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°“√æ—≤π“ QCM-DNA ‰∫‚Õ‡´π‡´Õ√å‡æ◊ËÕ°“√µ√«®À“ DNA methylation

¢Õß®’π p16 „π¡–‡√Áß∑àÕπÈ”¥’
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∫∑§—¥¬àÕ
°“√‡°‘¥ DNA methylation ∫√‘‡«≥‚ª√‚¡‡µÕ√å¢Õß°≈ÿà¡®’πµâ“π¡–‡√Áß ‡ªìπ°≈‰°∑’Ëæ∫‰¥â∫àÕ¬„π¡–‡√ÁßÀ≈“¬

™π‘¥√«¡∑—Èß¡–‡√Áß∑àÕπÈ”¥’  àßº≈„Àâ°≈ÿà¡®’π¥—ß°≈à“«´÷Ëß¡’Àπâ“∑’Ë„π°“√ªÑÕß°—π°“√‡°‘¥¡–‡√Áß‰¡à “¡“√∂· ¥ßÕÕ°‰¥â  ‡∑§π‘§
methylation-specific PCR (MSP) ‡ªìπ«‘∏’∑’Ëπ‘¬¡„™âµ√«®À“°“√‡°‘¥ DNA methylation  ‡π◊ËÕß®“°„™â‡∑§π‘§ PCR
™à«¬‡æ‘Ë¡§«“¡‰« ·µà MSP ¬—ß§ß¡’¢âÕ®”°—¥„π°“√«‘‡§√“–Àå∑’Ë¡’À≈“¬¢—ÈπµÕπ „™â‡«≈“π“π ®”‡ªìπµâÕß„™â™‘Èπ‡π◊ÈÕ¡–‡√Áß
ª√‘¡“≥¡“° √«¡∑—Èß “√‡§¡’∑’Ë„™â¬—ß‡ªìπ “√Õ—πµ√“¬ °“√»÷°…“π’È®÷ß‰¥âæ—≤π“‰∫‚Õ‡´π‡´Õ√å‡æ◊ËÕµ√«®À“ DNA
methylation ¢Õß®’π p16 ‚¥¬„™âÀ≈—°°“√æ◊Èπ∞“π¢Õß quartz crystal microbalance (QCM) ÷́Ëß‡ª√’¬∫‡ ¡◊Õπ
‡§√◊ËÕß«—¥πÈ”Àπ—°√–¥—∫π“‚π°√—¡ °“√®—∫°—π√–À«à“ß‚æ√∫ (probe) ∑’Ë∂Ÿ°µ√÷ß∫πº‘« QCM °—∫¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë¡’
‡∫ §Ÿà ¡°—π ∑”„Àâ¡«≈√«¡∫π QCM ‡æ‘Ë¡¢÷Èπ·≈–·ª≈º≈®“°°“√«—¥°“√≈¥≈ß¢Õß§«“¡∂’Ë„π°“√ —Ëπ¢Õß§«Õ∑ ǻ ‚¥¬
„™âµ—«Õ¬à“ß∑’Ë‡µ√’¬¡®“°‡´≈≈å‡æ“–‡≈’È¬ß¡–‡√Áß∑àÕπÈ”¥’ KKU-M213  ∑’Ë„Àâº≈∫«°µàÕ°“√∑¥ Õ∫  DNA methylation
¢Õß®’π p16 ‡ªìπµâπ·∫∫„π°“√∑¥ Õ∫°—∫‰∫‚Õ‡´π‡´Õ√å∑’Ëµ‘¥¥â«¬‚æ√∫∑’Ë®”‡æ“–°—∫  methylation ·≈– unmethylation
¥’‡ÕÁπ‡Õ¢Õß®’π p16 º≈°“√»÷°…“ ¿“«–∑’Ë„™â„π°“√µ√÷ß‚æ√∫∫π‰∫‚Õ‡´π‡´Õ√å æ∫«à“ª√‘¡“≥∑’Ë‡À¡“– ¡¢Õß
mercaptoproprionic acid (MPA), avidin ·≈–‚æ√∫∑’Ë‡À¡“– ¡ §◊Õ 10 mM, 1 mg/dL ·≈– 1 µM µ“¡≈”¥—∫
‡¡◊ËÕπ”‰ª∑¥ Õ∫°—∫µ—«Õ¬à“ß∑’Ë„Àâº≈∫«°µàÕ p16 methylation ·≈– p16 unmethylation æ∫«à“‰∫‚Õ‡´π‡´Õ√å
 “¡“√∂µ√«®®—∫¥’‡ÕÁπ‡Õº≈‘µº≈‚¥¬„Àâº≈ Õ¥§≈âÕß°—∫ agarose gel electrophoresis ·≈–¡’§«“¡‰«„π°“√µ√«®
 Ÿß°«à“∂÷ß 1,000 ‡∑à“  ¡’§«“¡‡∑’Ë¬ßµ√ß∑’Ë¬Õ¡√—∫‰¥â‰¡à‡°‘π√âÕ¬≈– 15 °“√∑¥ Õ∫°—∫µ—«Õ¬à“ß∑’Ë„Àâº≈≈∫®“° methylation
·≈– unmethylation „Àâ§à“ cut-off  πâÕ¬°«à“À√◊Õ‡∑à“°—∫ 30 Hz ·≈–‰¡àæ∫°“√‡°‘¥ cross hybridization √–À«à“ß
‚æ√∫°—∫¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë‰¡à®”‡æ“– πÕ°®“°π’È QCM ‰∫‚Õ‡´π‡´Õ√å∑’Ëæ—≤π“¢÷Èπ¬—ß “¡“√∂„™âß“π´È”‰¥â∂÷ß 3 §√—Èß
‚¥¬¬—ß§ßª√‘¡“≥ —≠≠“≥∑’Ë«—¥‰¥â ‚¥¬ √ÿª°“√»÷°…“π’È‡ªìπ¢âÕ¡Ÿ≈‡∫◊ÈÕßµâπ∑’Ë· ¥ß„Àâ‡ÀÁπ«à“ µâπ·∫∫‰∫‚Õ‡´π‡´Õ√å∑’Ë
æ—≤π“∫π QCM ¥—ß°≈à“«„Àâº≈∑’Ë Õ¥§≈âÕß°—∫«‘∏’¡“µ√∞“π‡¥‘¡ ‚¥¬¡’§«“¡‰«·≈–§«“¡®”‡æ“– Ÿß  “¡“√∂≈¥‡«≈“
„π°“√«‘‡§√“–Àåº≈„Àâ‡À≈◊Õ‡æ’¬ß 5 π“∑’ Õ¬à“ß‰√°Áµ“¡µâπ·∫∫ QCM ‰∫‚Õ‡´π‡´Õ√åπ’È¬—ßµâÕß‰¥â√—∫°“√æ—≤π“‡æ◊ËÕ
‡æ‘Ë¡ª√– ‘∑∏‘¿“æ‚¥¬°“√∫Ÿ√≥“°“√‡¢â“°—∫‡∑§π‘§ PCR ‡æ◊ËÕ‡æ‘Ë¡®”π«π¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬‰ªæ√âÕ¡°—∫°“√µ√«®µ‘¥µ“¡
∫π‡´π‡´Õ√åµàÕ‰ª

