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ปรึกษาร่วม : ดร.จนัทรกานต ์พิภพมงคล 

  
แมสสเปกโทรเมตรี (MS) เป็นหน่ึงในเทคนิคทางวิทยาศาสตร์ท่ีถูกใช้อย่างกวา้งขวางใน

หลายสาขาวิชา งานวิจัยน้ีมีวตัถุประสงค์เพื่อศึกษาบทบาทของเทคนิคแมสสเปกโทรเมตรีในการ
วิเคราะห์ทางชีววิทยา โดยเน้ือหาในงานวิจัยแบ่งออกเป็น 2 ส่วนหลกั ส่วนท่ีหน่ึงมีการใช้เทคนิค
แมสสเปกโทรเมตรีอิมเมจจิง เพื่อศึกษาสารเมตาบอไลทโ์ดยตรงจากเน้ือเยือ่พืช โดยน าพนัธ์ุขา้วไทยมา
ศึกษาการผลิตและการกระจายตัวของสารไดเทอร์พีนอยด์ไฟโตอเล็กซินด้วยเทคนิคมัลดิ -
แมสสเปกโทรเมตรีอิมเมจจิง (MALDI-MSI) การศึกษาน้ีประสบความส าเร็จโดยสามารถตรวจพบสาร
ไดเทอร์พีนอยดไ์ฟโตอเลก็ซินในเน้ือเยือ่ของใบขา้วพนัธ์ุ กข6 จ านวน 5 ชนิด คือ momilactone-A (m/z 
353.17), momilactone-B (m/z 369.16), phytocassane-A/D/E (m/z 355.18), phytocassane-B (m/z 
373.19) และ phytocassane-C (m/z 357.20) ส่วนท่ีสองของงานวิจยัใชเ้ทคนิคแมสสเปกโทรเมตรี เพื่อ
ศึกษาผลของการใชนิ้โคตินเป็นเวลานานต่อความสามารถในการรุกรานของเซลลม์ะเร็งปอด A549 ดว้ย
เทคนิค label-free quantitative proteomic การศึกษาการเปล่ียนแปลงการแสดงออกของโปรตีนท าใน  2 
ระบบคือ ระบบ monolayer และ ระบบ invasion ผลการทดลองพบวา่เม่ือเซลลม์ะเร็งถูกเล้ียงในนิโคติน
เป็นเวลานาน จะเกิดการเปล่ียนแปลงการแสดงออกของโปรตีนต่าง ๆ โดยพบการเปล่ียนแปลงใน
ระบบ monolayer จ านวน 55 โปรตีน และในระบบ invasion จ านวน 100 โปรตีน จากนั้นเลือกโปรตีน
ท่ีสนใจมาตรวจสอบการแสดงออกของโปรตีนอีกคร้ังดว้ยเทคนิค western blot ผลการทดลองช้ีให้เห็น
ว่าการใช้นิโคตินเป็นเวลานาน ส่งเสริมให้เกิดการรุกรานของเซลล์ A549 ท่ีน่าสนใจคือพบการ
แสดงออกเพิ่มข้ึนของโปรตีน legumain, heat shock protein HSP 90-alpha, heat shock related 70 kDa 
protein 2, protein disulfide isomerase A3 และ profilin-1 อนัเป็นผลมาจากการใชนิ้โคตินเป็นเวลานาน 
งานวิจัยน้ีแสดงให้เห็นถึงบทบาทของเทคนิคแมสสเปกโทรเมตรีในการใช้ตรวจวิเคราะห์สารชีว
โมเลกลุ และช้ีใหเ้ห็นวา่เทคนิคน้ีสามารถน าไปสู่การคน้พบขอ้มูลใหม่ ๆ ในอนาคต 
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ABSTRACT (ENGLISH) 
# # 5872826023 : MAJOR BIOTECHNOLOGY 
KEYWORD: mass spectrometry, MALDI-MSI, phytoalexins, nicotine, lung cancer, label-free 

quantitative proteomic 
 Sasikarn Komkleow : PHYTOALEXIN AND BIOMARKER PEPTIDE DETECTION USING 

MASS SPECTROMETRY . Advisor: Prof. Dr. POLKIT SANGVANICH Co-advisor: Dr. 
Chantragan Phiphobmongkol 

  
Mass spectrometry (MS) has been one of the scientific techniques most commonly used in 

different areas. Therefore, the current research was carried out in order to investigate the role of MS in 
biological analysis. This study is divided into two main parts. The first part used MS imaging to reveal the 
ability of the technique for imaging metabolites directly from plant tissue. Thai rice varieties were used to 
investigate the production and distribution of diterpenoid phytoalexins using matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI). Results revealed the successfully detection 
of 5 types of diterpenoid phytoalexins on RD6 rice leaf tissue, including momilactone-A (m/z 353.17), 
momilactone-B (m/z 369.16), phytocassane-A/D/E (m/z 355.18), phytocassane-B (m/z 373.19) and 
phytocassane-C (m/z 357.20). In the second part, MS technique was used to assess the consequence of 
prolonged nicotine treatment on the invasion of A549 non-small cell lung cancer cell line by label-free 
quantitative proteomic analysis.  Proteins were collected from both the monolayer and the invasion systems 
to investigate the alteration in protein expression. Fifty five proteins from the monolayer system and 100 
proteins from the invasion system were identified with a change in expression level after prolonged nicotine 
treatment. Western blotting was then employed to validate the candidate proteins. The results indicated that 
prolonged exposure of nicotine promoted invasion on A549 cells. Interestingly, legumain, heat shock protein 
HSP 90-alpha, heat shock related 70 kDa protein 2, protein disulfide isomerase A3 and profilin-1 were found 
to show higher expression in A549 cells after prolonged exposure to nicotine. These findings testify to the 
power of mass spectrometry in biological molecule detection, allowing the discovery of novel information in 
the future. 

 

Field of Study: Biotechnology Student's Signature ............................... 
Academic Year: 2020 Advisor's Signature .............................. 
 Co-advisor's Signature ......................... 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 v 

ACKNOWLEDGEMENTS 
 

ACKNOWLEDGEMENTS 
  

It would not have been possible to write this thesis without the help and support of the kind 
people around me. First of all, I wish to express my greatest appreciation towards my advisor Professor Dr. 
Polkit Sangvanich and my co-advisor Dr. Chantragan Srisomsap for the continuous support of my Ph.D 
study and research, for their patience, motivation and immense knowledge. 

This work cannot be completed without kindness and helps of many people. It is a pleasure to 
thank Dr. Ploypat Niyomploy, Miss Daranee Chokchaichamnankit and Mrs. Papada Chaisuriya for their 
valuable suggestions. The thank also expressed to Program in Biotechnology, Faculty of Science, 
Chulalongkorn University and the Laboratory of Biochemistry, Chulabhorn Research Institute for 
providing facilities in my work. 

I wish to acknowledge the Scholarship from the Graduate School, The 100th Anniversary 
Chulalongkorn University Fund for Doctoral Scholarship and The 90th Anniversary of Chulalongkorn 
University Fund (Ratchadaphiseksomphot Endowment Fund) for financial support. 

Finally, the greatest gratitude is expressed to my parents, my sister, my boyfriend (Mr. Joonho 
Kim) and my best friend (Miss Saowanee Wongsawad) for providing me with unfailing support and 
continuous encouragement throughout my years of study. 

  
  

Sasikarn  Komkleow 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE OF CONTENTS 

 Page 
ABSTRACT (THAI) ................................................................................................... iii 

ABSTRACT (ENGLISH) ............................................................................................. iv 

ACKNOWLEDGEMENTS ........................................................................................... v 

TABLE OF CONTENTS ............................................................................................................ vi 

LIST OF TABLES .................................................................................................................. ix 

LIST OF FIGURES .................................................................................................................. x 

LIST OF ABBREVIATIONS .................................................................................... xiii 

CHAPTER 1 INTRODUCTION ................................................................................... 1 

CHAPTER 2 LITERATURE REVIEWS ...................................................................... 2 

2.1 Principle and basic components of mass spectrometer ........................................ 2 

2.1.1 Ion source ................................................................................................... 2 

2.1.2 Mass analyzer ............................................................................................. 5 

2.2 Mass spectrometry imaging (MSI) ...................................................................... 7 

2.3 Applications of mass spectrometry for biological research ............................... 13 

2.4 Background of the study for the first part of thesis (Chapter 3: MALDI-mass 

spectrometry imaging for phytoalexins detection in Thai rice) ......................... 16 

2.4.1 Importance of rice and blast disease ......................................................... 16 

2.4.2 Phytoalexins: role in disease resistance in rice plants .............................. 18 

2.5 Background of the study for the second part of thesis (Chapter 4: Global 

analysis of protein expression of A549 cells after prolonged nicotine exposure 

by using label-free quantification) ..................................................................... 19 

2.5.1 Lung cancer .............................................................................................. 19 

2.5.2 Nicotine .................................................................................................... 22 

2.5.3 Metastasis ................................................................................................. 24 

CHAPTER 3 MALDI-Mass Spectrometry Imaging for Phytoalexins Detection in Thai 

Rice .............................................................................................................................. 27 

    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 vii 

3.1 Materials and Chemicals .................................................................................... 29 

3.2 Equipments ........................................................................................................ 29 

3.3 Methods ............................................................................................................. 30 

3.3.1 Plant materials .......................................................................................... 30 

3.3.2 Blast fungus optimizing medium ............................................................. 30 

3.3.3 Blast fungus cultivation ............................................................................ 31 

3.3.4 Blast fungus inoculation ........................................................................... 31 

3.3.5 Analysis of phytoalexins on rice leaf tissues by MALDI-MSI ................ 31 

3.3.6 Analysis of phytoalexins in rice leaves by liquid extraction .................... 32 

3.4 Results ................................................................................................................ 33 

3.4.1 Optimization of medium for spore production of blast fungus ................ 33 

3.4.2 Observation of rice leaves infection by blast fungus at 7 days post-

infection .................................................................................................... 36 

3.4.3 Determination of phytoalexin production and distribution on a fractured 

rice leaf by MALDI-MSI ......................................................................... 37 

3.4.4 Structural analysis of phytoalexins by tandem mass spectrometry .......... 42 

3.5 Discussion .......................................................................................................... 45 

CHAPTER 4 Global Analysis of Protein Expression of A549 Cells after Prolonged 

Nicotine Exposure by using Label-Free Quantification .............................................. 48 

4.1 Materials and Chemicals .................................................................................... 50 

4.2 Equipments ........................................................................................................ 51 

4.3 Methods ............................................................................................................. 53 

4.3.1 Cell culture ............................................................................................... 53 

4.3.2 Cytotoxicity assay .................................................................................... 53 

4.3.3 Cell invasion assay ................................................................................... 53 

4.3.4 Prolonged nicotine exposure of A549 cells .............................................. 54 

4.3.5 Prolonged nicotine exposure on motile A549 cells .................................. 54 

4.3.6 Protein preparation for label free proteomic analysis .............................. 55 

4.3.7 Label free LC-MS/MS analysis ................................................................ 55 

4.3.9 Bioinformatics .......................................................................................... 57 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 viii 

4.3.10 Statistical analysis .................................................................................. 57 

4.4 Results ................................................................................................................ 57 

4.4.1 Cytotoxic effect of nicotine on A549 lung cancer cells ........................... 57 

4.4.2 Nicotine induces invasion of A549 lung cancer cells .............................. 58 

4.4.3 Prolonged nicotine exposure enhances the invasive capability of A549 

lung cancer cells ....................................................................................... 59 

4.4.4 Label free quantitative proteomic analysis of untreated and nicotine 

treated A549 cells ..................................................................................... 61 

4.4.5 Functional and interaction analysis .......................................................... 70 

4.4.6 Validation of differential protein expression in untreated and nicotine 

treated A549 cells using western blot analysis ......................................... 71 

4.4.7 Label free quantitative proteomic analysis of untreated and nicotine 

treated A549 cells in invasion system ...................................................... 72 

4.4.8 Validation of the identified proteins from LC-MS/MS from invasion 

system ....................................................................................................... 85 

4.5 Discussion .......................................................................................................... 86 

CHAPTER 5 CONCLUSIONS ................................................................................... 93 

REFERENCES ............................................................................................................ 95 

APPENDICES ........................................................................................................... 112 

APPENDIX A MALDI-MS Images of Infected RD6 Rice Leaf Section ................. 113 

APPENDIX B MALDI Mass Spectra of Rice Leaf Extract ...................................... 115 

APPENDIX C Fungal Media Compositions from Chapter 3 .................................... 117 

APPENDIX D Western Blot Analysis ....................................................................... 120 

APPENDIX E Recipes of All Reagents from Chapter 4 ........................................... 122 

VITA .......................................................................................................................... 127 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIST OF TABLES 

 Page 
Table 2.1 List of ion sources used for MSI. Information about lateral resolutions, 

preparation steps required for MSI, sample considerations, and applications ............. 12 

Table 2.2 Summary the common applications of mass spectrometry in various study 

fields in biological research ......................................................................................... 13 

Table 3.1 Growth of fungus after 14 days of culture on various media ...................... 34 

Table 3.2 Observation of spore production of blast fungus on various media under 

microscope ................................................................................................................... 35 

Table 4.1 List of up-regulated proteins from the monolayer system ........................... 63 

Table 4.2 List of down-regulated proteins from the monolayer system ...................... 67 

Table 4.3 List of up-regulated proteins from the invasion system .............................. 74 

Table 4.4 List of down-regulated proteins from the invasion system .......................... 77 

 

    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIST OF FIGURES 

 Page 
Figure 2.1 Components of mass spectrometers ............................................................. 2 

Figure 2.2 MALDI ionization process ........................................................................... 3 

Figure 2.3 MALDI matrices .......................................................................................... 4 

Figure 2.4 Schematic diagram of the electrospray ionization process ........................... 5 

Figure 2.5 General representation for TOF analyzer ..................................................... 6 

Figure 2.6 General representation for QIT analyzer ...................................................... 7 

Figure 2.7 Number of publications per year from an ISI Web of Science search of the 

topic “mass spectrometry imaging” ............................................................................. 8 

Figure 2.8 Experimental workflow for the MSI analysis (modified from the image of 

Dong et al. (10)) ............................................................................................................. 9 

Figure 2.9 Rice blast disease caused by Magnaporthe oryzae. (A) Lesion on the leaf. 

