA and should be, in principle, much more sensitive for single-stranded DNA.35 
However, target DNA could not be detected in both circumstances (Figure 3.12B). It 
was explained that ethidium bromide did not intercalate effectively to short 
acpcPNA-DNA hybrid (11 base pairs), thus providing very low signal whereas SYBR 
gold staining resulted in a high background from non-specific interaction of this dye 
with the DVS-modified surface. 

 
Figure 3.12 Photos of DNA sensors applied with (A) ethidium bromide and (B) SYBR 
Gold for DNA 5801.  
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3.4.6 PCR product 

The 600-base pair PCR samples consisting of normal and Hb E 
sequences were obtained from Thalassemia Research Center, Mahidol University. 
Normal sequence was specific to PNA R06N when Hb E amplicon was specific to PNA 
R06M. Before hybridization, PCR products was denatured at 97 °C and quenched in 
ice bath to keep single strand form. No signal in both cases indicated that 
hybridization condition may not be optimal for PCR product which was similar to a 
case of DNA C (experiment in 3.4.3.2). Thus, condition for detecting long-length DNA 
and PCR product will need to be optimized further, in which additional spacer,36-37 
hybridization temperature23 and salt concentration21-22, 38 of hybridization buffer will 
be explored. 

 
3.4.7 Comparison to other label-free DNA sensors 

In this work, label-free detection of DNA using acpcPNA probes was 
performed under simple cationic dye staining. The advantages of this sensor were 
high specificity and minimal number of steps required. A comparison with similar 
works is shown in Table 3.2 in terms of specificity, sensitivity and number of steps 
required. The dot-blot hybridization using acpcPNA probes by Laopa16 and an aegPNA 
array for label-free detection of DNA using gold nanoparticle and gold 
enhancement24 were chosen as comparators. AcpcPNA exhibited high specificity in 
both dot blot hybridization and this work, while single mismatch discrimination was 
not demonstrated in aegPNA array. In terms of sensitivity, the present work showed 
somewhat poorer detection limit than other techniques. This is limited by the 
detection method using cationic dye staining, which showed poor sensitivity. 
However, the simple two-step detection required for this DNA sensor as well as its 
excellent specificity suggest its potential to be utilized in point-of-care test. The 
detection method still needs improvement, and perhaps used in combination with a 
suitable signal enhancement method to improve the sensitivity even further.  
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Table 3.2 Comparison with similar reports in terms of specificity, sensitivity and 
number of required steps. 

Parameters This work 
Dot blot 

hybridization using 
acpcPNA probes16 

AegPNA array using 
gold nanoparticle 

and gold 
enhancement24 

Specificity 
Single base 

discrimination 
Single base 

discrimination 
Non-complementary 

discrimination 
Sensitivity 200 nM (3.3 pmol) 10 fmol 10 pM 

Number of 
step required 

for the 
detection 

2 steps 
(hybridization and 

cationic dye 
staining, at least 50 

minutes) 

4 steps (DNA 
attachment, 
hybridization, 

conjugation with 
secondary probe 
and enzymatic 

detection, at least 
1.25 hour) 

3 steps 
(hybridization, AuNP 

staining and gold 
enhancement, at 
least 1.7 hours) 

 
 



 

 

CHAPTER IV 
CONCLUSION 

In this work, a new DNA sensor based on acpcPNA macroarray was developed 
by immobilization of acpcPNA on DVS-activated cellulose paper. The hybridization 
was rapidly performed through capillary transport of DNA sample solution. The label-
free DNA detection was carried out by a simple staining with cationic-dye. Preliminary 
tests demonstrated the achievement of fabrication of acpcPNA macroarray, capillary 
transport hybridization and detection method. In terms of specificity, this sensor can 
discriminate fully complementary DNA from double-base mismatch DNA under 
normal condition and from single-base mismatch DNA by employing a more stringent 
washing. The detection limit was 200 nM which could have been theoretically raised 
by increasing a length of DNA target. However, the steric effect was higher along with 
the length of DNA strand. The favorable location of the PNA binding region was a 5’-
terminal end because of a less steric effect. The comparison between acpcPNA and 
DNA macroarrays indicated that sensitivity of acpcPNA macroarray was better, but 
still on the poor side compared to other PNA-based macroarrays that incorporated a 
signal amplification mechanism. 

This study provided acpcPNA macroarray with a promising performance in 
term of selectivity and ease of use. Analysis of real DNA samples obtained from PCR 
will require further optimization before it can be developed into a practical device 
for general diagnostic applications. 
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Characterization of acpcPNAs 

 
Figure A1 (A) Mass spectrum and (B) chromatogram of PNA T9.   
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Figure A2 (A) Mass spectrum and (B) chromatogram of PNA 5701.  
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Figure A3 (A) Mass spectrum and (B) chromatogram of PNA 5801.  
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Figure A4 (A) Mass spectrum and (B) chromatogram of PNA R06N.  
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Figure A5 (A) Mass spectrum and (B) chromatogram of PNA R06M.  
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Click chemistry for preparation of acpcPNA-immobilized cellulose paper 

 
Figure A6 Schematic illustration of the methodology of preparation of acpcPNA-
immobilized cellulose paper via click reaction. 