§” ”§—≠ :  ‡§√◊ËÕß«—¥πÈ”Àπ—°√–¥—∫π“‚π,  ¥’‡ÕÁπ‡Õ ‡¡∑∏‘≈‡≈™—Ëπ,   ¥’‡ÕÁπ‡Õ‰∫‚Õ‡´π‡´Õ√å
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The development of QCM-DNA sensor for p16 methylation detection in

cholangiocarcinoma
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Abstract
Promoter hypermethylation of tumor suppressor genes are associated with an epigenetically mediated

gene silencing, which is a common feature in various human cancers including cholangiocarcinoma.
Even though methylation-specific PCR (MSP) has been accepted for its sensitivity to detect methylation
in cancerous tissues, this technique is time-consuming, labor-intensive and usage of carcinogenic chemicals.
To overcome this limitation, DNA biosensor using quartz crystal microbalance (QCM) was developed in
this study. QCM, a mass sensor, is rapidly becoming an important tool for biological analysis. p16
methylation in KKU-M213 CCA cell line was investigated as a model for protocol validation. In
principle, specific biotinylated DNA probe were immobilized via avidin-biotin system on gold surface of
a QCM device. The specific hybridization between immobilized probe with methylated and unmethylated
p16 products were monitored by decreasing in frequency due to mass change. The results showed that
the optimal concentrations of mercaptoproprionic acid (MPA), avidin, and 5'-biotinylated DNA probe
were 10 mM, 1 mg/dL and 1 µM, respectively. The oscillation signal obtained from methylation or
unmethylation positive samples were clearly discriminated from negative ones. The cut-off values were
calculated from negative methylation and unmethylation at 30 Hz with preferable lower than 15 %
precision. The QCM sensor can detect positive signal at 1,000 fold dilution compared to agarore gel
electrophoresis. No cross-hybridization was observed when unmethylation product was performed on
methylation sensor and vice versa. Moreover, QCM can be reused for at least 3 times with considerable
signal reduction. In conclusion, our developed QCM sensor for p16 methylation illustrated an acceptable
performance compared to conventional method. The detection process can be reduced within 5 minutes.
However, this prototype sensor as well as mini-PCR integration device for real time analysis should be
further developed.

Keywords:  Quartz crystal microbalance, DNA methylation,  DNA biosensor
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∫∑π”
‡ªìπ∑’Ë∑√“∫«à“ DNA methylation ∑’Ë∫√‘‡«≥

‚ª√‚¡‡µÕ√å¢Õß®’π„π°≈ÿà¡®’πµâ“π¡–‡√Áß (tumor
suppressor gene) ·≈–„π°≈ÿà¡®’π´àÕ¡·´¡¥’‡ÕÁπ‡Õ
(DNA repairing gene) ‡ªìπ°≈‰° ”§—≠∑’Ë∑”„Àâ®’π
‡À≈à“π’ÈÀ¬ÿ¥°“√· ¥ßÕÕ° (gene silencing) ÷́Ëß ‡ªìπ
Õÿ∫—µ‘°“√≥å∑’Ëæ∫‰¥â∫àÕ¬„π¡–‡√ÁßÀ≈“¬™π‘¥√«¡∑—Èß¡–‡√Áß
∑àÕπÈ”¥’(1-3) ·¡â„πªí®®ÿ∫—π°“√µ√«®‡æ◊ËÕµ‘¥µ“¡°“√‡°‘¥
DNA methylation ¥â«¬‡∑§π‘§ methylation-specific
PCR (MSP) ®–‡ªìπ‡∑§π‘§∑’Ë‰¥â√—∫§«“¡π‘¬¡ Ÿß ·µà¬—ß
¡’¢âÕ®”°—¥¥â“π§«“¡‰«‡π◊ËÕß®“°„™â™‘Èπ‡π◊ÈÕ¡–‡√Áß„πª√‘¡“≥
¡“° ¡’§«“¡¬ÿàß¬“°À≈“¬¢—ÈπµÕπ „™â‡«≈“π“π ·≈–µâÕß
 —¡º— °—∫ “√‡§¡’Õ—πµ√“¬∑’ËÕ“®°àÕ„Àâ‡°‘¥¡–‡√Áß(4) ¥â«¬
‡Àµÿπ’È°“√æ—≤π“‡∑§π‘§‰∫‚Õ‡´π‡´Õ√å ®÷ß‡ªìπ∑“ß‡≈◊Õ°
∑’Ëπà“ π„®‡æ◊ËÕ‡æ‘Ë¡§«“¡‰«·≈–≈¥‡«≈“„π°“√µ√«®
Õ’°∑—Èß‡æ‘Ë¡§«“¡¬◊¥À¬ÿàπ„π°“√µ√«®°√Õß„π¿“§ π“¡
À√◊ÕÀâÕßªØ‘∫—µ‘°“√∑—Ë«‰ª∑’Ë„™â‡æ’¬ßÕÿª°√≥åÕ‘‡≈§∑√Õπ‘§ å
∑’Ë¡’√“§“‰¡à Ÿß ·≈–‰¡àµâÕß°“√∑—°…–¢ÕßºŸâµ√«®·≈–

Õÿª°√≥å∑“ß¥â“π molecular biology Õ’°µàÕ‰ª
„πªí®®ÿ∫—π°“√æ—≤π“‰∫‚Õ‡´π‡´Õ√å‡æ◊ËÕ°“√µ√«®

«—¥ “√™’«‚¡‡≈°ÿ≈µà“ßÊ‚¥¬‡©æ“–¥’‡ÕÁπ‡Õ‰¥â√—∫§«“¡
 π„®·≈–¡’°“√»÷°…“Õ¬à“ßµàÕ‡π◊ËÕß ‡π◊ËÕß®“°°“√µ√«®À“
¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬¡’§«“¡ ”§—≠„π°“√«‘π‘®©—¬‚√§∑’Ë
 ”§—≠∑“ß°“√·æ∑¬å ‡™àπ‚√§∏“≈— ´’‡¡’¬ ‚√§µ‘¥‡™◊ÈÕµà“ßÊ
√«¡∑—Èß«‘π‘®©—¬‚√§¡–‡√Áß ‰∫‚Õ‡´π‡´Õ√å‡ªìπ‡§√◊ËÕß¡◊Õ
«‘‡§√“–Àå∑’Ë¡’Õß§åª√–°Õ∫∑’Ë ”§—≠ Õß à«π§◊Õ ‰∫‚Õ√’
‡´ø‡µÕ√å (bioreceptor) ·≈– ∑√“π å¥‘«‡´Õ√å
(transducer) ‰∫‚Õ√’‡´ø‡µÕ√å®–∂Ÿ°ÕÕ°·∫∫„Àâ¡’§«“¡
®”‡æ“–‡®“–®ß°—∫ “√∑’ËµâÕß°“√µ√«®«—¥(5) ‡¡◊ËÕ‰∫‚Õ√’-
‡´ø‡µÕ√å∑”ªØ‘°‘√‘¬“°—∫ “√∑’Ëµ√«®«—¥®–°àÕ„Àâ‡°‘¥°“√
‡ª≈’Ë¬π·ª≈ß¢Õß —≠≠“≥∑“ß‡§¡’À√◊Õøî ‘° å·≈– àßµàÕ
¡“∑’Ë∑√“π å¥‘«‡´Õ√å‡æ◊ËÕ·ª≈ß —≠≠“≥∑“ß∑“ß‡§¡’À√◊Õ
øî ‘° å‡À≈à“π’È„Àâ°≈“¬‡ªìπ —≠≠“≥∑“ß‰øøÑ“∑’Ë “¡“√∂
·ª≈‡ªìπµ—«‡≈¢¥â«¬‡§√◊ËÕßÕ‘‡≈§∑√Õπ‘§ å ¥—ß· ¥ß„π
√Ÿª∑’Ë 1