(B) Conidia of M. oryzae under light microscope. (C) Blast disease cycle (24). ........ 17 

Figure 2.10 Diterpenoid phytoalexins in rice (34) ....................................................... 19 

Figure 2.11 Global cancer burden of new cases and deaths as reported by IARC in 

December 2020 ............................................................................................................ 21 

Figure 2.12 The main types of lung cancer under microscope .................................... 21 

Figure 2.13 Structure of nicotine or 3-(1-methyl-2-pyrrolidinyl) pyridine. ................ 22 

Figure 2.14 Overview key events in the metastatic cascade (71) ................................ 26 

Figure 3.1 Steps of the modified fracturing method .................................................... 33 

Figure 3.2 Colony morphology of blast fungus on different media after 14 days of 

incubation ..................................................................................................................... 34 

Figure 3.3 Infected rice leaves after 7 days of inoculation .......................................... 36 

Figure 3.4 Stereo microscope images of rice leaf surface. (A, B) Surface of leaf tissue 

before fracture. (C, D) Surface of leaf tissue after fracture. ........................................ 38 

Figure 3.5 SEM images of rice leaf surface. (A, B) Surface of leaf tissue before using 

a modified fracturing method. (C, D) Surface of leaf tissue after using a modified 

fracturing method. ........................................................................................................ 38 

    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xi 

Figure 3.6 MALDI-MS images of uninfected rice leaf section. (A) An optical image 

of the rice leaf. MALDI-MS images of (B) disaccharide, most likely, sucrose (m/z 

381.21) and (C) MGDG (m/z 813.74). Both compounds were detected as potassiated 

ions ([M + K]+). ........................................................................................................... 40 

Figure 3.7 MALDI-MS images of infected rice leaf section. (A) An optical image of 

the rice leaf with a black circle representing the infected area. MALDI-MS images of 

(B) momilactone-A (m/z 353.17), (C) phytocassane-A, D, or E (m/z 355.18), (D) 

phytocassane-C (m/z 357.20), (E) momilactone-B (m/z 369.16), and (F) 

phytocassane-B (m/z 373.19). All compounds were detected as potassiated ions ([M + 

K]+). (G) MALDI mass spectrum of diterpenoid phytoalexins from infected rice leaf 

section. ......................................................................................................................... 41 

Figure 3.8 MALDI mass spectra obtained from RD6 rice leaf extract. (A) Uninfected 

rice leaf extract. (B) Infected rice leaf extract. Both mass spectra are shown, 

highlighting the m/z values of interest. All compounds were detected as potassiated 

ions ([M + K]+). ........................................................................................................... 43 

Figure 3.9 MALDI-MS/MS spectra obtained from rice leaf extract. (A) Momilactone-

A. (B) Phytocassane-A/D/E. (C) Phytocassane-C. (D) Sucrose. The MS/MS spectra 

match the standard analysis of isolated diterpenes from rice leaves. .......................... 44 

Figure 4.1 The cytotoxic effects of nicotine on A549 lung cancer cells by MTT assay. 

The results were expressed as mean ± SD of three independent experiments. ............ 58 

Figure 4.2 Nicotine induces invasion of A549 lung cancer cells. (A) Representative 

images of invasion assay from A549 cells treated with 0.1, 1.0, 5 and 10 nM of 

nicotine for 24 h. Scale bar, 200 µm. (B) Bar graph represents the relative invasion of 

A549 cells after treated with various concentrations of nicotine. Data points represent 

the mean ± SD. (*P ˂ 0.05, ***P ˂ 0.001, ****P ˂ 0.0001). ...................................... 59 

Figure 4.3 Experimental scheme of A549 cells continuous exposure to 5 nM nicotine. 

Samples were divided into 2 main groups, monolayer and invasion system. Each 

sample groups were subdivided into 2 conditions, control and nicotine treatment. .... 60 

Figure 4.4 Prolonged nicotine exposure enhances the invasive capability of A549 lung 

cancer cells. Representative images of invasion assay from five sublines of A549 cells 

untreated (A) and treated (B) with 5 nM of nicotine. Scale bar, 200 µm. Bar graphs 

represent the relative invasion of sublines with (D) and without (C) nicotine 

treatment. Data points represent the mean ± SD. (*P ˂ 0.05, **P ˂ 0.01). ................. 61 

Figure 4.5 The differentially expressed proteins from the monolayer system were 

analyzed based on biological process. ......................................................................... 70 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xii 

Figure 4.6 Nicotine induces differential protein expression in the A549 cells from 

monolayer culture (flask). The differentially expressed proteins were used to search 

the STRING database to predict their protein-protein interactions. ............................ 71 

Figure 4.7 The expression levels of the dysregulated proteins from monolayer system 

were verified by western blot analysis. Western blot showing the expression of 

selected proteins in untreated and nicotine treated A549 cells. ................................... 72 

Figure 4.8 The differentially expressed proteins from invasion system were analyzed 

based for biological process. ........................................................................................ 85 

Figure 4.9 The expression levels of the dysregulated proteins from invasion system 

were verified by western blot analysis. Western blot showing the expression of 

selected proteins in untreated A549-L5 and nicotine treated A549-L5 cells. .............. 86 

Figure A.1 MALDI-MS images of infected RD6 rice leaf section (2nd repeated 

experiment). (A) momilactone-A (m/z 353.24), (B) phytocassane-A, D, or E (m/z 

355.24), (C) phytocassane-C (m/z 357.25), (D) sucrose (m/z 381.23) All compounds 

were detected as potassiated ions ([M + K]+). The overlapping images between 

phytoalexins and infected leaf sections have been included to highlight that the 

phytoalexins were found at the infected areas only. (E) overlapping image of 

momilactone-A, (F) overlapping image of phytocassane-A, D, or E, (G) overlapping 

image of phytocassane-C, (H) overlapping image of sucrose. .................................. 113 

Figure A.2 MALDI-MS images of infected RD6 rice leaf section (3rd repeated 

experiment). (A) momilactone-A (m/z 353.41), (B) phytocassane-A, D, or E (m/z 

355.41), (C) phytocassane-C (m/z 357.40), (D) momilactone-B (m/z 369.34), (E) 

phytocassane-B (m/z 373.33), (F) sucrose (m/z 381.35). All compounds were detected 

as potassiated ions ([M + K]+). .................................................................................. 114 

Figure B.1 MALDI mass spectra obtained from uninfected rice leaf extract. (A) 

Uninfected rice leaf extract of RD31. (B) Uninfected rice leaf extract of RD41. (C) 

Uninfected rice leaf extract of RD57. (D) Uninfected rice leaf extract of 

Pathumthani1. ............................................................................................................ 115 

Figure B.2 MALDI mass spectra obtained from infected rice leaf extract. (A) Infected 

rice leaf extract of RD31. (B) Infected rice leaf extract of RD41. (C) Infected rice leaf 

extract of RD57. (D) Infected rice leaf extract of Pathumthani1. .............................. 116 

Figure D.1 Western blot showing the expression of selected proteins in untreated and 

nicotine treated A549 cells. (2nd repeated experiment). ........................................... 120 

Figure D.2 Western blot showing the expression of selected proteins in untreated and 

nicotine treated A549 cells. (3rd repeated experiment). ............................................ 121 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xiii 
 

LIST OF ABBREVIATIONS 

%        percentage 

°C        degree Celsius 

µg        microgram 

µl        microliter 

µm        micrometer 

µM        micromolar 

µmol       micromole 

cm        centimeter 

Da        dalton 

g        gram 

h        hour 

Hz        hertz 

kg        kilogram 

kV        kilovolt 

l        liter 

M        molar 

min        minute 

mg        milligram 

ml        milliliter 

mm        millimeter 

mM        millimolar 

m/z        mass-to-charge ratio 

ng        nanogram 

nm        nanometer 

nM        nanomolar 

ns        nanosecond 

psi        pound per square inch 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xiv 
 

s        second 

w/v        weight by volume 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 

INTRODUCTION 

 Mass spectrometry (MS) is one of the most widely used analytical 

techniques within multiple fields, such as food analysis, pharmaceutical, 

medical science, and plant science research. The first mass spectrometer was 

built in 1912 and it has developed to becoming an effective analytical tool for 

both quantitative and qualitative applications (1). 

 Mass spectrometry is based on the principle that the ions are produced 

from either inorganic or organic compounds using any suitable technique, their 

mass-to-charge ratios (m/z) were separated and detected by their respective m/z 

and abundance (2). This analysis could provide valuable data for the research, 

including structure, purity, and composition of analytes. 

 Due to a large number of MS applications to biology, the current 

investigations were therefore undertaken to examine the role of MS technique 

in biological analysis. This study is divided into two main parts. The first part 

(Chapter 3) used MS imaging to reveal the ability of the technique for imaging 

metabolites directly from plant tissue. Thai rice varieties were used to 

investigate the production and distribution of diterpenoid phytoalexins using 

MALDI-MSI. Results obtained from MALDI-MSI were also confirmed by 

liquid extraction analysis. In the second part (Chapter 4), MS technique was 

used to analyze multiple protein changes in human non-small cell lung cancer 

cell line A549 after prolonged nicotine treatment. After getting results of 

dysregulation proteins from label-free quantitative mass spectrometry analysis, 

the potential targeted proteins were chosen and validated by immunoblot.  

 

 

https://proteomesci.biomedcentral.com/articles/10.1186/s12953-018-0144-6


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

LITERATURE REVIEWS 

2.1 Principle and basic components of mass spectrometer  

 A mass spectrometer consists of three main components: an ion source, 

a mass analyzer, and a detector (Fig. 2.1)  

 

Figure 2.1 Components of mass spectrometers 

 The ion source is responsible for introducing molecules into the mass 

spectrometer and convert them to ionized form. After the ions are produced in 

the source, they are accelerated to the mass analyzer where they have been 

segregated by mass and charge under high vacuum conditions using electric 

and/or magnetic fields. Lastly, the ions are sent to an ion detector that generates 

an electrical current which is amplified and detected (1). 

2.1.1 Ion source  

 Many methods of ionization are currently being used for example, 

electron ionization (EI), chemical ionization (CI), fast atom bombardment 

(FAB), liquid secondary ion mass spectrometry (LSIMS), matrix-assisted laser 

desorption ionization (MALDI) , and electrospray ionization ( ESI) . However, 

this thesis will only mention about the last two ionization techniques which 

were used in the research. 

Matrix-Assisted Laser Desorption Ionization (MALDI)  

 In MALDI, the analyte is dissolved in an appropriate solvent first and 

then mixed with an excess amount of matrix compound that absorbs at the laser 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 
 
wavelength. It is subsequently spotted on a MALDI target plate and dried by 

air. The analyte is co-crystallized with the matrix in these conditions. The 

irradiated spot is rapidly heated and becomes vibrationally excited after a very 

brief laser pulse. The matrix molecules are energetically vaporized from the 

surface of the sample, capture the laser energy, and bring the analytical 

molecules into the gas phase as well.  The analyte molecules are typically 

ionized by protonation or deprotonation with the adjacent matrix molecules 

during the ablation process. The most common format for MALDI ionization is 

to carry a single positive charge for analyzing molecule. Figure 2.2 illustrates 

the ionization process which are formed during MALDI-MS. 

 

Figure 2.2 MALDI ionization process 

 At the beginning, MALDI was performed under vacuum. However, 

atmospheric pressure (AP) MALDI was established in 2000 (3). This 

establishment has lowered costs and made the operations simpler. The ion 

formation processes in MALDI are not yet fully understood and a matrix 

chosen is mostly experimental. However, choosing the correct matrix is crucial 

to the success in MALDI. Currently, the commonly used matrices consisting of 

nicotinic acid, 2,5-dihydroxybenzoic acid, sinapinic acid and α-cyano-4-

hydroxycinnamic acid (Fig 2.3). 
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Figure 2.3 MALDI matrices 

Electrospray Ionization-Mass Spectrometry (ESI-MS) 

 The first conception of ESI was introduced in the late 1960s by Malcolm 

Dole (4) and improved in the late 1980s with the experiments by John Fenn and 

coworkers. Currently, ESI-MS is being used to carry out a qualitative and 

quantitative analysis for complex biological structures as well as a broad range 

of nonvolatile and thermally labile simple inorganic chemicals (5). 