 
Figure A7 Fluorescece images of (A) membrane F without acpcPNA and (B) 
membrane F.  
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Fmoc quantification protocol 

The loading of Rink amide linker on membrane C was determined by UV 
quantification of the cleaved Fmoc protecting group. A piece of membrane C (0.28 
cm2) was incubated in 4% DBU in DMF for 15 minutes. The absorbance was then 

measured at 296 nm (ԑ296 = 9880 M-1cm-1). The loading of Rink amide linker was in 
the range of 0.2–1 µmol/cm2.  
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Immobilization of acpcPNA onto cellulose by using disuccinimidyl adipate 

 
Figure A8 Scrematic illustration of the methodology of preparation of acpcPNA-
immobilized cellulose paper using disuccinimidyl adipate as a linker.  
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Figure A9 Fluorescence images of acpcPNA(T9, 1 nmol)-immobilized cellulose 
membrane after hybridization (spotting DNA solution onto the membrane) with (A) 
fluorescein-labeled complementary (sequence: 5’-fluorescein-AAAAAAAAA-3’, 1 
nmol) and (B) TAMRA-labeled non-complementary DNA (5’-TAMRA-CGAGGGATAACT-
3’, 1 nmol) and (C) negative control (without acpcPNA). 
 

 
Figure A10 Methylene blue staining of acpcPNA(T9, 1 nmol)-immobilized cellulose 
membrane after hybridization (spotting DNA solution onto the membrane) with (A) 
fluorescein-labeled complementary DNA (sequence: 5’-AAAAAAAAA-3’, 1 nmol) and 
(B) negative control (without DNA).  
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Immobilization of acpcPNA onto PDITC-activated cellulose membrane 

 
Figure A11 Schematic illustration of the methodology of immobilization of acpcPNA 
PDITC-activated cellulose paper and rapid hybridization of target DNA through 
capillary force. 

 
Figure A12 Fluorescence images of acpcPNA(T9, 100 pmol)-immobilized cellulose 
memmbrane after hybridization (capillary transport) with (A) fluorescein-labeled 
complementary (sequence: 5’-fluorescein-AAAAAAAAA-3’, 2 µM) and (C) TAMRA-
labeled non-complementary DNA (5’-TAMRA-CGAGGGATAACT-3’, 2 µM) and (B) 
negative control (without acpcPNA).  
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Silver Staining 

After hybridization (spotted DNA solution onto acpcPNA-immobilized paper 
and then washed in PBST), the strip was immersed in AgNO3 solution (0.5 mg/mL) for 
10 minutes. The membrane was washed with MilliQ water for 3 minutes twice, 
incubated in the mixture of 1.5% NaOH and 0.1% formaldehyde for 1 minute and 
finally washed with fixative solution containing 10% ethanol and 0.5% acetic acid for 
10 minutes. 

 
Figure A13 Optical images of acpcPNA(T9, 100 pmol)-immobilized cellulose 
memmbrane after hybridization (spotting DNA solution onto the membrane) with (A) 
complementary DNA (sequence: 5’-CGCGGCGTACAAAAAAAAAGCATGCCCTGG-3’, 50 
pmol) and (B) non-complementary DNA (sequence: 5’-CGCGGCGTACAGTG 
ATCTACGCATGCCCTGG-3’, 50 pmol) and (C) negative control (without DNA).  
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Gold nanoparticle (AuNP) staining with gold enhancement 

After hybridization (spotted DNA solution onto acpcPNA-immobilized paper 
and then washed in PBST), the strip was incubated in AuNP solution (synthesized by 
Dr. Prompong Pienpinijtham) for 30 minutes and then immersed in gold 
enhancement solution purchased from Nanoprobes, Inc. for 5 minutes. The 
membrane was washed with DI water for 3 minutes. 

 
Figure A14 Optical images of acpcPNA(T9, 100 pmol)-immobilized cellulose 
membrane after hybridization (spotting DNA solution onto the membrane) with (A) 
complementary DNA (sequence: 5’-CGCGGTCGACGGTCACGTACGAAAAAAAAA-3’, 100 
pmol) and (B) non-complementary DNA (sequence: 5’-CGCGGCGTACAGTGA 
TCTACCATGCCCTGG-3’, 100 pmol). 
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Screening cationic dyes for DNA detection 

After hybridization (spotted DNA solution onto the left column of acpcPNA-
immobilized paper and then washed in PBST), each strip was incubated in methylene 
blue (0.05 mg/mL), azure A (0.01% in 5% ethanol), azure II (0.01% 5% ethanol), ethyl 
violet (0.0008% in 0.18% ethanol) and nile blue (0.01% in 10% methanol) solutions 
for 5 minutes and then all of them were washed with DI water for 3 minutes (3 
times). 

 
Figure A15 (A) Array layout. The scanned images of DNA sensors (T9, 100 pmol/spot) 
after hybridization (spotting DNA solution onto the membrane) with complementary 
DNA (sequence: 5’-CGCGGTCGACGGTCACGTACGAAAAAAAAA-3’, 100 pmol) and 
stained with (B) methylene blue, (C) azure A, (D) azure II, (E) ethyl violet and (F) nile 
blue solutions. (G) Signal intensities derived from scanned images via the ImageJ 
image processing software.  
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Detection of target DNA in DNA mixture 

From a previous work16, the limitation was a competition among different 
DNAs in absorbing on membrane rendering possibility that desired sequences cannot 
be detectable. This limitation is likely conquered by using this acpcPNA macroarray.  
DNA 5801 and DNA 5701 were mixed in other different DNAs, before detection 
method was performed. A result showed that only a case of DNA 5801 mixed in 
other DNAs gave a signal. The achievement of detection of target DNA in DNA mixture 
was therefore proved. 

 
Figure A16 (A) Array layout. (B) the scanned images of DNA sensors for DNA 5801 in 
DNA mixture. (C) The tables showing PNA and DNA sequences used in detection 
target DNA contaminated by other DNAs. 
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