√Ÿª∑’Ë 1  ‚§√ß √â“ß·≈–À≈—°°“√∑”ß“π¢Õß‰∫‚Õ‡´π‡´Õ√å (5)
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«—µ∂ÿª√– ß§å„π°“√»÷°…“§√—Èßπ’È §◊Õ °“√æ—≤π“√–∫∫
QCM ‰∫‚Õ‡´π‡´Õ√å ‡æ◊ËÕµ√«®®”·π°°“√‡°‘¥ DNA
methylation ·≈– unmethylation ¢Õß®’π p16 ‚¥¬
„™â‡´≈≈å‡æ“–‡≈’È¬ß KKU-M213 ´÷Ëßæ—≤π“¡“®“°
‡π◊ÈÕ‡¬◊ËÕºŸâªÉ«¬¡–‡√Áß∑àÕπÈ”¥’ ‡ªìπµ—«Õ¬à“ß‡√‘Ë¡µâπ„π
°“√‡µ√’¬¡º≈‘µº≈∑’Ë„Àâº≈∫«°®“°°“√∑” MSP ‡æ◊ËÕπ”

¡“®”·π°‡ªìπ DNA methylation ·≈– unmethylation
‚¥¬ QCM ‰∫‚Õ‡´π‡´Õ√å∑’Ëæ—≤π“®–∂Ÿ°ª√–‡¡‘π
§ÿ≥ ¡∫—µ‘¥â“π§«“¡‰« (sensitivity) §«“¡‡∑’Ë¬ßµ√ß
(precision) §«“¡®”‡æ“– (specificity) ·≈–§«“¡
 “¡“√∂„π°“√„™â´È” (reusability)

Quartz crystal microbalance (QCM) ‡ªìπ‰∫‚Õ-
‡´π‡´Õ√å√–∫∫Àπ÷Ëß∑’Ë “¡“√∂µ√«®À“¥’‡ÕÁπ‡Õ‚¥¬„™â
À≈—°°“√®—∫°—π (hybridization) √–À«à“ß‚¡‡≈°ÿ≈‡ªÑ“À¡“¬
°—∫‚æ√∫ (probe) ∫πº‘«¢Õß QCM ∑”„Àâ¡«≈√«¡∫π
QCM ‡æ‘Ë¡¢÷Èπ  àßº≈„Àâ§«“¡∂’Ë„π°“√ —Ëπ¢Õß§«Õ∑´å
≈¥≈ß ®“°π—Èπ®÷ß·ª≈ß —≠≠“≥§«“¡∂’Ë‡ªìπ —≠≠“≥∑“ß
Õ‘‡≈§∑√Õπ‘§ å∑’Ë„™â„π°“√·ª≈º≈ §«“¡ —¡æ—π∏å√–À«à“ß
°“√‡ª≈’Ë¬π·ª≈ß§«“¡∂’Ë°—∫¡«≈∑’Ë¡’°“√‡ª≈’Ë¬π·ª≈ß‰ª

∫πº‘«¢Õß QCM  “¡“√∂Õ∏‘∫“¬‰¥â‚¥¬ ¡°“√¢Õß
Sauerbrey ( F = -2.3x106f

0
2    ; f

0
 §◊Õ§«“¡∂’Ë

‡√‘Ë¡µâπ¢Õß§«Õ∑ ǻ, A §◊Õ æ◊Èπ∑’Ëº‘«∑’Ë‡ªìπÕ‘‡≈§‚∑√¥
¢Õß§«Õ∑´å)(6) ¥—ß √Ÿª∑’Ë 2 ´÷Ëß®“° ¡°“√π’È “¡“√∂π”
§«“¡∂’Ë∑’Ë‡ª≈’Ë¬π·ª≈ß¡“ª√–‡¡‘π®”π«π‚¡‡≈°ÿ≈∑’Ë‡°“–
Õ¬Ÿà∫π§«Õ∑´å‰¥â ¢âÕ¥’¢Õß«‘∏’π’È §◊Õ ¡’§«“¡‰« Ÿß  “¡“√∂
µ√«®À“¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬‰¥â‚¥¬µ√ß ·≈–‰¡àµâÕß¡’°“√
µ‘¥©≈“°¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬

m
A

√Ÿª∑’Ë 2 (°) · ¥ß§«Õ∑´å¢π“¥ 9 MHz ™π‘¥ AT-cut ∑’Ë¡’∑Õß‡ªìπº‘«Õ‘‡≈§‚∑√¥ (¢) · ¥ßÀ≈—°°“√„π°“√µ√«®À“
methylation ¢Õß®’π p16 ‚¥¬ QCM ‰∫‚Õ‡´π‡´Õ√å∑’Ë„™âÀ≈—°°“√¢Õß DNA hybridization (§) ‡§√◊ËÕß
«—¥°“√‡ª≈’Ë¬π·ª≈ß§«“¡∂’Ë¢Õß§«Õ∑´å√ÿàπ RQCM (º≈‘µ¿—≥±å∫√‘…—∑ Maktek ª√–‡∑» À√—∞Õ‡¡√‘°“)

° ¢

§
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«— ¥ÿ·≈–«‘∏’°“√»÷°…“
‡´≈≈å‡æ“–‡≈’È¬ß¡–‡√Áß∑àÕπÈ”¥’ KKU-M213

‰¥â√—∫§«“¡Õπÿ‡§√“–Àå„π°“√‡µ√’¬¡‡´≈≈å‡æ“–‡≈’È¬ß
®“°ºŸâªÉ«¬¡–‡√Áß∑àÕπÈ”¥’ KKU-M213 ®“°√Õß
»“ µ√“®“√¬å∫√√®∫ »√’¿“ ¿“§«‘™“æ¬“∏‘«‘∑¬“ §≥–
·æ∑¬»“ µ√å ¡À“«‘∑¬“≈—¬¢Õπ·°àπ  °—¥¥’‡ÕÁπ‡Õ®“°
‡´≈≈å‚¥¬„™â Wizard˙ SV genomic DNA extraction
kits (º≈‘µ¿—≥±å¢Õß Promega ª√–‡∑» À√—∞Õ‡¡√‘°“)
·≈–„™â¥’‡ÕÁπ‡Õ∑’Ë °—¥‰¥âπ’È„π°“√µ√«®À“¿“«– DNA
methylation ¢Õß®’π p16