 Figure 2.4 demonstrates the ionization process which are formed during 

ESI-MS. In this technique, the sample should be dissolved in a polar solvent 

(e.g., methanol, acetonitrile, water, etc.) that can be injected into the ionization 

source through a thin needle under atmospheric pressure. When the sample is 

continuously sprayed, a high electrical potential is given to the needle which 

results in the formation of highly charged droplets. The droplets are then 

electrically driven and vaporized by a warm neutral gas. As the droplets 

evaporate, the size of the droplets decreases until it reaches the point (Rayleigh 

limit)  where Coulombic repulsive forces between the ions on the surface 

droplets can overcome surface tension of the solvent, resulting in “ Coulomb 

explosion” or “Coulomb fission”. This Coulomb fission process produces tiny 

offspring droplets from the parent droplet. The solvent evaporation process and 

Coulomb fission is repeatedly performed to produce smaller progeny droplets. 

Finally, naked charge analytes are formed which are passed through mass 

analyzer and detected (6).  
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Figure 2.4 Schematic diagram of the electrospray ionization process 

2.1.2 Mass analyzer 

 After the ions have been produced and introduced into a mass 

spectrometer, a mass analyzer separates ions based on their mass-to-charge 

ratio by applying electric and magnetic fields. There are several mass analyzers 

including time-of-flight (TOF), magnetic sector (B), quadruple (Q), quadrupole 

ion trap (QIT), fourier transform-ion cyclotron resonance (FT-ICR), orbitrap, 

etc. However, this section will only mention about TOF and QIT. 

Time-of-Flight (TOF) Analyzer 

 In 1946, the W. E. Stephens developed the first TOF analyzer (7). The 

principal of TOF is shown in Figure 2.5. As the name “time-of-flight”, TOF 

analyzer separate ions and measure their mass to charge ratio (m/z) from how 

long they take to travel from ionizer to detector. Typically, the flight tube is 1-2 

m in length and neither the electric nor magnetic fields are the basis for 

separation. The ions are separated in the flight tube which is recognized as the 

field-free region before entering the detector. The lighter ions would arrive 

earlier than the heavier ions to the detector. The main advantages of TOF 

analyzer are the ability to detect unlimited the m/z range, a very high mass 

spectral acquisition rate, and high sensitivity (8). 
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Figure 2.5 General representation for TOF analyzer 

Quadrupole Ion Trap (QIT) Analyzer 

 Quadrupole ion trap (QIT) also known as ion trap (IT) is a mass 

analyzer which have similar operating principles to the standard quadrupole 

mass analyzer. It traps and store ions in an orbital motion within the ion trap 

and ejects ions for detection. QIT consists of three hyperbolic electrodes: 

donut-shaped ring electrode, an entrance endcap electrode, and the exit endcap 

electrode (Fig. 2.6). In this cavity of electrodes, the ions are trapped and 

analyzed. Each of the endcap electrodes have a hole which enables the ions to 

pass through, and the ring electrode is located in the middle of the two endcap 

electrodes. The QIT working concept is based on the creation of stable 

trajectories for ions of a certain m/z or m/z range while eliminating undesirable 

ions by letting them to collide with walls or by axial ejection from the trap as a 

result of their unstable trajectories (8). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 
 

 

Figure 2.6 General representation for QIT analyzer 

 After the ions enter the quadrupole ion trap via the entrance endcap 

electrode, they are trapped in the cavity between electrodes by DC and AC 

electric fields. Different voltages are given to the electrodes to trap and eject 

ions depending on their m/z. The ring electrode RF potential generates a 3D 

quadrupolar trapping potential field in the trapping cell that traps ions in a 

stable oscillating trajectory. Trapping potential and the m/z values of the ions 

can decide the precise nature of the trajectory. To generate instability in the ion 

trajectories, the electrode system potentials are then changed, allowing the ions 

to be axially ejected in order of increasing the m/z value and focused by the 

exit lens before detection (9).  

2.2 Mass spectrometry imaging (MSI) 

 In recent years, mass spectrometry imaging (MSI) has been recognized 

as an excellent tool for imaging diverse compounds in a variety of samples. It 

is a powerful technique that provides spatial distribution of analytes directly 

from tissue samples without any labeling or staining agents (10). The 

integration of data gained from mass spectrometry and visualization of spatial 

distributions in thin specimen sections allows this a useful technique for the 

study of biological samples. Figure 2.7 shows the number of publications 

during 2001-2020 from an ISI Web of Science search of the topics “mass 
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spectrometry imaging”. It shows that the published articles have gradually 

increased in the last 20 years. 

 

Figure 2.7 Number of publications per year from an ISI Web of Science search 

of the topic “mass spectrometry imaging” 
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Figure 2.8 Experimental workflow for the MSI analysis (modified from the 

image of Dong et al. (10))  

 The typical workflow of a MSI experiment is shown in Figure 2.8. A 

basic concept of MSI experiment can be divided into three steps: (1) sample 

preparation, (2) MSI measurement, and (3) data processing and image 

construction. First, the tissue is removed in the form of thin section from the 
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interested material. Following the preparation step, the basic settings of an MSI 

experiment consist of defining a grid (x, y) over the sample surface and the 

user selects the grid region. Then the mass spectrometer ionizes the molecules 

on the sample surface and generates a mass spectrum at each pixel on the 

section resulting in the spatial resolution defined by the pixel size. The 

computer software will be used after spectrum collection to select an individual 

m/z value, and the m/z intensity is extracted from the spectrum of each pixel. 

These intensities are then integrated into a heat map image and it will display 

the relative distribution of the m/z value over the entire sample surface (11).  

 The core of MSI operation is similar to the common mass spectrometer 

which made up of three main parts: ion source, mass analyzer, and detector. 

Various ion sources are available for MSI, and different ion sources have their 

own advantages and disadvantages (Table 2.1). Thus, the use of ion sources is 

depending on the purpose of the experiment. Among several ionization 

techniques, MALDI is the most popular ion source for MSI because it can 

image a broad range of substances including metabolites and proteins. 

Moreover, MALDI provides resolutions down to 20 µm, and a wide selection 

of instruments is commercially available at prices comparable to other mass 

spectrometry analysis (12). 

 Compared to other imaging techniques, MSI presents a numerous 

advantage that are specifically obtained from modern mass spectrometers. MSI 

offers high molecular selectivity, high sensitivity, and a fast multiplexed 

acquisition in a single measurement of several ionizable compounds. MSI 

could give extremely high lateral imaging resolution that enables the molecular 

nature of fine morphological characteristics of tissue to be differentiated. When 

combined with appropriate mass analyzers, it can identify several substances in 

a profiling-type experiment simultaneously.  Modern MSI instruments and 

software technologies provide fast data collection, enabling high-throughput 

analysis and screening approaches (13). 
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 During the last ten years, MS imaging has taken a long way and its use 

in biological material studies has obviously been considerably more common in 

recent years. In the coming years, this technique would become much more 

important to the biological research community.
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2.3 Applications of mass spectrometry for biological research 

 Mass spectrometry is the most widely used analytical techniques within 

multiple fields, including biological research. This usefulness derives from the 

fact of mass spectrometers offering qualitative and quantitative information 

about the elemental, isotopic and molecular structure of organic and inorganic 

specimens. In addition, all states of samples can be analyzed, and the analyzing 

mass vary from single atoms to protein (over 300,000 Da).  

 MS was first applied in biology in the 1940s when heavy stable isotopes 

were used as tracers for examining processes such as the production of CO2 in 

animals (14).  In 2002, the ongoing significance of MS to biological research is 

illustrated when the Nobel Prize in Chemistry was given to John Fenn and 

Koichi Tanaka, “for their development of soft desorption ionization methods 

for mass spectrometric analyses of biological macromolecules”.  

 There is a wide variety of MS applications for biology. Table 2.2 

summarizes a list of applications that MS can achieve. 

Table 2.2 Summary the common applications of mass spectrometry in various 

study fields in biological research 

Field of study Applications 

Genomics • analyze oligonucleotides and intact nucleic 

acids 

• characterize single nucleotide polymorphisms 

(SNPs) 

Proteomics • determine the molecular mass of peptides and 

proteins and the sequences 

• identify structure, function, folding, and 

interaction of protein 

•  analyze differential expression of proteins in 
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Field of study Applications 

samples (quantitative proteomics) 

• detect protein modifications and location of the 

modifying sites without a prior knowledge 

(post-translational modification analysis) 

•  observe reaction of enzyme 

Metabolomics • identify and quantify the metabolites in a 

biological samples  

• investigate the effect on metabolite levels of 

drugs, toxins and multiple diseases 

• track the metabolic pathways 

Clinical diagnosis • identify disease biomarkers 

• determine cancer aggressiveness 

• monitor therapeutic drug 

• screening for newborn errors of metabolism 

• forensic drug testing  

• identify microbes in the clinical microbiology 

laboratory  

•  identify bacterial toxins and antibiotic 

resistance type 

Plant research • characterize plant natural products 

• study plant-omics 

• profiling of plant hormones 

• analyze pesticide residues in fruits and 

vegetables 

 

 Apart from common mass spectrometry, MS imaging is another 

technique which have caught the attention of the biological society.  MSI can 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 
 
be used to localize wide variety of molecular species of interest including 

proteins, lipids, small molecules, drugs, and metals etc.  

 MSI was initially employed to locate proteins and other peptides in a 

sample. After the on-tissue digestion with trypsin has been developed, it 

expands the coverage of protein, not only by allowing higher molecular weight, 

but also by allowing more sensitive, higher resolution instrumental platforms 

for protein analysis to become accessible. There are many publications about 

the utilization of MS imaging technique to map proteins or peptides. For 

example, Gemperline et al. (15) studied the endogenous peptides and proteins 

in Medicago truncatula and hundreds of peptides and protein fragments were 

imaged. MSI was not used only in plant samples, it also widely used to localize 

proteins in animal tissues as the work of Piehowski et al. (16).  In their work, 

they could analyze and generate the image of more than 2000 proteins from 

mouse uterine tissue sections preparing for blastocyst implantation. 

 Lipids are also gradually being targeted for MSI analysis due to its 

diagnostic power. For instance, distribution of folic acid tends to increase 

during the intravenous administration of prostate tumor tissue and the findings 

indicate that MSI technique could be utilized in the diagnosis of cancer. (17). 

Moreover, this approach can be used to identified new traumatic brain injury 

lipid related markers (acylcarnitines) which is significance in determining their 

fundamental function in the regeneration process and inflammatory response 

(18). 

 Drug is another popular target for the analyzation using MSI. The 

application of MSI in the drug development process consisting of drug 

distribution, drug metabolism, drug delivery and drug quantification (19). The 

study of Ntshangase et al. (20) illustrated the use of MSI for studying drug 

deposition and spatial distribution into the central nervous system (CNS). Their 

results revealed that MS imaging offer valuable knowledge about the spatial 
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distribution of the two common antiretroviral drugs (elvitegravir and 

tenofovir) and also demonstrated the ability of this technique for direct 

visualization of pharmaceutical drugs in situ. 

2.4 Background of the study for the first part of thesis (Chapter 3: 

MALDI-mass spectrometry imaging for phytoalexins detection in Thai 

rice) 

2.4.1 Importance of rice and blast disease 

 Rice (Oryza sativa) is one of the most important crops in the world. It 

provides the primary source of energy for more than half of the world’s 

population (21). Rice consumption continues to increase as a result of 

population growth and improved living standards. Many studies have shown 

that the demand for rice is increasing every year, and as a result, production 

will have to be increased by more than 40% by 2030. Thailand is one of the 

largest rice export countries, comprising 26% of world rice export. However, 

the rate of increased rice production in the country has slowed disease 

outbreaks (22). Blast disease is one of the major diseases in rice caused by 

Magnaporthe oryzae (Fig 2.9). All parts of rice plant can be infected by this 

fungus, including roots (23). The disease cycle (Fig 2.9c) starting with the 

dispersion of conidia which attach to the host surface by producing spore tip 

mucilage. After that, the conidia will germinate and adhere to the host surface 

through the production of a hyphal filament which is covered in an 

extracellular matrix. The following step is formation of melanized 

appressorium. Lastly, a penetration peg from the appressorium penetrates the 

plant cuticle and cell wall by applying turgor pressure. Subsequent to 

penetration, fungus will invade the adjacent cell of host through pit fields 

which are the clusters of plasmodesmata. The lesion development begins 

around 4-5 days after infection (24).  
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 It is estimated that each year blast disease causes between 10-30% of 

yield losses in the rice harvest (25). In Thailand, rice blast is common in all 

parts of the country (26). The disease is also distributed in about 85 countries 

on all continents where rice is cultivated (21).  The symptoms of the disease 

which are usually examined in the infected rice plants including the blast at 

leaf, neck, and the panicle of the plant. Among these, rice production has been 

damaged the most by neck blast (21). 

 

Figure 2.9 Rice blast disease caused by Magnaporthe oryzae. (A) Lesion on 

the leaf. (B) Conidia of M. oryzae under light microscope. (C) Blast disease 

cycle (24).  

 In recent years, many techniques have been developed to control rice 

fungal diseases, including chemical and biological methods. Even though using 

pesticides is a popular way to control the disease, it is expensive and has 
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negative effects to human health and the environment. Choosing rice varieties 

with the ability to resist the disease may represent an effective method for 

preventing crop yield loss (27). However, blast-resistant rice varieties rarely 

ever last more than a few years, since the pathogen mutates very quickly, 

ultimately overcoming the plant's resistance. Therefore, plant breeders have to 

develop new resistant rice varieties continuously, which are selected by means 

of extensive and time-consuming field trials. If there were simple chemical 

tests to determine whether a new rice variety is resistant, it would be much 

quicker and cheaper, such as determination of the phytoalexin response of 

newly developed genotypes (28).  

2.4.2 Phytoalexins: role in disease resistance in rice plants 

 Phytoalexins are plant antimicrobial compounds that are both 

synthesized and accumulate in plants after exposure to microorganisms or 

abiotic agents (29). Consequently, phytoalexins can be used to indicate the 

resistance properties of plants to disease. Phytoalexins have been identified in 

multiple plant species but the role of phytoalexins was first described 80 years 

ago by Müller and Börger (30). They worked with potato (Solanum tuberosum) 

and oomycete Phytophthora infestans, the causative agent of potato rot. From 

their experiments, they found that potato tubers previously infected with an 

avirulent strain of pathogen induced resistance to a virulent strain. This finding 

strongly suggested that potato tubers produced substances (phytoalexins) to 

inhibit the growth of pathogens, protecting the tissue against subsequent 

infection by other virulent strains of the pathogen (31). In addition, 

phytoalexins have also been identified in rice. The diterpenoid phytoalexins of 

rice currently identified include momilactones A and B, oryzalexins A-F, 

oryzalexin S, phytocassanes A-E and ent-10-oxodepressin (Fig 2.10) (32). Rice 

varieties that produce these groups of metabolites tend to have the ability to 

resist blast disease. Moreover, resistant rice plants can produce phytoalexin 
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faster than susceptible rice plants, and the accumulation of phytoalexins in 

resistant rice is several times higher than in susceptible rice (33).  

 

Figure 2.10 Diterpenoid phytoalexins in rice (34) 

2.5 Background of the study for the second part of thesis (Chapter 4: 

Global analysis of protein expression of A549 cells after prolonged nicotine 

exposure by using label-free quantification) 

2.5.1 Lung cancer 

 Lung cancer is one of the most common cancers and the leading cause 

of cancer death worldwide (35, 36). The International Agency for Research on 

Cancer (IARC) released the updated on 14th December 2020 that global cancer 

burden has risen to 19.3 million cases and 10 million cancer deaths. Over 2.2 

million of newly lung cancer cases were reported worldwide (both sexes, all 

ages). Most importantly, lung cancer causes highest mortality rate among all 

new cancer cases in almost of the world’s nations (Fig. 2.11) (37). In Thailand, 

lung cancer accounts for 12.4% of new cancer cases in 2020 which is the 

second highest percent among other cancer types. Although the diagnostic and 

treatment methods have been improved, the overall survival rate of lung cancer 
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patient remains disappointing at less than 15% of 5-year survival rate from the 

time of diagnosis (38). 

 Lung cancers can be divided into two main types called small cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC). SCLC comprises 

about 20-25% of lung cancer cases. Cigarette smoke is the cause of nearly all 

cases of SCLC.  This tumor grows very rapidly and spreads much quicker than 

other forms of lung cancer. The NSCLC are further classified into 3 main 

types: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma. 

Adenocarcinoma is the most prevalent type of lung cancer, accounting for 30-

40% of overall lung cancer cases. This type of cancer is the most common form 

of lung cancer among non-smoker and women. Adenocarcinomas are found in 

the outer edges of the lungs and appear to metastasize more than squamous cell 

carcinomas. Squamous cell carcinoma is responsible for 30% of lung cancers 

and is generally associated with smoking. This type of cancer is mostly found 

in the central part of the chest and most likely no metastasized. Large cell 

carcinoma usually responsible for 10-15% of all cases of lung cancers. This 

tumor may grow in a peripheral site and has high tendency to spread to the 

distant locations like adenocarcinomas (39). Figure 2.12 demonstrates various 

cancer cell types visualized under microscope.  

 Cell lines produce cells of identical genotypes and phenotypes nearly 

unlimited. Human cancer cell lines are the widely used as experimental models 

in many laboratories to study the biology of human cancer and to evaluate the 

therapeutic effectiveness of anticancer agents (40). Cell lines are selected based 

on the purpose of experiment. One commonly used model for NSCLC is A549 

adenocarcinoma cell line. This cell line developed in 1972 by Giard et al. (41) 

from the type II pneumocyte lung tumor. A549 cells have been used to study 

the metabolic processing of lung tissue and possible mechanisms of drug 

delivery to the tissue (42). This cell line was also extensively used as a model 

to study metastasis process in lung cancer. The study of Shindo-Okada et al. 
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(43) has reported that A549 cell line is an excellent tool to examine lung cancer 

metastases.  

 

Figure 2.11 Global cancer burden of new cases and deaths as reported by 

IARC in December 2020 

 

Figure 2.12 The main types of lung cancer under microscope 
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2.5.2 Nicotine 

 Cigarette smoke consists of over 5000 chemical constituents, including 

over 60 human carcinogens (44). Long term exposure to tobacco smoke toxins 

is not a matter of preference, but because of addiction to nicotine (45).  

 Nicotine is one of the major addictive components of cigarettes. It is a 

bicyclic compound with a pyridine cycle and a pyrrolidine cycle extracted from 

tobacco plants (Fig. 2.13) (46). The concentrations of nicotine in blood of 

smokers who smoke 25 cigarettes/day are in the range of 0.025-0.444 µM (47).  

 

Figure 2.13 Structure of nicotine or 3-(1-methyl-2-pyrrolidinyl) pyridine. 

 Nicotine performs its functions by activating the nicotinic acetylcholine 

receptors (nAChRs). nAChRs are ligand-gated ion channel proteins and are 

pentamers of various subunits combination. The opening of channels is 

mediated by ACh binding or by nicotinic agonists, for example nicotine, 

cotinine, and tobacco specific N-nitrosamines (TSNA) (48, 49). Product-

containing nicotine can increase signaling via nAChRs since nicotine binds 

with a higher affinity than natural ligand ACh with these receptors (48). Initial 

effect of the binding nicotine to nAChR is implicated in the brain's rewarding 

effects of tobacco use by increasing the activity of the dopamine neurons. 

However, chronic exposure to nicotine activates neuroadaptation leading to 

desensitization of these receptors to even its natural agonist, which contributes 

to dependency and withdrawal responses (50-52).   
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 Although nicotine itself is not carcinogenic, there are several studies 

showed that it enhances the development of cancer by stimulating various 

processes. 

Promotes angiogenesis 

 A number of researches illustrated that nicotine has an impact on 

angiogenesis in several tumor cells, such as lung, breast and colon (53, 54).  In 

vitro studies, nicotine stimulates migration, invasion, proliferation, 

development of new blood vessels, and production of nitric oxide (NO), 

immitating other angiogenic growth factors (55, 56). The study in In vivo 

mouse model of lung cancer also exhibited similar results that nicotine could 

built up the number and size of tumors within the lung, and promoted 

metastasis (57). 

Reduces efficiency of cancer therapy 

 Nicotine has been shown to minimize the effects of radiotherapy (RT) 

and chemoradiotherapy (CRT). It has been demonstrated that the anti-

proliferation or pro-apoptotic effetcts conducted by chemotherapy on various 

malignant cell lines were diminished at concentrations as low as 1μM based on 

many in vitro studies (58, 59). In vivo experiments also concern the effect of 

nicotine during chemotherapy. Warren et al. (60) examined the impact of 

nicotine in RT and CRT response by using male Foxn1nu athymic nude mice. 

Mice were received human H460 lung cancer cell to generate xenografts in the 

right rear flank. Their study found that administration of nicotine in mice 

during fractionated RT or CRT has enhanced xenograft regrowth compared 

with RT or CRT alone.  

Inhibits antitumor immune response 

 Dijk et al. (61) studied effects of nicotine on cytokine production in 

vivo. The results showed that the production of Interleukin 2 (IL-2) is lowered 

in mitogen-stimulated human peripheral blood mono-nuclear cells which 

indicates nicotine immunosuppressive effect. Nicotine toxicity has also been 
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described to adversely influence dendritic cells, which play a major role  to 

detect and eliminate tumor cells (62). 

Enhances tumor metastasis 

 Nicotine has been shown to promote invasion and migration of some 

human cancer cell lines (63-65) and metastasis of various cancer types (65, 66). 

For example, Dasgupta et al. (63).  showed that nicotine increases proliferation, 

migration, invasion, and EMT in A549 lung cancer cells. Another study of  

Nair et al. (67) was done a microarray analysis on two NSCLC cell lines (A549 

and H1650). The authors implied that nicotine and EGF enhance the 

proliferation, invasion, and migration of NSCLC by inducing genes such as 

STMN3 and GSPT1. However, these researches only study the role of nicotine 

in metastasis in short period.  

 Apart from dose of nicotine, timing of exposure also be an important 

factor associated with cancer metastasis. Fararjeh et al. (68) investigated the 

effect of long-term exposure to low-dose of nicotine and 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) in HBL-100 breast non-

tumorigenic cell line. Cells were repeatedly treated with nicotine and NNK for 

23 cycles. The authors found that it can disturb cell growth control and increase 

a migratory and invasion ability in non-tumorigenic breast epithelial cells. The 

effect of long-term exposure to nicotine was also studied in lung cancer. 

Martínez-García et al. (69) observed that repetitive nicotine exposure increases 

a more malignant and metastasis properties in SCLC cell line.  

2.5.3 Metastasis 

 Metastasis is the spread of cancer from where it originated to the distant 

areas of the body. It is the hallmark of cancer and causes the highest number of 

deaths connected to cancer. While metastasis being the major factor to the 

therapeutic failure and mortality of cancer patients, it is still incompletely 

known. The formation of metastases enables cancer cells to escape their 
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primary site, enter the bloodstream, extravasate from the circulation into the 

distance tissues and adhesion. The majority of the mortalities due to lung 

cancers are attributable to tumor metastases (70). Therefore, it is a great need to 

gain our knowledge in the molecular alterations underlying metastasis.  

 The metastatic cascade is a multi-step process as shown in Figure 2.14. 

It consists of 5 crucial steps; invasion, intravasation, circulation, extravasation, 

and colonization (71, 72).  

 1. Invasion: tumor cells leave their primary site by invading  through 

 basement membrane and migrate through the tumor stroma 

 2. Intravasation: tumor cells infiltrate into the wall of blood vessel and   

get into circulation 

 3. Circulation: circulate in the bloodstream, tolerate blood vessel’s 

pressure, cope with shearing forces, and avoiding clearance by the 

immune system before arriving distant sites 

 4. Extravasation:  extravasation from the vasculature 

 5. Colonization: tumor cells establish metastatic colonies at secondary 

 tumor sites 

 Before traveling to a distant location in the body, tumor cells must first 

overcome containment. Tumor cells achieved this by a process called 

epithelial–mesenchymal transition (EMT). EMT is a biological mechanism 

where cells lose epithelial properties (immotile) and establish mesenchymal 

characteristics (motile). Diverse tumor mechanisms have been correlated with 

EMT such as tumor progression, tumor cell migration, intravasation, 

metastasis, and therapautic resistance (73, 74). For an EMT initiation, several 

different molecular processes are involved such as transcription factors 

activation, specific cell-surface proteins expression, cytoskeletal proteins 

reorganization and expression, extracellular matrix (ECM)-degrading enzymes 

production,  and specific microRNAs expression changes (75). Gain of 

mesenchymal characteristics is marked by reducing expression of the epithelial 
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marker E-cadherin and the overexpression of the mesenchymal marker 

vimentin (76).  

 Recently, a significant discussion has been conducted on whether EMT 

plays a key role in cancer metastases and chemotherapy resistance. Study in 

lung and pancreatic cancers has shown that although EMT may not be 

necessary for metastasis, the chemoresistance does contribute (77, 78). 

However, further evidence is needed to clarify the involvement of EMT in the 

progression of cancer and metastatic processes. 

 

Figure 2.14 Overview key events in the metastatic cascade (71)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

MALDI-Mass Spectrometry Imaging for Phytoalexins Detection 

in Thai Rice 

 Over the last decade, MALDI-MSI has been gradually applied in plant 

research. It has been used for mapping various ranges of analytes, such as 

lipids, proteins, peptides, and other small molecule metabolites. This technique 

has been successfully used to directly image analytes from different organ 

tissue sections. In leaves, it was applied for imaging glucosinolates in 

Arabidopsis thaliana (79) and lipids in Zea mays (80). In stems, it was used for 

mapping low molecular weight compounds in Allium sativum (81) and 

urushiols in Toxicodendron radicans (82). In seeds, it has been applied for 

imaging of cyanogenic glucosides in Linum usitatissimum (83) and lipids in 

Brassica napus (84).  