QCM ‰∫‚Õ‡´π‡´Õ√å
„™â§«Õ∑´å∑’Ë¡’§«“¡∂’Ë™à«ß 9 MHz ™π‘¥ AT-cut ∑’Ë

¡’º‘«Àπâ“‡§≈◊Õ∫¥â«¬∑Õß ‚¥¬¡’æ◊Èπ∑’Ë∑Õß‡∑à“°—∫ 1.34
µ“√“ß‡´πµ‘‡¡µ√ (º≈‘µ¿—≥±å¢Õß∫√‘…—∑ Maxtek ª√–‡∑»
 À√—∞Õ‡¡√‘°“) «—¥§«“¡‡ª≈’Ë¬π·ª≈ß¢Õß§«“¡∂’Ë¥â«¬
‡§√◊ËÕß Quartz Crystal Microbalance √ÿàπ RQCM
(º≈‘µ¿—≥±å¢Õß∫√‘…—∑ Maxtek ª√–‡∑» À√—∞Õ‡¡√‘°“)

°“√ÕÕ°·∫∫‚æ√∫ ”À√—∫µ√÷ß∫πº‘« QCM
„™â‚Õ≈‘‚°‚æ√∫∑’Ëæ—≤π“¡“®“°“√»÷°…“¢Õß Herman

·≈–§≥–(7) ®”π«π 2  “¬ §◊Õ methylated probe
(5'-TTTTTTTTGTAAAACGACGGCCAGT-3')
·≈– unmethylated probe (5'-TTTTTTTTGCGGAT
AACAATTTCACACAGG-3') ‚¥¬µ‘¥‰∫‚Õµ‘π‰«â∑’Ë
ª≈“¬¥â“π 5' ( —ß‡§√“–Àå‚¥¬∫√‘…—∑·ª ‘́øî°´“¬πå ª√–‡∑»
‰∑¬)

°“√µ√«®À“°“√‡°‘¥ DNA methylation ¢Õß®’π p16
¥â«¬‡∑§π‘§ MSP

‡µ‘¡¥’ ‡ÕÁπ‡Õµ—«Õ¬à“ß∑’Ëºà “π°“√¥—¥·ª≈ß¥â«¬
‰∫ —́≈‰ø∑å(7) ®”π«π 100 ng ≈ß„π à«πº ¡ PCR 25
µL ®”π«π 2 À≈Õ¥ §◊Õ methylated ·≈–
unmethylated reaction ·µà≈–À≈Õ¥ª√–°Õ∫‰ª¥â«¬ 1X
PCR buffer, 200 µM ¢Õß dNTPs, 10 mM ¢Õß
2-mercaptoethanol, 3.0 mM ¢Õß MgCl

2
 , 5 pmole

¢Õß methylated primers (Forward primer:
5'-GTAAAACGACGGCCAGTTTATTAGAGGG
TGGGGCGG ATCGC-3'; Reverse primer :
5'- GACCCCGAACCGCGACCGTAA-3') À√◊Õ
unmethylated primers (Forward primer:
5'-TTATTAGAGGGTGGGGTGATTGT-3';
Reverse primer: 5'-GCGGATAACAATTTCACA
CAGGCAACCCCAAACCACAACCATAA-3')
·≈– 2 units ¢Õß Taq polymerase ∑”°“√‡æ‘Ë¡
®”π«π√«¡ 35 √Õ∫ ‚¥¬ ¿“«–∑’Ë„™â‡æ‘Ë¡®”π«π„π
·µà≈–√Õ∫ §◊Õ denatururation ∑’Ë 95 Ì́  5 π“∑’ annealing
∑’Ë 61 Ì´ 30 «‘π“∑’ ”À√—∫ methylated primer ·≈–
59 Ì´ 30 «‘π“∑’ ”À√—∫ unmethylated primer ·≈–
extension ∑’Ë 72 Ì´ 30 «‘π“∑’

°“√‡µ√’¬¡ QCM ‰∫‚Õ‡´π‡´Õ√å
π” QCM ¡“≈â“ßº‘«∑Õß¥â«¬ “√≈–≈“¬ Piranha

(ª√–°Õ∫¥â«¬ 1  à«π 30% H
2
O

2
 µàÕ 3  à«π H

2
SO

4
)

π“π 2 π“∑’‡æ◊ËÕ°”®—¥§√“∫‰¢¡—π ®“°π—Èπ‡µ‘¡
mercaptopropionic acid (MPA) ‡ªìπ‡«≈“ 1 ™—Ë«‚¡ß
≈â“ß¥â«¬πÈ”°≈—Ëπ ‡ªî¥À¡Ÿàøíß™—Ëπ∫πº‘«Õ‘‡≈§‚∑√¥¥â«¬ 200
mM ¢Õß 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC ·≈– 50 mM N-hydroxysuc-
cinimide (NHS) ‡ªìπ‡«≈“ 30 π“∑’ À≈—ß®“°π—Èπµ√÷ß
º‘«Õ‘‡≈§‚∑√¥¥â«¬‚ª√µ’π avidin ∑’Ë≈–≈“¬„π HEPES
buffer ‡ªìπ‡«≈“Õ¬à“ßπâÕ¬ 1 ™—Ë«‚¡ß ≈â“ß avidin  à«π
‡°‘π¥â«¬ HEPES buffer ªî¥°—ÈπÀ¡Ÿàøíß™—Ëπ∑’Ë‰¡à®—∫°—∫
avidin ¥â«¬ 1 mM ethanolamine pH 8.0 ®“°π—Èπ
‡µ‘¡‚æ√∫∑’Ëµ‘¥©≈“°¥â«¬‰∫‚Õµ‘π®”π«π 50 µL ‡ªìπ
√–¬–‡«≈“ 20 π“∑’ ‚¥¬‚æ√∫®–∂Ÿ°µ√÷ß∫πº‘« QCM  ́ ÷Ëß
 “¡“√∂®—∫Õ¬à“ß®”‡æ“–√–À«à“ß avidin-biotin
interaction ‡¡◊ËÕ‡ √Á® ‘Èπ°√–∫«π°“√¥—ß°≈à“«®–‰¥â QCM
‰∫‚Õ‡´π‡´Õ√å∑’Ëæ√âÕ¡„™âµ√«®®”·π° p16 methylation
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°“√À“ ¿“«–∑’Ë‡À¡“– ¡„π°“√‡µ√’¬¡ QCM ‰∫‚Õ
‡´π‡´Õ√å ∑’Ë®”‡æ“–µàÕ¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬™π‘¥ methy-
lation ·≈– unmethylation

„π°“√‡µ√’¬¡ QCM ‰∫‚Õ‡´π‡´Õ√å ‰¥âµ√«®
À“§«“¡‡¢â¡¢âπ∑’Ë‡À¡“– ¡¢Õß MPA  ‚ª√µ’π avidin
·≈–‚æ√∫ ‡π◊ËÕß®“°‡ªìπªí®®—¬ ”§—≠µàÕ°“√‡ª≈’Ë¬π·ª≈ß
§«“¡∂’Ë„π√–∫∫ QCM