 Many previous studies have highlighted MALDI‐MSI applications in 

agriculture. It was used to study plant–pest interactions between rice–bacteria 

and soybean–aphid (85). From the experiments, they were able to visualize 

salicylic acid and isoflavone based resistance in soybean–aphid and antibiotic 

diterpenoids in rice–bacteria interactions. Recently, MALDI-MSI has been 

utilized to investigate the biological activity and distribution of cyclotides in 

Sweet Violet (Viola odorata L.) with respect to plant host defense system 

(86).  MALDI-MSI is an alternative imaging technique with the potential to 

detect all cyclotides that ionize and are present in sufficiently high 

concentrations within a given sample. The distribution of cyO2, cyO3, and 

cyO19 was observed by MALDI-MSI, confirming their previously reported 

immunohistochemical findings.  

 This part of the study aimed to investigate the production and 

distribution of diterpenoid phytoalexins in Thai rice using MALDI-MSI, since 
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there are numerous studies about Thai rice but no reports concerning detection 

of phytoalexins in Thai rice using this technique. Results obtained from 

MALDI-MSI were confirmed by liquid extraction analysis. Additionally, this 

study has modified the fracturing method that is used for sample preparation. 

This method should be applicable for determining whether many other classes 

of metabolites are localized on plant leaves. 
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EXPERIMENTAL 

3.1 Materials and Chemicals 

Ethanol (Merck KGaA, Germany) 

Gelatin (Sigma-Aldrich, USA) 

Glucose (Ajax Finechem, New Zealand) 

Iron (II, III) oxide nanopowder (Sigma-Aldrich, USA) 

Methanol (Merck KGaA, Germany) 

Sodium hypochlorite (Kao, Thailand) 

3.2 Equipments 

Airbrush (Iwata, Japan) 

Autoclave (Tomy ES-315, Japan) 

Autopipette (Gilson, USA) 

Balance (Sartorius CP323S, Germany) 

Hemocytometer (HBG, Germany) 

Hotplate stirrer (IKA C-MAG HS7, Germany) 

Incubator (Shel Lab 1565, USA) 

ITO-coated glass slide (Sigma-Aldrich, USA) 

Laminar flow (Safety Lab, Thailand) 

MALDI-SpiralTOF mass spectrometry imaging (JEOL JMS-S3000, Japan) 

Microcentrifuge (WiseSpin CF-10, Korea) 

Scanning electron microscope (JEOL SEM- JSM-IT500HR, Japan) 

Stereomicroscope (Olympus SZX7, Japan) 
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3.3 Methods 

3.3.1 Plant materials 

 Five rice varieties (O. sativa) consisting of RD6, RD31, RD41, RD57 

and Pathumthani1 were obtained from Pathumthani Rice Research Center, 

Thailand. Rice seeds were immersed in 70% ethanol for 5 min and 5.25% 

sodium hypochlorite for 45 min. Next, seeds were rinsed with sterile water 5 

times for 5 min each. After surface sterilization, each type of rice seeds was 

planted in soil in 10 pots (5 seeds per pot). Five pots were used as a control set, 

while another 5 pots were inoculated with the blast fungus (M. oryzae). Soil 

was autoclaved at 121°C for 20 min. Rice plants were grown in a greenhouse at 

30°C for 3 weeks. Finally, rice seedlings were inoculated with the blast fungus. 

3.3.2 Blast fungus optimizing medium 

 M. oryzae came from the Plant Protection Research and Development 

office, Department of Agriculture, Thailand. To find out the suitable culture 

medium for the sporulation of blast fungus, fungus was initially cultured in 6 

different agar media comprised of Rice Flour Agar (RFA), Rice Potato 

Carrots Agar (RPCA), Oat Meal Agar (OMA), Wheat Flour Agar (WFA), 

Glutinous Rice Flour Agar (GRFA) and Potato Dextrose Agar (PDA). The 

agars were sterilized by autoclaving at 15 psi at a temperature of 121°C for 15 

min. Once the agar had cooled to less than 50 °C. Molten agars were then 

dispensed at a volume of around 15 ml in to 9 cm diameter sterile plastic Petri 

dishes (Grenier bio-one). Petri dishes were left to solidify at room temperature. 

Fungus was cut into 5 mm square pieces and placed onto agar plates. Fungus 

was incubated under fluorescent light at 27°C for 14 days. Lastly, spore 

production was determined under microscope and colony size was also 

measured by ruler. 
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3.3.3 Blast fungus cultivation 

 Oat Meal Agar was selected as a suitable culture medium from the 

previous experiment. Therefore, the fungus was grown on it under fluorescent 

light at 27°C for 14 days. To stimulate conidia production, the mycelial mat on 

agar plates were covered with 2 ml sterile water and scraped with an L-shaped 

glass rod. Excess water was decanted. Next, the agar plates were continually 

incubated for 5-7 days in an ultraviolet cabinet at 27°C to induce sporulation 

(87).  

3.3.4 Blast fungus inoculation 

 On inoculation day, distilled water was added to the agar plate, the 

mycelial mat was scraped with an L-shaped glass rod and conidia were counted 

using a hemocytometer. Suspension concentration was adjusted to 1×104 

conidia per ml (suspended in sterile water and 2% gelatin). The three week old 

rice plants were sprayed with M. oryzae conidia suspension (87). Inoculated 

rice plants were kept in the dark under high humidity for 24 h at 27°C for 

effective infection, and then the rice plants were moved to a greenhouse. After 

7 days of inoculation, infected leaves were observed and harvested for analysis. 

3.3.5 Analysis of phytoalexins on rice leaf tissues by MALDI-MSI 

 A modified fracturing method from Klein et al. (85) was used to prepare 

leaf tissue sections (Fig. 3.1). First, a fresh leaf was cut into a 2 cm piece and 

stuck to a transparent sealing tape before rolling the tape to enclose (Fig. 3.1A 

and 3.1B). The leaf sandwich was then rolled using a 5 ml glass bottle and 

continually pulled open, fracturing the leaf (Fig. 3.1C and 3.1D). Leaf tissue on 

the sealing tape was adhered to an ITO-coated glass slide with double-sided 

tape and was sprayed with 2 ml of Fe3O4 matrix (10 mg/ml in 70% methanol) 

using an airbrush. The sample was then applied to MALDI-SpiralTOF mass 

spectrometry imaging coupled with Nd:YLF 349 nm with 20-30 um of laser 

diameter. The instrument was operated using msTornado control program in a 
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positive mode over a mass range 250-500 Da, 50 µm raster, 250 Hz laser 

repetition rate, 57% laser intensity and 100 ns of delay time. Finally, MSI data 

were obtained using msMicroImage and msMicroImage view programs. At the 

same time, the rice leaf (before and after using the modified fracturing method) 

surface was examined using a scanning electron microscope. 

3.3.6 Analysis of phytoalexins in rice leaves by liquid extraction 

 To compare the production of phytoalexins between infected and 

uninfected leaves, both sets of rice leaves were extracted by methanol. For 

phytoalexin extraction, infected leaves were detached after indicated times and 

were cut into 5-mm lengths, and 0.15 g of each was frozen at – 80°C until use. 

A leaf sample was mixed with 40 volumes of 70% methanol and heated for 5 

min in a long glass tube with a screw cap. The extract was then transferred to a 

new tube, and the residue was re-extracted twice with 20 volumes of 70% 

methanol. The combined extracts were then concentrated to dryness. The 

residue was resuspended in 0.5 ml of methanol and was subjected to MALDI-

SpiralTOF mass spectrometry equipped with an Nd:YLF laser at 349 nm (20-

30 mm spot diameter). The instrument was operated under the msTornado 

program in a positive mode, 250 Hz laser repetition rate, 50-70% laser intensity 

and 100-180 ns of delay time to obtain MS spectra and MSMS spectra, which 

were acquired over a mass range of 250-400 Da and 5-400 Da respectively. 

High-energy collision-induced dissociation (HE-CID) was performed with 

helium gas to obtain fragmentation ions. Finally, the spectra of precursor and 

product ions were derived using the msTornado analysis program. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

33 
 

 

Figure 3.1 Steps of the modified fracturing method 

3.4 Results 

3.4.1 Optimization of medium for spore production of blast fungus  

 To investigate the optimum medium for the blast fungus to produce 

maximum spore, fungus was cultured on 6 different agar media as shown in 

Table 3.1. The results from the table showed that fungus can grow best on PDA 

according to colony diameter, following by RPCA, OMA, RFA, WFA, and 

GRFA respectively. Moreover, the colony morphology in Figure 3.2 showed 

the significantly different in sizes, shapes, and textures in all media. 

 However, the main purpose of selecting media is getting the maximum 

amount of spore. Consequently, the determination of spore production was 

observed under light microscope as shown in Table 3.2. The results exhibited 

that Oat Meal Agar (OMA) is an excellent medium that can induce the 

production of spore of M. oryzae. Therefore, this medium was chosen to 

cultivate fungus in the further experiment. 
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RFA RPCA OMA  

WFA GRFA PDA 

Table 3.1 Growth of fungus after 14 days of culture on various media  

Type of medium 

Diameter of colony (cm) 

Replicate 
Avg. ± SD 

1 2 3 4 5 

Rice Flour Agar (RFA) 4.8 5.2 5.2 5.0 4.7 5.0 ± 0.23 

Rice Potato Carrot Agar 

(RPCA) 
5.8 5.5 5.4 5.3 5.4 5.5 ± 0.19 

Oat Meal Agar (OMA) 5.5 5.4 4.8 4.9 4.8 5.1 ± 0.34 

Wheat Flour Agar (WFA) 4.7 4.7 4.8 4.9 4.9 4.8 ± 0.10 

Glutinous Rice Flour Agar 

(GRFA) 
2.7 2.7 2.5 2.7 3.2 2.8 ± 0.26 

Potato Dextrose Agar 

(PDA) 
5.7 5.6 5.5 5.5 5.7 5.6 ± 0.10 

 

 

Figure 3.2 Colony morphology of blast fungus on different media after 14 days 

of incubation 
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Table 3.2 Observation of spore production of blast fungus on various media 

under microscope 

Type of medium Colony morphology 
Conidia under 

microscope 

Rice Flour Agar (RFA) 

  

Rice Potato Carrot 

Agar (RPCA) 

  

Oat Meal Agar (OMA) 

 

  

Wheat Flour Agar 

(WFA) 

 

  

Glutinous Rice Flour 

Agar (GRFA) 
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Type of medium Colony morphology 
Conidia under 

microscope 

Potato Dextrose Agar 

(PDA) 

  

 

3.4.2 Observation of rice leaves infection by blast fungus at 7 days post-

infection 

 Figure 3.3 illustrates the presence of infected areas on rice leaves. The 

leaves started having small brown spots and the lesion were enlarged causes 

diamond-shaped white to gray or brown lesions after 7 days of inoculation.  

 

Figure 3.3 Infected rice leaves after 7 days of inoculation 
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3.4.3 Determination of phytoalexin production and distribution on a 

fractured rice leaf by MALDI-MSI 

 Sample preparation is one of the fundamental steps of MALDI-MSI 

analysis. In this research, a fracturing method which previously described by 

Klein et al. (85) were modified for leaf tissue preparation. The MALDI-MSI 

data obtained from this modified method displayed positive results. To evaluate 

the quality of tissue samples with the modified fracturing method before 

subjecting to MALDI-MSI, the intact and fractured leaves were observed by 

stereomicroscope (Fig. 3.4). Results showed slight differences between intact 

(Fig. 3.4A and 3.4B) and fractured leaves (Fig. 3.4C and 3.4D) and did not 

clearly present the detail of either leaf. As a result, SEM was applied to 

determine leaf surface and structure. SEM images of intact leaf (Fig. 3.5A and 

3.5B) clearly show the veins, trichomes and surface bulges. The intact leaf was 

then fractured by the modified fracturing method and analyzed with SEM. 

Figure 3.5C and 3.5D show the fractured leaf with the disappearance of surface 

bulges, and though, fragile, the fractured leaf tissues maintained their primary 

structure. Consequently, it can be concluded that leaf tissue from the modified 

fracturing method was suitable for further MALDI-MSI analysis. 
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Figure 3.4 Stereo microscope images of rice leaf surface. (A, B) Surface of 

leaf tissue before fracture. (C, D) Surface of leaf tissue after fracture. 

 

Figure 3.5 SEM images of rice leaf surface. (A, B) Surface of leaf tissue 

before using a modified fracturing method. (C, D) Surface of leaf tissue after 

using a modified fracturing method. 
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 Production and accumulation of phytoalexins in M. oryzae infected rice 

plants has been previously reported by GC-MS and HPLC-ESI-MS/MS 

analysis of rice leaf extracts. However, localization of these antimicrobial 

compounds was not reported (33). This study is the first examined the 

production and distribution of diterpenoid phytoalexins in infected and 

uninfected Thai rice plants using MALDI-MSI.  