MPA ‡ªìπ‚¡‡≈°ÿ≈∑’Ë¡’§«“¡ ”§—≠„π°“√‡µ√’¬¡
æ◊Èπº‘«∑Õß∫π QCM ‰¥â∑”°“√ª√—∫§«“¡‡¢â¡¢âπ¢Õß
MPA ‡ªìπ 5 √–¥—∫§«“¡‡¢â¡¢âπ§◊Õ 1, 5, 10, 15 ·≈–
20 mM ‚¥¬§«“¡‡¢â¡¢âπ¢Õß MPA ∑’Ë‡À¡“– ¡§◊Õ®ÿ¥
∑’Ë∑”„Àâ§«“¡∂’Ë‡ª≈’Ë¬π·ª≈ß ( F) ¡“°∑’Ë ÿ¥ ‡¡◊ËÕ„™â
§«“¡‡¢â¡¢âπ¢Õß avidin ∑’Ë¡“°‡°‘πæÕ (2 mg/dL) ‚¥¬
·µà≈–§à“§«“¡‡¢â¡¢âπ∑”´È” 3 §√—Èß

°“√À“§«“¡‡¢â¡¢âπ∑’Ë‡À¡“– ¡¢Õß‚ª√µ’π avidin ‰¥â
»÷°…“§«“¡‡¢â¡¢âπ¢Õß avidin ‡ªìπ 5 √–¥—∫§«“¡‡¢â¡
¢âπ §◊Õ 0.125, 0.25, 0.5, 1.0 ·≈– 2.0 mg/dL ∑’Ë
Õÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“ 1 ™—Ë«‚¡ß ∑”°“√«—¥ F ‚¥¬
§«“¡‡¢â¡¢âπ¢Õß avidin ∑’Ë‡À¡“– ¡®–„Àâ§à“ F ¡“°
∑’Ë ÿ¥ ·µà≈–§à“§«“¡‡¢â¡¢âπ∑”´È” 3 §√—Èß

°“√À“§«“¡‡¢â¡¢âπ∑’Ë‡À¡“– ¡¢Õß methylated ·≈–
unmethylated probe ∑”‚¥¬ª√—∫§«“¡‡¢â¡¢âπ¢Õß∑—Èß
 Õß‚æ√∫‡ªìπ 5 √–¥—∫§«“¡‡¢â¡¢âπ §◊Õ 0.25, 0.5, 0.75,
1.0 ·≈– 1.5 µM ∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“ 20 π“∑’
∑”°“√«—¥ F ‡ª√’¬∫‡∑’¬∫√–À«à“ß°àÕπ·≈–À≈—ß probe
immobilization §«“¡‡¢â¡¢âπ∑’Ë‡À¡“– ¡®–„Àâ§à“ F
¡“°∑’Ë ÿ¥ ‚¥¬·µà≈–§à“§«“¡‡¢â¡¢âπ∑”´È” 3 §√—Èß ‡´π‡´Õ√å
∑’Ëµ‘¥ methylated probe ·≈– unmethylated probe
‡√’¬° methylated ‡´π‡´Õ√å·≈– unmethylated ‡´π‡´Õ√å
µ“¡≈”¥—∫

°“√ª√–‡¡‘πª√– ‘∑∏‘¿“æ¢Õß QCM ‰∫‚Õ‡´π‡´Õ√å
„π°“√ª√–‡¡‘πª√– ‘∑∏‘¿“æ¢Õß QCM ‰∫‚Õ-

‡´π‡´Õ√å ™π‘¥ methylated QCM ‰∫‚Õ‡´π‡´Õ√å „™â¥’
‡ÕÁπ‡Õº≈‘µº≈∑’Ë„Àâº≈∫«°µàÕ methylated primer „π
ªØ‘°‘√‘¬“ MSP ‡ªìπ positive control „π∑“ß°≈—∫°—π

 ”À√—∫°“√∑¥ Õ∫ unmethylated QCM ‰∫‚Õ‡´π‡´Õ√å
‚¥¬„™â¥’‡ÕÁπ‡Õº≈‘µº≈®“° unmethylated MSP   ‡ªìπ
positive control ∑”°“√‡®◊Õ®“ßº≈‘µº≈¥â«¬Õ—µ√“ à«π
1:100 ·≈â« denature ¥â«¬§«“¡√âÕπ∑’Ë 95 Ì´ π“π 10
π“∑’ ·™à¥â«¬πÈ”·¢Áß 5 π“∑’°àÕπ∑’Ë®–À¬¥≈ß∫π‡´π‡´Õ√å
QCM ‰∫‚Õ‡´π‡´Õ√å ∑’Ë‡µ√’¬¡‰¥â®“°°“√„™â ¿“«–∑’Ë
‡À¡“– ¡®–∂Ÿ°ª√–‡¡‘π§ÿ≥ ¡∫—µ‘¥â“πµà“ßÊ¥—ßµàÕ‰ªπ’È
1. °“√µ√«®®”·π° p16 methylation ·≈–
unmethylation ¥â«¬ QCM ‰∫‚Õ‡´π‡´Õ√å

π” methylated QCM ‰∫‚Õ‡´π‡´Õ√å·≈–
unmethylated QCM ‰∫‚Õ‡´π‡´Õ√å ∑’Ë‡µ√’¬¡‰¥â¡“
∑¥ Õ∫§«“¡ “¡“√∂„π°“√®”·π°¿“«– methylation
·≈– unmethylation ¢Õß®’π p16 ∫—π∑÷°§«“¡·µ°
µà“ß¢Õß§à“ F √–À«à“ß MSP product ∑’Ë„Àâº≈∫«°
°—∫‡´π‡´Õ√å∑—Èß Õß™π‘¥

2. °“√»÷°…“À“§à“ negative cut off  ”À√—∫°“√
·ª≈º≈

π” ¥’‡ÕÁπ‡Õº≈‘µº≈∑’Ë„Àâº≈≈∫   ”À√—∫ methylated
·≈– unmethylated product ¢Õß®’π p16 ¡“‡ªìπ
negative control „π°“√«—¥§«“¡·ª√ª√«π®“°°“√∑”
´È”®”π«π 20 §√—Èß ·≈â«π”¡“§”π«≥§à“‡©≈’Ë¬·≈– SD
‡æ◊ËÕπ”¡“À“ cut off  ”À√—∫°“√·ª≈º≈≈∫‡∑à“°—∫§à“‡©≈’Ë¬
+ 2SD

3. °“√»÷°…“§«“¡‰«„π°“√µ√«®®”·π° p16
methylation ¥â«¬ QCM ‰∫‚Õ‡´π‡´Õ√å

‡®◊Õ®“ß positive control  ”À√—∫ methylated (65
µg/mL) ·≈– unmethylated product (50 µg/mL)
¢Õß®’π p16 µ—Èß·µà 1:10 - 1:1000 ·≈â«∑”°“√∑¥ Õ∫∫π
QCM ‡´π‡´Õ√å∑—Èß Õß™π‘¥ ∫—π∑÷°§à“ F ∑’Ë‡°‘¥¢÷Èπ„π
·µà≈–Õ—µ√“ à«π æ‘®“√≥“§«“¡‡¢â¡¢âπ∑’ËπâÕ¬∑’Ë ÿ¥∑’Ë¬—ß
„Àâ§à“ F ¡“°°«à“§à“ negative cut-off

4. °“√»÷°…“§«“¡®”‡æ“–„π°“√µ√«®®”·π° p16
methylation ¥â«¬ QCM ‰∫‚Õ‡´π‡´Õ√å
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∑¥ Õ∫°“√‡°‘¥ cross hybridization √–À«à“ß
methylated ‡´π‡´Õ√å °—∫¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë‡ªìπ
unmethylated ·≈–„π∑“ß°≈—∫°—π∑¥ Õ∫ unmethylated
‡´π‡´Õ√å¥â«¬¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë‡ªìπ methylated °“√
‡ª≈’Ë¬π·ª≈ß¢Õß —≠≠“≥§«“¡∂’Ë∑’Ë‰¥âµâÕßπâÕ¬°«à“§à“
negative cut-off ®÷ß®–·ª≈º≈‰¥â«à“‰¡à‡°‘¥ cross
hybridization
5. °“√»÷°…“§«“¡‡∑’Ë¬ßµ√ß (Precision) „π°“√
®”·π° p16 methylation

π” ¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë‡ªìπ positive control  ”À√—∫
methylated ·≈– unmethylated  ¢Õß®’π 16 ∑’Ë‡®◊Õ
®“ß¥â«¬Õ—µ√“ à«π∑’Ë‡À¡“– ¡¡“‡ªìπµ—«Õ¬à“ß„π°“√«—¥
§«“¡‡∑’Ë¬ßµ√ß‚¥¬∑¥ Õ∫∫π QCM ‡´π‡´Õ√å∑—Èß Õß
™π‘¥ ∑”°“√«‘‡§√“–Àå´È”®”π«π 12 §√—Èß ∑”µàÕ‡π◊ËÕß°—π
‡ªìπ‡«≈“  3 «—π

6. °“√»÷°…“§«“¡ “¡“√∂„π°“√„™â´È”¢Õß QCM
‰∫‚Õ‡´π‡´Õ√å

≈â“ßº‘«§«Õ∑´å¥â«¬°√¥‡°≈◊Õ§«“¡‡¢â¡¢âπ 1 mM
π“π 1 π“∑’‡æ◊ËÕ·¬°‡∫ §Ÿà ¡√–À«à“ß ‚æ√∫°—∫¥’‡ÕÁπ‡Õ
∑”°“√‡µ‘¡¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë¡’‡∫ §Ÿà ¡Õ’°§√—Èß æ‘®“√≥“
§à“ F ∑’Ë‰¥â®–µâÕß¡“°°«à“§à“ negative cut-off  ‡¡◊ËÕ
∑¥ Õ∫¥â«¬ ∂‘µ‘ Wilcoxon signed-rank test

º≈°“√»÷°…“
 ¿“«–∑’Ë‡À¡“– ¡„π°“√‡µ√’¬¡ QCM ‰∫‚Õ‡´π‡´Õ√å

®“°°“√»÷°…“æ∫«à“ ¿“«–∑’Ë„Àâ§à“§«“¡∂’Ë¢Õß°“√
‡ª≈’Ë¬π·ª≈ß Ÿß ÿ¥§◊Õ§«“¡‡¢â¡¢âπ¢Õß “√ MPA „π
°“√‡µ√’¬¡‰∫‚Õ‡´π‡´Õ√å ‚ª√µ’π avidin ·≈–‚æ√∫‡∑à“°—∫
10 mM, 1.0 mg/dL ·≈–1.0 µM µ“¡≈”¥—∫ ¥—ß· ¥ß
√Ÿª∑’Ë 3
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√Ÿª∑’Ë 3 · ¥ßº≈°“√µ√«®À“ ¿“«–∑’Ë‡À¡“– ¡„π°“√‡µ√’¬¡ QCM ‰∫‚Õ‡´π‡´Õ√å (°) MPA (¢) avidin (§) 5'-
biotinylated DNA probe
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º≈°“√ª√–‡¡‘πª√– ‘∑∏‘¿“æ¢Õß QCM ‰∫‚Õ‡´π‡´Õ√å
1. °“√„™â QCM ‰∫‚Õ‡´π‡´Õ√å„π°“√µ√«®À“

°“√‡°‘¥ p16 methylation „π‡´≈≈å‡æ“–‡≈’È¬ß KKU-
M213

º≈°“√∑¥ Õ∫°“√„™âß“π¢Õß‰∫‚Õ‡´π‡´Õ√å°—∫
¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë‡µ√’¬¡‰¥â®“°‡´≈≈å‡æ“–‡≈’È¬ß KKU-

M213 ∑’Ë„Àâº≈∫«°¢Õß p16 methylation æ∫«à“„Àâ§à“
 —≠≠“≥°“√‡ª≈’Ë¬π·ª≈ß§«“¡∂’Ë„πº≈‘µº≈∫«° ∫π
methylation ‡´π‡´Õ√å ‡∑à“°—∫ 124.99 ± 18.29 Hz
·≈– unmethylation ‡´π‡´Õ√å‡∑à“°—∫106.31 ± 21.86
Hz µ“¡≈”¥—∫ (µ“√“ß∑’Ë 1)

µ“√“ß∑’Ë 1 §à“ —≠≠“≥°“√‡ª≈’Ë¬π·ª≈ß§«“¡∂’Ë ( F) „πº≈‘µº≈∫«°·≈–º≈≈∫∫π methylation ·≈–
unmethylation ‡´π‡´Õ√å

2. §à“ negative cut-off  ”À√—∫·ª≈º≈
       ®“°°“√»÷°…“æ∫«à“§à“ —≠≠“≥ ”À√—∫¥’‡ÕÁπ‡Õ∑’Ë
‡ªìπº≈≈∫∫π methylation ·≈– unmethylation
‡´π‡´Õ√å  ∑’Ë§”π«≥®“°§à“‡©≈’Ë¬·≈–§«“¡·ª√ª√«π
‡∑à“°—∫ 27.64 ·≈– 26.10 Hz µ“¡≈”¥—∫¥—ß· ¥ß„π
µ“√“ß∑’Ë 1 ®÷ß„™â§à“∑’Ë‰¥âπ’È„π°“√Õπÿ¡“πµ—«Õ¬à“ß∑’Ë®–
·ª≈‡ªìπº≈∫«°«à“ ®–µâÕß„Àâ —≠≠“≥∫π  methylated
·≈– unmethylated QCM ‡´π‡´Õ√å‰¡àπâÕ¬°«à“ 30 Hz