 Each rice plant varieties were divided into two sets. The first was 

inoculated with M. oryzae, while the other comprised non-infected leaves 

(control set). Both were grown in the same environment, described in the 

methods section. Subsequently, leaves from both groups were prepared by a 

modified fracturing method before analysis with MALDI-MSI. MALDI-MSI 

results from non-infected leaves of all rice varieties presented similar results as 

shown in Figure 3.6. The leaves contained common plant metabolites, such as 

sucrose and monogalactosyldiacylglycerol (MGDG) (88), but no phytoalexins 

were detected. Disaccharide, which was most likely sucrose, was distributed 

across the uninfected leaves, especially around the midrib where possessed the 

highest distribution. The midrib consists of vascular tissues that can transport 

sucrose to other organs to support growth and development (89). Accordingly, 

this is the likely reason for the present finding of high levels of sucrose 

distribution in this region. MGDG, a lipid which is found in thylakoid 

membrane of chloroplast is also visualized (Fig. 3.6C) across the leaves. 

However, the intensity is lower than sucrose. 
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Figure 3.6 MALDI-MS images of uninfected rice leaf section. (A) An optical 

image of the rice leaf. MALDI-MS images of (B) disaccharide, most likely, 

sucrose (m/z 381.21) and (C) MGDG (m/z 813.74). Both compounds were 

detected as potassiated ions ([M + K]+). 

 In infected rice leaves of 5 rice varieties, only RD6 rice plant could 

produce diterpenoid phytoalexins. Interestingly, five types of diterpenoid 

phytoalexins, including momilactone-A (Fig. 3.7B), momilactone-B (Fig. 

3.7E), phytocassane-A, D, or E (Fig. 3.7C), phytocassane-B (Fig. 3.7F) and 

phytocassane-C (Fig. 3.7D), were observed the distribution on the infected site 

of the leaf sample, corresponding to numerous previous studies on the 

induction of phytoalexin production in plants results from an invasion of 

organisms, such as bacteria, viruses, and fungi. Most studies have demonstrated 

that phytoalexins rapidly accumulate at areas of incompatible pathogen 

infection (85, 86, 90, 91). On the other hand, diterpenoid phytoalexins were 

absent in the healthy region of the leaves. Apart from phytoalexins, sucrose 

was found to be slightly distributed on the infected area, the data are shown in 

the appendix (Fig. A.1 and A.2).   
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Figure 3.7 MALDI-MS images of infected rice leaf section. (A) An optical 

image of the rice leaf with a black circle representing the infected area. 

MALDI-MS images of (B) momilactone-A (m/z 353.17), (C) phytocassane-A, 

D, or E (m/z 355.18), (D) phytocassane-C (m/z 357.20), (E) momilactone-B 

(m/z 369.16), and (F) phytocassane-B (m/z 373.19). All compounds were 

detected as potassiated ions ([M + K]+). (G) MALDI mass spectrum of 

diterpenoid phytoalexins from infected rice leaf section. 
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3.4.4 Structural analysis of phytoalexins by tandem mass spectrometry 

 To confirm the results from MALDI-TOF localization of diterpenoid 

phytoalexins, a liquid extraction method was also used to analyze rice leaves of 

all rice varieties. Diterpenoid phytoalexins were extracted from infected and 

non-infected rice leaves before evaluating their structure using MALDI-MS. 

Results clearly corresponded to the MS spectrum obtained from MALDI-MS 

images (Fig. 3.7G). Among 5 rice varieties, only RD6 leaf extract presents 

diterpenoid phytoalexins after get invasion from blast fungus. Thus, this part 

will only display the results of RD6 leaf extract. However, the mass spectra of 

other rice varieties were placed into appendix B (Fig B.1, B.2). 

 Comparison of mass spectra between uninfected and infected RD6 rice 

leaf extracts is shown in Figure 3.8. The mass spectrum of uninfected rice leaf 

extracts (Fig. 3.8A) revealed common plant metabolites, such as sucrose (m/z 

381.19) and MGDG (m/z 813.71), whereas the mass spectrum of infected rice 

leaf extracts (Fig. 3.8B) displayed the presence of five types of diterpenoid 

phytoalexins, including momilactone-A (m/z 353.16), momilactone-B (m/z 

369.21), phytocassane-A, D, or E (m/z 355.17), phytocassane-B (m/z 373.19) 

and phytocassane-C (m/z 357.19). Identification of these compounds was 

primarily based on mass data and MS/MS spectra supported by available 

literature. The MS/MS spectra of some compounds, such as momilactone-A 

(Fig. 3.9A), phytocassane-A, D, or E (Fig. 3.9B), phytocassane-C (Fig. 3.9C) 

and sucrose (Fig. 3.9D) were obtained, even though phytocassane-A, D, or E 

are structural isomers that cannot be differentiated. However, this study were 

unable to obtain the MS/MS spectra of momilactone-B and phytocassane-B due 

to the limited amount of precursor ions and these compounds not being easily 

ionized.  
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Figure 3.8 MALDI mass spectra obtained from RD6 rice leaf extract. (A) 

Uninfected rice leaf extract. (B) Infected rice leaf extract. Both mass spectra 

are shown, highlighting the m/z values of interest. All compounds were 

detected as potassiated ions ([M + K]+). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

44 
 

 

Figure 3.9 MALDI-MS/MS spectra obtained from rice leaf extract. (A) 

Momilactone-A. (B) Phytocassane-A/D/E. (C) Phytocassane-C. (D) Sucrose. 

The MS/MS spectra match the standard analysis of isolated diterpenes from 

rice leaves.  
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3.5 Discussion 

 Rice blast caused by M. oryzae is the most destructive disease in almost 

all rice-growing countries. Many factors are involved in the progression of the 

disease such as relative humidity, temperature, doses of nitrogen fertilizer, and 

rice development stages (92). Even though blast fungus can infect rice plant at 

any stage of growth and development, the infection results at each stage are 

somehow different. Therefore, rice development stage should be considered 

while evaluating blast resistance in cultivars (93, 94). In this study, 3 weeks old 

rice was chosen for inoculation with M. oryzae corresponded to previous 

studies (95, 96). 

 Phytoalexins are antimicrobial secondary metabolites synthesized by 

plants after exposure to microorganisms. Rice (Oryza sativa) produces various 

types of diterpene phytoalexins. Fourteen diterpenoids have been isolated and 

identified from rice, including phytocassanes A–E (97-99), oryzalexins A–F 

(100-102), oryzalexin S (103), and momilactones A and B (104, 105). Because 

production of phytoalexins constitutes an important system in rice to defend 

themselves against fungal pathogens, using this outstanding phytoalexin 

detection method may help researchers explore the ability of rice to combat 

blast disease. 

 The present study first reported on the production and distribution of 

diterpenoid phytoalexins in fungal infected Thai rice using MALDI-MSI. 

Sample preparation is one of the key steps of MALDI-MSI analysis. Even 

small mistakes in preparation can lead to many problems during analysis. Most 

methodologies of sample preparation in MSI were developed for animal tissues 

and cannot be used directly on plant samples due to the distinct structures and 

compositions between animal and plant tissues (12). This research modified a 

fracturing method previously described by Klein et al. (85) for leaf tissue 

preparation. The modified fracturing method can be performed in only one 
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hour because the vacuum drying step, which normally takes 4-5 h is removed. 

Furthermore, this method has many advantages, for example, cheap equipment 

used, no embedding step that could lead to ion suppression, no requirement for 

technical skill and relatively low cost compared to other preparation methods. 

However, the fracturing method has some limitations. This method is suitable 

with thin and small leaves, but thick and large leaves make it difficult to pull 

and open the packing tape without breaking some parts of the leaves. As a 

result, cryosectioning or imprinting methods might be required. For 

cryosectioning, leaves are embedded into embedding media, such as 

paraformaldehyde, gelatin or CMC, for sectioning. The embedding step 

increases sample preparation time, as well as ion suppression, on MSI. For 

imprinting methods, a thick leaf sample could be applied, but the delocalization 

of chemical substances on tissue surfaces can occur.  

 After the sample preparation step, the production and distribution of 

major diterpenoid phytoalexins were examined using MALDI-MSI. Results 

showed that only the RD6 rice plant could generate diterpenoid phytoalexins in 

inoculated rice leaves. When comparing these present results to a previous 

study by Klein et al. (85) that used bacterial blight in rice Xanthomonas 

oryzae pv. oryzae (Xoo) as a pathogen to invade rice plants and analyzed 

phytoalexin production with MALDI-MSI, it was found that similar types of 

phytoalexins were produced, but their abundance was different. In this work, 

momilactone-A, phytocassane-A, D, or E and phytocassane-C were at 

significantly higher abundance than other phytoalexins, and mass spectra 

results also showed high intensity (Fig. 2.7g). In contrast to this work, 

phytocassane-B had the highest abundance in results obtained by Klein et al. 

(85). This difference may be due to the sorts of pathogens that attack rice 

plants. Several reports have shown that the terpenoid phytoalexin momilactone 

A inhibits growth of the rice fungal pathogen M. oryzae (28, 33, 106), while its 

role in rice resistance to Xoo is not clear. This may explain the finding of high 
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abundance momilactone-A in the current experiment but not in the experiment 

that used Xoo as an agent to infect rice plants. Of course, the phytoalexin 

response of rice plants to fungus may be distinct from their response to 

bacteria. However, although the results of phytoalexin production after 

inoculation with M. oryzae and after inoculation with Xoo were not identical, 

they did show similar trends.  

 Hasegawa et al. (33) reported accumulation of major rice diterpenoid 

phytoalexins in resistant rice infected with blast fungus. In their work, they 

used rice leaf extracts to analyze the synthesis of phytoalexins. Their results 

showed that momilactones A and B and phytocassanes A through E were 

produced in fungal-infected resistant rice. However, their data provided no 

information on rice leaf extract localization of these compounds, which may be 

useful for studying the interaction between rice and blast fungus. Compared to 

the rice leaf extract method, the advantage of the MALDI-MSI used here is its 

convenient and fast track procedure for preparing samples, which does not 

require a complicated procedure of sample extraction before analysis by mass 

spectrometry. Furthermore, this technique can directly visualize the internal 

metabolite distribution from rice leaf tissues. 

 The successful detection technique described herein illustrates the use of 

MALDI-MSI in Thai rice research. MALDI-MS image results simultaneously 

revealed both localization and identification of target phytoalexins on a leaf 

tissue section. Detection and mapping of phytoalexins can considerably 

improve understanding of the defense mechanisms of rice plants against blast 

fungus. In addition, the MALDI-MSI technique demonstrated herein is 

expected to be further applied as an effective method to determine phytoalexin 

response for plant breeders who develop new varieties of resistant rice. 

Consequently, it should be noted that the MALDI-MSI technique has extremely 

high sensitivity and is suitable for metabolite imaging, providing new 

opportunities for agricultural applications in the future. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

Global Analysis of Protein Expression of A549 Cells after 

Prolonged Nicotine Exposure by using Label-Free 

Quantification 

 Proteins are the building blocks of the living thing which involved in all 

biological processes.  Proteomics provides great promise in resolving the 

complex molecular events of tumorigenesis, as well as tumor behaviors such as 

metastases and invasion (107). Mass spectrometry-based techniques have been 

used during the last two decades to detect and quantify proteins in the 

biological sample in a confident and nearly comprehensive way. They 

contributed to cellular signaling networks being revealed, dynamics of protein-

protein interactions being elucidated and gained diagnosis and molecular 

knowledge of mechanisms of disease (108). MS-based quantitative 

proteomics technology not only identify proteins, but quantifies the changes 

between normal and disease sample profiles so that classification models can 

be produced (109). The standard proteomics method begins with trypsin 

cleavage of protein into short peptides, and then separated by liquid 

chromatography. The peptides were eluted from the chromatography column 

and were sprayed into the mass spectrometer by electrospray ionization. In the 

mass spectrometer, two MS measurement levels are carried out in tandem. A 

mass analyzer determines the m/z ratio of molecular peptide ions in the first 

level (MS1), while the second level (MS2) measures the m/z values of 

fragmentation ions generated by the fragmentation of unique peptide ions. The 

specific fragment ion pattern and its value of m/z allow the confident 

identification of peptides in the sample. It is then possible to map the identified 

peptide sequences to proteins and use the signal intensities of either peptides or 

fragment ions to predict relative differences in abundance in samples (108). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

49 
 
 Among several MS-based quantification strategies, label free 

quantitation is one of the methods which has gained popularity in recent 

years (110-113). This technique does not require a stable isotope containing 

compound to chemically bind to protein samples (114). It can be divided into 

two quantification approaches: peptide peak intensity based quantification and 

spectral counting quantification (115). Despite their power to analyze a large 

array of samples, they require less amount of protein sample compared to other 

proteomic techniques. Moreover, these approaches are simple and cost-

effective (116). As the survival rate of lung cancer patients is very low, thus it 

is essential for researchers to discover prognostic markers to increase patient 

survival rate and for detecting the stage of cancer as early as we can (115).  

 This part of the study aimed to investigate the effect of prolonged 

exposure of nicotine on A549 non-small cell lung cancer cell line and its ability 

to induce invasion of cancer cell. Furthermore, label-free quantitative 

proteomic method was utilized to analyze the protein alterations of A549 lung 

cancer cell line upon treating with nicotine. Lastly, target proteins were 

validated by immunoblot.   
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EXPERIMENTAL 

4.1 Materials and Chemicals 

2-Mercaptoethanol (Sigma-Aldrich, USA) 

Acetonitrile (Merck KGaA, Germany) 

Acrylamide (Bio-Rad, USA) 

Ammonium bicarbonate (Sigma-Aldrich, USA) 

Ammonium persulfate (Sigma-Aldrich, USA) 

Bovine serum albumin (Sigma-Aldrich, USA) 

Bradford reagent (Bio-Rad, USA) 

Bromophenol blue (Merck KGaA, Germany) 

Coomassie brilliant blue (SERVA, Germany) 

Dimethyl sulfoxide (Merck KGaA, Germany) 

Dithiothreitol (Thermo Fisher Scientific, USA) 

ECL Prime detection reagent (GE Healthcare, USA)  

Ethanol (Merck KGaA, Germany) 

Fetal bovine serum (Merck Millipore, USA) 

Formic acid (Thermo Fisher Scientific, USA) 

Glycerol (Thermo Fisher Scientific, USA) 

Glycine (Calbiochem, USA) 

Hydrochloric acid (Merck KGaA, Germany) 

Iodoacetamide (Sigma-Aldrich, USA) 

Matrigel (Corning, USA) 

Methanol (Merck KGaA, Germany) 

MTT (Sigma-Aldrich, USA) 

N,N’-Methylenebisacrylamide (Bio-Rad, USA) 

Nicotine (Sigma-Aldrich, USA) 

Penicillin-streptomycin (Sigma-Aldrich, USA) 

Primary antibodies (Abcam, UK and Cell Signaling Technology, USA) 

RPMI 1640 medium (Gibco, USA) 

https://en.wikipedia.org/wiki/Tetramethylethylenediamine
https://en.wikipedia.org/wiki/Tetramethylethylenediamine
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Secondary antibodies (Dako, USA) 

Sodium dodecyl sulfate (Calbiochem, USA)  

Sodium chloride (Scharlab, Spain) 

Tetramethylethylenediamine (AppliChem GmbH, Germany) 

Trifluoroacetic acid (Thermo Fisher Scientific, USA) 

Tris (Calbiochem, USA) 

Trypsin (Promega, USA) 

Tween 20 (Vivantis, Malysia) 

4.2 Equipments 

Autopipette (Gilson, USA) 

Balance (Mettler Toledo XS205DU, USA) 

Biological safety cabinet (NuAire NU-543-400E, USA)  

Cell culture flask (Thermo Fisher Scientific, USA) 

Centrifuge (Hitachi CT15RE, Japan) 

CO2 incubator (Thermo Fisher Scientific 3111, USA) 

Electrophoresis and blotting system (Bio-Rad, USA) 

Glass pipette (HBG, Germany) 

Hemocytometer (HBG, Germany) 

HPLC separation system (Thermo Fisher Scientific Dionex UltiMate 3000, 

USA) 

Inverted microscope (Nikon Eclipse TS100, Japan) 

Luminescent image analyzer (GE Healthcare ImageQuant LAS4000 mini, 

USA) 

Magnetic stirrer (Heidolph MR Hei-Mix L, Germany) 

Mass spectrometer (Bruker amaZon speed ETD, USA) 

Mini-centrifuge (Hercuvan TT-6000, UK) 

Microplate reader (Molecular Devices SpectraMax M2, USA) 

Nano HPLC column Acclaim PepMap RSLC C18 (Thermo Fisher Scientific, 

USA) 
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PVDF membranes (Pall Corp., USA) 

Shaker (GFL 3017, Germany) 

Thermomixer (Eppendorf ThermoMixer C, Germany) 

Transwell (Corning cat.no. 3422 and 3428, USA) 

Vortex mixer (Scientific Industries Vortex-Genie 2, USA)  

Water bath (Julabo GmbH, Germany) 

Well plate (Thermo Fisher Scientific, USA) 
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4.3 Methods 

4.3.1 Cell culture 

 Human non-small cell lung cancer, A549 cells, were cultured in RPMI 

1640 containing 10% fetal bovine serum and 1% penicillin-streptomycin. Cells 

were maintained in 37 °C incubator with 5% CO2. Cell were passaged 

successively when achieving 80% confluency. 

4.3.2 Cytotoxicity assay 

 A549 cells were used to determine the cytotoxic effect of nicotine using 

an MTT assay as described by Kuljittichanok et al. (117). Cells (5x103 

cells/well) were seeded to 96-well plates and then treated with various 

concentration of nicotine (1-40 mM) for 24, 48 and 72 h. After incubation, the 

culture medium with nicotine was removed and replaced with fresh culture 

medium consisting of 0.5 mg/mL MTT. The cells were then incubated for 2 h 

at 37 C. Culture medium was removed and formazan products were dissolved 

by adding 100 µl of dimethyl sulfoxide (DMSO) to each well. The absorbance 

was measured at 550 nm using a 96 well microplate reader and background 

subtraction was adjusted with the absorbance readings at 650 nm.  

4.3.3 Cell invasion assay 

 In vitro cell invasion assays were performed using a 6.5 mm Transwell 

chamber (8 µm pore size) as described by Weeraphan et al. (118). Briefly, the 

upper surface of membrane was coated with 30 g of Matrigel. Transwell 

chambers were then incubated overnight at 37 °C. Then, 100 l of fresh serum-

free media was added to the upper chamber, incubated at 37 °C for 1 h, after 

which all the media in upper chamber was removed. Five thousand of A549 

cells were suspended with serum-free media containing nicotine at various 

concentration (0.1, 1.0, 5.0 and 10.0 nM) and then plated into the upper 

chamber. Cells containing serum-free media with 0.5% (v/v) ethanol were used 
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as a vehicle control. Then 500 μl of complete medium was added to the lower 

chamber and incubated overnight at 37 °C in a CO2 incubator. On the next day, 

cells that migrated across the filter membrane were fixed with 25% methanol 

for 15 min, followed by staining with 0.1% crystal violet for 15 min. Five 

random phase contrast images of migrated cells were taken and counted under 

100 magnification. All experiments were performed in biological triplicates. 

4.3.4 Prolonged nicotine exposure of A549 cells 

 A549 cells were cultured in RPMI 1640 containing 10% fetal bovine 

serum, 1% penicillin-streptomycin and 5 nM of nicotine. Briefly, 1  106 of 

A549 cells were seeded and grown at 37 °C in an atmosphere of 5% CO2. On 

the next day, cells were treated with 5 nM of nicotine and then passaged after 

an incubation period of 48 h. Cells containing media with 0.5% (v/v) ethanol 

were included as a vehicle control. The prolonged nicotine exposure of A549 

was designated as A549-P5 and NicoA549-P5, respectively. Cells were then 

harvested and kept at -80 °C for further analysis. All experiment were done in 

biological triplicates. 

4.3.5 Prolonged nicotine exposure on motile A549 cells 

 Subpopulations of A549 cells were selected according to their 

invasiveness capacity using 24 mm Transwell chamber. Briefly, the upper 

surface of membrane was coated with 400 g of Matrigel and incubated as 

mentioned previously. One million A549 cells were suspended with serum-free 

media containing 5 nM of nicotine and then plated into the upper chamber. 

Cells containing serum-free media with 0.5% (v/v) ethanol were included as a 

vehicle control. Then 2.6 mL of complete medium was added to the lower 

chamber and incubated for 48 h at 37 °C in CO2 incubator. The cells that 

migrated across the membranes were aseptically harvested and expanded for 

the next round of selection. The subline of the first-round selection was 

designated as A549-L1 and NicoA549-L1. Similarly, the sublines from 2, 3,4, 
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and 5 rounds of selection were designated as A549- and NicoA549-L2, -L3,-

L4, -L5, respectively. A549-L5 and NicoA549-L5 cells that migrated across 

the membranes were harvested and kept at -80 °C for further analysis. All 

experiments were done in biological triplicates.  

4.3.6 Protein preparation for label free proteomic analysis 

 Ten micrograms of sample were resuspended in 50 mM ammonium 

bicarbonate (NH4HCO3) and protein concentration was determined using the 

Bradford assay. Samples were reduced with 10 mM DTT at 95°C for 5 min, 

alkylated with 1/10 volume of 200 mM iodoacetamide for 30 min at room 

temperature in the dark and then enzymatically digested with trypsin at a 

1: 50 enzyme/protein ratio. Digestion was carried out overnight at 37°C. The 

reaction was stopped by adding formic acid at a final concentration of 1% and 

the samples were completely dried by Speed Vacuum. 

4.3.7 Label free LC-MS/MS analysis 

 Samples were prepared for label-free LC-MS/MS quantification by 

dissolving the digested samples in 0.1% formic acid in H2O and separated on a 

Nanoflow liquid chromatography system. All samples were run in triplicate. 

Samples were injected into a C18 Acclaim PepMap RSLC (75 μm i.d. x 150 

mm) column at a flow rate of 300 nl/min and temperature of the column was 

maintained at 40 °C. The LC gradient was performed using 0.1% formic acid in 

100% water (solution A) and 0.1% formic acid in 100% ACN (solution B) with 

the following conditions: 1-50% B in 70 min, 50-90% B in 5 min, followed by 

15 min with 90% B. One microliter of sample (100 ng/μL) was injected into 

the nano-LC system and then the separation was performed. The eluting 

peptides were analyzed directly via MS/MS on an amaZon speed ion trap mass 

spectrometer equipped with a captive-electrospray ion source. The positive 

mode was used with a spray voltage 1.3 kV and the capillary temperature was 

set at 150 °C. Mass spectra were acquired from 400-1,400 m/z using 
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parameters optimized at 922 m/z with a target of 500,000 set for ion charge 

control and a maximum acquisition time of 100 msec. The scan range was 50-

3,000 m/z. MS/MS data were processed by Bruker Compass 1.4 software. The 

raw data obtained from LC-MS/MS was processed and calculated the 

significant changes by Progenesis label-free LC-MS software version 3.1 

(Nonlinear Dynamics, Ltd., UK). Each replicated sample’s retention time was 

aligned against a reference sample selected by the program itself, together with 

normalization of peak intensities. Protein identifications were performed by 

Mascot software version 2.4.0 (www.matrixscience.com). The search 

parameters were set up as follows: (1) data base, Swiss-Prot Fasta (which was 

released in October, 2018); (2) species, Homo sapiens; (3) digestion, trypsin; 

(4) instrument, ESI-TRAP; (5) fragment mass tolerance, 0.6 Da; (6) peptide 

mass tolerance, 1.2 Da; (7) maximum missed cleavages, 1. A false discovery 

rate (FDR) threshold of 1% was applied and identification of two or more 

unique peptides and two or more peptides were required for positive 

identification, respectively. 

4.3.8 Western blot analysis 

 The proteins were extracted from the cells by homogenization in RIPA 

lysis buffer. The amount of protein in samples were quantified by Bradford 

assay. Ten micrograms of protein samples were separated by 10% SDS-PAGE 

and proteins were then transferred to PVDF membranes which were blocked 

with 3% Bovine Serum Albumin (BSA) in Tris buffered saline with tween-20 

(TBST) for 1 h at room temperature with agitation. Subsequently, the 

membranes were incubated with primary antibodies, including legumain (1: 

10,000 dilution; cat.no. ab183028; Abcam), HSP 90 (1:1,000 dilution; cat.no. 

4874; Cell Signaling Technology), PDI (1: 3,000 dilution; cat.no. 3501; Cell 

Signaling Technology), HSP 70 (1:1,000 dilution; cat.no. 4872; Cell Signaling 

Technology), Profilin (1: 5,000 dilution; cat.no. ab124904; Abcam), Histone 

H3 (1: 10,000 dilution; cat.no. 9715; Cell Signaling Technology) and β-actin 
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(1: 10,000 dilution; cat.no. 3700; Cell Signaling Technology) in TBST buffer 

containing 3% BSA at 4 °C with agitation overnight. After washing 3 times 

with TBST buffer, the membranes were incubated with peroxidase-conjugated 

goat anti-mouse IgG and goat anti-rabbit IgG as secondary antibodies (1:5,000 

dilution; Dako, CA, USA) in 3% non-fat dry milk for 1 h at room temperature 

with agitation. Membranes were then washed 3 times in TBST buffer. The 

immunoreactive bands were visualized using ECL Prime and detected by GE 

ImageQuant Las 4000 mini. All Western blot analyses were done in biological 

triplicates. 

4.3.9 Bioinformatics 

 Various proteins from Progenesis QI software were further analyzed through 

bioinformatics platforms such as STRING (https://string-db.org) which is a 

database for predicted signaling networks and protein interactions. Ontological 

analysis of the dysregulated genes was analyzed using the UniProt database 

(https://www.uniprot.org) to classify functions. 