3. §«“¡‰«„π°“√µ√«®À“°“√‡°‘¥ p16 methy-
lation ¥â«¬ QCM ‰∫‚Õ‡´π‡´Õ√å

º≈°“√‡®◊Õ®“ß ¥’‡ÕÁπ‡Õº≈‘µº≈ ®“° MSP   °àÕπ
∑”°“√‰Œ∫√‘‰¥´å∫π QCM ‡´π‡´Õ√å æ∫«à“ QCM
‰∫‚Õ‡´π‡´Õ√å ∑’Ëæ—≤π“¢÷Èπ  “¡“√∂µ√«®À“¥’‡ÕÁπ‡Õ
‡ªÑ“À¡“¬‰¥â∂÷ß·¡â¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬®–∂Ÿ°‡®◊Õ®“ß‰ª∂÷ß
1:1,000 (√Ÿª∑’Ë 4) ‚¥¬∑’ËÕ—µ√“ à«π‡∑à“°—∫ 1:100 ®–
„Àâ§à“ª√‘¡“≥ —≠≠“≥ Ÿß ÿ¥



124 «“√ “√‡∑§π‘§°“√·æ∑¬å·≈–°“¬¿“æ∫”∫—¥ ë ªï∑’Ë 20 ©∫—∫∑’Ë 2 ë æƒ…¿“§¡- ‘ßÀ“§¡ 2551

√Ÿª∑’Ë 4 · ¥ßº≈°“√»÷°…“§«“¡‰«„π°“√®”·π° DNA methylation ¢Õß methylation ‡´π‡´Õ√å·≈– unmethylation
‡´π‡´Õ√å æ∫«à“§«“¡‡¢â¡¢âπ∑’Ë„Àâ√–¥—∫ª√‘¡“≥ —≠≠“≥ Ÿß ÿ¥ §◊Õ ∑’Ë√–¥—∫°“√‡®◊Õ®“ß¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë 1:100

4. §«“¡®”‡æ“–„π°“√®”·π° p16 methylation
µ“√“ß∑’Ë 2 · ¥ß„Àâ‡ÀÁπ«à“§à“ F ∑’Ë‡°‘¥®“°

°“√‰Œ∫√‘‰¥´å√–À«à“ß methylated ‡´π‡´Õ√å °—∫
unmethylated product ·≈– unmethylated ‡´π‡´Õ√å
°—∫ methylated product π—Èπ„Àâ§à“∑’ËÕ¬Ÿà„π™à«ßº≈≈∫

À√◊ÕµË”°«à“ negative cut off  (µË”°«à“ 30 Hz) · ¥ß
«à“‰¡àæ∫°“√‡°‘¥ cross hybridization √–À«à“ß‚æ√∫
°—∫¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬§π≈–™π‘¥∫π QCM ‰∫‚Õ‡´π‡´Õ√å
∑’Ëæ—≤π“¢÷Èπ

µ“√“ß∑’Ë 2 · ¥ß§à“ F „π°“√∑¥ Õ∫§ÿ≥ ¡∫—µ‘¥â“π§«“¡®”‡æ“–‚¥¬‰¡àæ∫°“√‡°‘¥ cross hybridization √–À«à“ß
‚æ√∫°—∫¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬§π≈–™π‘¥
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      5.§«“¡‡∑’Ë¬ßµ√ß„π°“√®”·π° p16 methy-
lation ¥â«¬ QCM ‰∫‚Õ‡´π‡´Õ√å

®“°°“√»÷°…“§«“¡‡∑’Ë¬ßµ√ß„π°“√„™â·≈–
√“¬ß“πº≈ methylation ·≈– unmethylation ‡´π‡´Õ√å
æ∫«à“„Àâ§«“¡‡∑’Ë¬ßµ√ß·∫∫ between-run (n=12) §‘¥
‡ªìπ % CV ‡∑à“°—∫√âÕ¬≈– 14.6  ·≈– 10.4  µ“¡≈”¥—∫

6. §«“¡ “¡“√∂„π°“√„™â´È”¢Õß QCM-DNA
sensor
       ‡¡◊ËÕ∑”°“√«—¥§«“¡∂’Ë¿“¬À≈—ß°“√π”‡´π‡´Õ√å¡“
≈â“ß·≈–®—∫¥â«¬¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬ æ∫«à“ “¡“√∂„™âß“π
´È”‰¥â Ÿß ÿ¥ 3 §√—Èß ‚¥¬ —≠≠“≥∑’Ë‰¥â‰¡à·µ°µà“ßÕ¬à“ß¡’
π—¬ ”§—≠‡¡◊ËÕ∑¥ Õ∫¥â«¬ ∂‘µ‘ Wilcoxon signed-rank
test ¥—ß· ¥ß„π √Ÿª∑’Ë 5

√Ÿª∑’Ë 5 · ¥ßº≈°“√»÷°…“§«“¡ “¡“√∂„π°“√„™â´È”„π methylation ·≈– unmethylation ‡´π‡´Õ√å

«‘®“√≥å·≈– √ÿªº≈°“√»÷°…“
°“√µ√«®À“¥’‡ÕÁπ‡Õ∫π‰∫‚Õ‡´π‡´Õ√å¥â«¬À≈—°°“√

DNA hybridization π—Èπ¡’¢âÕ¥’À≈“¬ª√–°“√‡™àπ  “¡“√∂
µ√«®«—¥‰¥âÕ¬à“ß√«¥‡√Á« ¡’§«“¡‰«·≈–§«“¡®”‡æ“– Ÿß
Õ“»—¬°“√ÕÕ°·∫∫¢Õß‡∫ §Ÿà ¡√–À«à“ß¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬
°—∫°—∫‚æ√∫ °“√»÷°…“π’È‰¥âæ—≤π“‡´π‡´Õ√å∑’Ë®”‡æ“–µàÕ

°“√µ√«®À“ DNA methylation ¢Õß®’π p16 ‚¥¬
‚Õ≈‘‚°‚æ√∫®–∂Ÿ°µ√÷ß∫πº‘«Õ‘‡≈§‚∑√¥∑Õß¢Õß QCM
‰∫‚Õ‡´π‡´Õ√å¥â«¬ avidin-biotin interaction  ‚¡‡≈°ÿ≈
¢Õß avidin ®–∂Ÿ°µ√÷ß¥â«¬æ—π∏–‡§¡’∫πº‘«Õ‘‡≈§‚∑√¥
∑Õß ®“°°“√§”π«≥¥â«¬ Sauerbreyûs equation æ∫
«à“∑’Ë§«“¡‡¢â¡¢âπ¢Õß avidin ‡∑à“°—∫ 1.0 mg/dL ∑’Ë
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∑”„Àâ‡°‘¥ —≠≠“≥§«“¡∂’Ë‡ª≈’Ë¬π·ª≈ß‰ªª√–¡“≥ 140
Hz §‘¥‡ªìπ‚¡‡≈°ÿ≈¢Õß avidin ‡°“–Õ¬Ÿà∫πÕ‘‡≈§‚∑√¥
∑ÕßÕ¬Ÿàª√–¡“≥ 5.2x1012 ‚¡‡≈°ÿ≈ ´÷Ëß„°≈â‡§’¬ß°—∫
°“√§“¥°“√≥å∑“ß∑ƒ…Æ’(8) «à“‚¡‡≈°ÿ≈¢Õß avidin ‡°“–
Õ¬Ÿà∫πº‘«Õ‘‡≈§‚∑√¥‰¥â‡æ’¬ß 4.0x1012 ·≈–‡π◊ËÕß®“° 1
‚¡‡≈°ÿ≈¢Õß‚ª√µ’π avidin  “¡“√∂®—∫°—∫‚æ√∫∑’Ëµ‘¥
©≈“°¥â«¬‰∫‚Õµ‘π‰¥â®”π«π Ÿß ÿ¥ 4 ‚¡‡≈°ÿ≈(8)  ¥—ßπ—Èπ
ª√‘¡“≥‚æ√∫∑’Ëµ‘¥‰∫‚Õµ‘π®–∂Ÿ°µ√÷ßÕ¬Ÿà∫πº‘«‡´π‡´Õ√å
‡ªìπ 2.08  x 1013 (§‘¥®“° 5.2x1012x4) ‚¡‡≈°ÿ≈
´÷ËßÕ¬Ÿà„π™à«ß§à“∑’Ë “¡“√∂¬Õ¡√—∫‰¥â ®“°°“√ª√–¡“≥
§«“¡‡¢â¡¢âπ¢Õß‚æ√∫∑’Ë„™â‡∑à“°—∫ 1 µM  ∑’Ë„Àâ —≠≠“≥
¢Õß§«“¡∂’Ëª√–¡“≥ 110 Hz π—Èπ §‘¥‡ªìπª√‘¡“≥‚æ√∫
Õ¬Ÿà‡°“–Õ¬Ÿàª√–¡“≥ 3.7x1013 ‚¡‡≈°ÿ≈

„π°“√»÷°…“‡æ◊ËÕ®”·π°°“√‡°‘¥ DNA methylation
¢Õß®’π p16 æ∫«à“ QCM ‰∫‚Õ‡´π‡´Õ√å ∑’Ëæ—≤π“¢÷Èπ
 “¡“√∂®”·π°¿“«– methylation ·≈– unmethylation
‰¥âÕ¬à“ß®”‡æ“–·≈–¡’§«“¡‰«∑’Ë Ÿß Õ’°∑—Èß¬—ß‰¡àæ∫°“√‡°‘¥
cross hybridization √–À«à“ß methylated  ‡´π‡´Õ√å
°—∫ unmethylation ¥’‡ÕÁπ‡Õ À√◊Õ unmethylated
‡´π‡´Õ√å probe °—∫ methylated ¥’‡ÕÁπ‡Õ º≈¢Õß
 —≠≠“≥¡’§«“¡‡∑’Ë¬ßµ√ß∑’Ë¬Õ¡√—∫‰¥â´÷Ëß°”Àπ¥„Àâ  CV
‰¡à‡°‘π√âÕ¬≈– 15 (8)   „π°“√»÷°…“¢Õß Zhou ·≈–§≥–(9)

‰¥â∑”°“√∑¥≈Õß‡æ‘Ë¡§«“¡‰«¢Õß«‘∏’¥â«¬‡∑§π‘§ multi-
layer self assembly ‚¥¬‡ªìπ°“√‡æ‘Ë¡√–π“∫¢Õß
‚¡‡≈°ÿ≈´÷Ëß®–™à«¬‡æ‘Ë¡µ”·Àπàß„π°“√®—∫¢Õß‚ª√µ’π
avidin ¡“°¢÷Èπ‡ªìπº≈„Àâ§«“¡‰«∑’Ë‰¥â Ÿß¢÷Èπ πÕ°®“°π’È
‡¡◊ËÕ∑”°“√·¬°‡∫ §Ÿà ¡¢Õß¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬∑’Ë®—∫Õ¬Ÿà
°—∫‚æ√∫∫πº‘«∑Õß¢Õß§«Õ∑ ǻ·≈â«æ∫«à“‚æ√∫∑’Ë¬—ß§ß
µ√÷ßÕ¬Ÿà∫πº‘«‡´π‡´Õ√å “¡“√∂„™âß“π´È”‰¥â‚¥¬‰¡àµâÕß
ºà“π°√–∫«π°“√„¥Ê‚¥¬∑’Ë¬—ß§ß§ÿ≥¿“æ‰¥â∂÷ß 3 §√—Èß
‚¥¬„Àâ —≠≠“≥≈¥≈ßÕ¬à“ß‰¡à¡’π—¬ ”§—≠∑“ß ∂‘µ‘ (P >
0.05) Õ¬à“ß‰√°Áµ“¡ °“√»÷°…“§√—Èßπ’È‰¡à‰¥â∑¥ Õ∫¿“«–
§«“¡§ßµ—«¢Õß‡´π‡´Õ√å·≈–°“√‡°Á∫√—°…“ ·µà®“°°“√
»÷°…“¢Õß Caruso ·≈–§≥–(10) æ∫«à“ QCM ∑’Ë
‡µ√’¬¡‡ √Á® “¡“√∂‡°Á∫¿“¬„µâÕÿ≥À¿Ÿ¡‘ 4 Ì´ ‰¥âπ“π 2-
3  —ª¥“Àå‚¥¬‰¡à‡ ’¬§ÿ≥ ¡∫—µ‘„¥Ê

πÕ°®“°°“√æ—≤π“‰∫‚Õ‡´π‡´Õ√å‚¥¬„™â‡∑§π‘§
QCM ·≈â«¬—ß‰¥â¡’°“√æ—≤π“‰∫‚Õ‡´π‡´Õ√å‚¥¬„™â‡∑§π‘§
microchip capillary electrophoresis (mCE)(4) ‡æ◊ËÕ
°“√µ√«®À“ DNA methylation ‚¥¬‡ªìπ‡∑§π‘§∑’Ë„Àâ
∑—Èß§«“¡‰«·≈–§«“¡®”‡æ“– Ÿß ·µà‡∑§π‘§ mCE ¬—ß
µâÕß°“√Õÿª°√≥å„π°“√µ√«®®—∫ —≠≠“≥À√◊Õ detector ∑’Ë
‡ªìπ optical system ÷́Ëß¡’√“§“ Ÿß µâπ·∫∫∑’Ë‰¥âæ—≤π“π’È
®÷ß∂◊Õ‡ªìπ√“¬ß“π·√°∑’Ë°≈à“«∂÷ß°“√ª√–¬ÿ°µå„™â QCM
‡æ◊ËÕµ√«®À“ DNA methylation ¢Õß®’πµâ“π¡–‡√Áß
Õ¬à“ß‰√°Áµ“¡‡´π‡´Õ√å∑’Ë‰¥â¬—ß¡’§«“¡µâÕß°“√‡æ◊ËÕ∑’Ë®–
æ—≤π“µàÕ¬Õ¥‚¥¬π”‰ª∫Ÿ√≥“°“√‡¢â“°—∫‡∑§π‘§ PCR
‡æ◊ËÕ∑’Ë®–™à«¬≈¥¢—ÈπµÕπ°“√µ√«®«‘‡§√“–Àå‰ªæ√âÕ¡°—∫
°“√‡æ‘Ë¡®”π«π¥’‡ÕÁπ‡Õ‡ªÑ“À¡“¬„Àâ‡ªìπ·∫∫ real time
analysis µàÕ‰ª
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