4.3.10 Statistical analysis 

Data were expressed as mean ± SD (standard deviation) of three independent 

observations. Statistical significance was calculated using a two tailed unpaired 

Student’s t-test. A P-value of 0.05 or less was considered significant in this 

study. 

4.4 Results 

4.4.1 Cytotoxic effect of nicotine on A549 lung cancer cells 

 To elucidate the cytotoxic effect of nicotine, A549 cells were treated 

with various concentrations of nicotine by the MTT assay (Fig. 4.1). According 

to the results of MTT cell viability assay, nicotine reduced cell viability in a 

time- and concentration-dependent manner. The IC50 concentration of nicotine 
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was determined to be 16, 12 and 7 mM for incubation periods of 24, 48 and 72 

h respectively. Non-cytotoxic concentrations were selected for further studies. 

 

Figure 4.1 The cytotoxic effects of nicotine on A549 lung cancer cells by MTT 

assay. The results were expressed as mean ± SD of three independent 

experiments.   

4.4.2 Nicotine induces invasion of A549 lung cancer cells 

 Non-cytotoxicity concentrations were used to determine the invasive 

effect of nicotine on A549 cells using Boyden chambers assays. The invasive 

capacity of nicotine-treated A549 cells was significantly increased in a dose-

dependent manner compared to those of untreated A549 cells (Fig. 4.2). 

Compared to untreated cells, the highest effect of nicotine was observed at 5 

nM and 10 nM by 2-fold increase (Fig. 4.2B). 5 nM nicotine was chosen as a 

reference concentration to study the effect of prolonged nicotine exposure.   
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Figure 4.2 Nicotine induces invasion of A549 lung cancer cells. (A) 

Representative images of invasion assay from A549 cells treated with 0.1, 1.0, 

5 and 10 nM of nicotine for 24 h. Scale bar, 200 µm. (B) Bar graph represents 

the relative invasion of A549 cells after treated with various concentrations of 

nicotine. Data points represent the mean ± SD. (*P ˂ 0.05, ***P ˂ 0.001, 

****P ˂ 0.0001).  

4.4.3 Prolonged nicotine exposure enhances the invasive capability of A549 

lung cancer cells 

 An invasive subpopulation of the A549 lung cancer cell line was 

selected to investigate the effect of prolonged nicotine exposure (Fig. 4.3). 

Results showed that the invasive subpopulation of A549 cells could be selected 

using Boyden chambers assays (Fig. 4.4A and 4.4B). The invasive capacity of 

sublines was gradually increased during subpopulation selection as compared 

to A549 parental cells by 1.25-fold to 2.6-folds (Fig. 4.4C and 4.4D). The 

invasive capacity of nicotine-treated subline (NicoA549-L5) was significantly 

increased by 2.6-fold as compared to A549 parental cells. 
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Figure 4.3 Experimental scheme of A549 cells continuous exposure to 5 nM 

nicotine. Samples were divided into 2 main groups, monolayer and invasion 

system. Each sample groups were subdivided into 2 conditions, control and 

nicotine treatment.  
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Figure 4.4 Prolonged nicotine exposure enhances the invasive capability of 

A549 lung cancer cells. Representative images of invasion assay from five 

sublines of A549 cells untreated (A) and treated (B) with 5 nM of nicotine. 

Scale bar, 200 µm. Bar graphs represent the relative invasion of sublines with 

(D) and without (C) nicotine treatment. Data points represent the mean ± SD. 

(*P ˂ 0.05, **P ˂ 0.01). 

4.4.4 Label free quantitative proteomic analysis of untreated and nicotine 

treated A549 cells  

 To determine whether metastasis-related proteins were altered by 

nicotine treatment, the label free quantitative proteomics was employed. The 

differential effect of nicotine on the global proteins was performed by 

comparing the protein profiles between nicotine treated and untreated A549 

cells. The study was performed by LC-MS/MS with three replicates to ensure 

reproducibility. Differential protein expression was determined by calculation 
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with Progenesis QI software version 3.1. The samples from monolayer system 

(parental and NicoA549-P5) were analyzed. Our investigation showed 55 

proteins from the monolayer system which passed the cut off criteria of 

ANOVA p-value ≤ 0.05 and fold change greater than 1.5. Out of the total 

identified proteins affected by nicotine treatment, 27 proteins were up-

regulated and 28 proteins were down-regulated in nicotine-treated A549 P5 

cells compared to untreated parental cells, as shown in Table 4.1 and Table 4.2. 

The protein with the greatest increase of 3.2 fold was lamina-associated 

polypeptide 2, isoforms beta/gamma (TMPO) while the protein with greatest 

decrease of 2.6 fold was arginine N-methyltransferase 2 (PRMT2). Heat shock-

related 70 kDa protein 2 (HSPA2), cathepsin D (CTSD), heterogeneous nuclear 

ribonucleoproteins C1/C2 (HNRNPC), legumain (LGMN) and  heat shock 

protein HSP 90-alpha (HSP90AA1) showed high increase of 2.02 to 2.99 fold, 

while 40S ribosomal protein S10 (RPS10), plasminogen activator inhibitor 1 

RNA-binding protein (SERBP1), carbonic anhydrase 12 (CA12), putative high 

mobility group protein B1-like 1 (HMGB1P1), ras-related protein Rab-10 

(RAB10) and serine/arginine-rich splicing factor 4 (SRSF4) showed lower 

increase of 2.02 to 2.47 fold. Legumain, heat shock-related 70 kDa protein 2, 

heat shock protein HSP 90-alpha, protein disulfide-isomerase A3 and profilin-1 

were selected to validate expression using western blot analysis. 
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4.4.5 Functional and interaction analysis 

 The up-regulated and down-regulated proteins from Table 4.1 and Table 

4.2 were analyzed by UniProt database to classify functions as shown in Figure 

4.5. Proteins were classified as follows: transcription, metabolic process, 

response to stimulus, translation, mRNA processing, protein transport, 

nucleosome assembly, ion transport, proteolysis, apoptotic process, protein 

targeting, and others, with the major group being involved in transcription at 

18.18 %. 

 

Figure 4.5 The differentially expressed proteins from the monolayer system 

were analyzed based on biological process.  

 The protein-protein interactions of 55 proteins with 1.5 up-and 

downregulation were analyzed by the STRING database and were used to 

predict functions using the GO pathway. Forty four out of 55 proteins showed 

good interaction as shown in Figure 4.6. Three interesting clusters were 

involved in regulation of metabolic process (24 proteins), regulation of gene 

expression (20 proteins), protein transport (22) and binding proteins (36 

proteins). Some proteins were involved in many functions such as legumain 
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(LGMN), heat shock-related 70 kDa protein 2 (HSPA2), heat shock protein 

HSP 90-alpha (HSP90AA1), profilin-1 (PFN1), heterogeneous nuclear 

ribonucleoproteins C1/C2 (HNRNPC), 40S ribosomal protein S15a (RPS15A) 

and peroxiredoxin-5, mitochondrial (PRDX5). 

 

Figure 4.6 Nicotine induces differential protein expression in the A549 cells 

from monolayer culture (flask). The differentially expressed proteins were used 

to search the STRING database to predict their protein-protein interactions. 

4.4.6 Validation of differential protein expression in untreated and 

nicotine treated A549 cells using western blot analysis 

 To confirm the expression of proteins from LC-MS/MS, legumain 

(LGMN), heat shock-related 70 kDa protein 2 (HSPA2), heat shock protein 
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HSP 90-alpha (HSP90AA1), protein disulfide-isomerase A3 (PDIA3) and 

profilin-1 (PFN1) were selected for western blot analysis. The results, shown in 

Figure 4.7, indicate that the expression level of all selected proteins was higher 

in nicotine treated A549 cells, when compared to untreated control cells, 

especially regarding legumain and profilin-1.  

 

Figure 4.7 The expression levels of the dysregulated proteins from monolayer 

system were verified by western blot analysis. Western blot showing the 

expression of selected proteins in untreated and nicotine treated A549 cells. 

4.4.7 Label free quantitative proteomic analysis of untreated and nicotine 

treated A549 cells in invasion system 

 Since label free quantitative mass spectrometry did not require large 

amounts of proteins, so we used the invaded cells from the Boyden transwell 

chambers to compare differential expression between cells treated with nicotine 

and untreated cells. Three replicated runs were performed using LC-MS/MS to 

increase the reproducibility of results, and differential protein expression was 

determined by calculating with Progenesis QI software version 3.1. Our results 
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showed that 100 proteins exhibited differential expression in the invasion 

system, using cut-off criteria of ANOVA p-value ≤ 0.05, with fold change 

greater than 1.25. From the 100 identified proteins affected by nicotine 

treatment, 24 proteins were up-regulated and 76 proteins were down-regulated 

in nicotine treated A549-L5 cells, compared to untreated A549-L5 cells, as 

shown in Tables 4.3 and 4.4. The highest increase in expression level of up-

regulated proteins was 2.03-fold found in Obg-like ATPase 1 (OLA1), while 

the lowest expression level in down-regulated proteins was 1.85-fold found in 

sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (ATP2A2). The up-

regulated and down-regulated proteins from Table 4.3 and 4.4 were then 

analyzed using the UniProt database to classify functions as shown in Figure 

4.8. Proteins were classified as follows: translation, metabolic process, mRNA 

processing, transcription, cell division, response to stimulus, cytoskeleton, cell 

migration, protein targeting, nucleosome assembly, apoptotic process, and 

others. The major proteins involved in translation is 20.00% of the proteins. 
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Figure 4.8 The differentially expressed proteins from invasion system were 

analyzed based for biological process.  

4.4.8 Validation of the identified proteins from LC-MS/MS from invasion 

system 

 To validate the expression level of proteins from LC-MS/MS, legumain 

(LGMN), heat shock-related 70 kDa protein 2 (HSPA2), heat shock protein 

HSP 90-alpha (HSP90AA1), protein disulfide-isomerase A3 (PDIA3) and 

profilin-1 (PFN1) were selected for western blot analysis. The results, shown in 

Figure 4.9, indicate that the expression level of all selected proteins was 

increased in nicotine treated A549 cells, when compared to untreated control 

cells. 
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Figure 4.9 The expression levels of the dysregulated proteins from invasion 

system were verified by western blot analysis. Western blot showing the 

expression of selected proteins in untreated A549-L5 and nicotine treated 

A549-L5 cells.  

4.5 Discussion 

 The aim of the studies was to investigate the effect of prolonged 

exposure of nicotine on non-small cell lung cancer using the A549 cell line as a 

model. Thus, the effect of nicotine on cytotoxicity and invasion was studied in 

the A549 cell line, and proteomic techniques were used to analyze differential 

protein expression in A549 cells treated and not treated with nicotine.  The 

label-free quantitative proteomic technique was adapted to ensure that small 

amounts of protein, such as 100 ng, would be sufficient to show changes in the 

level of expression. First, the expressed proteins from nicotine-treated and 

untreated cells in the monolayer system. Then, results were confirmed by 

studying the proteins collected from the cells invading through the Boyden 
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chamber. Since the A549 cells were highly invasive, sufficient proteins could 

be obtained from the invaded cells to show differences in expression with and 

without nicotine treatment. The advantage of using the Boyden chamber in our 

work was that there was no interference by cell proliferation, and any changes 

found should only involve cell motility.   

 Based on the results of MTT cell viability assay, the IC50 concentration 

of nicotine was determined to be 16, 12 and 7 mM with incubation periods of 

24 h, 48 h and 72 h, respectively. In agreement with Tao Gao et al. (119), 

nicotine did not show any significant effect on the A549 cell line at the dose of 

0.01 µM. The invasive property of A549 cells was studied using Boyden 

chamber assays at non-cytotoxic concentrations. In agreement with the reports 

of Dasgupta et al. (63)  and Sun et al. (120), these results indicated that nicotine 

induced A549 cell invasion in a dose-dependent manner. To gain insight into 

the molecular events resulting from prolonged nicotine exposure on cell 

invasion, an invasive subpopulation of A549 lung cancer cell line was selected. 

In comparison with A549 parental cells, the invasive capacity was gradually 

increased during the subpopulation selection by 1.25-fold to 2.6-fold.  Yi et al. 

(121) found that five sublines from the human lung cancer cell line CL1 

showed 4-fold to 6-fold higher invasive capability through the basement 

membrane matrix, as compared to the parental cells. The results of present 

study agree with those of Amaro et al. (122), who isolated an invading 

subpopulation of the breast cancer MDA-MB-231 cells by repeated selection, 

which showed greater invasive potential as compared to parental cells. 

Interestingly, these findings indicated that the invasive capacity of NicoA549-

L5 was significantly increased by 2.6-fold, as compared to parental cells.  In 

agreement with previous studies, the effect of prolonged exposure to nicotine 

enhances more invasive and metastatic properties in numerous types of cancer 

cells, such as breast, lung, and oral cancers (123, 124).  
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 Label-free mass spectrometry has now become a powerful technique in 

a variety of biological and life science areas. As a result, a high-throughput 

software program is necessary to process massive proteomic data obtained 

from LC-MS/MS analysis (125). There are several software programs available 

to convert raw MS data into quantified protein abundances. Progenesis QI 

software is one proteomic software that performed very well based on the 

evaluation of previous research (126). This software allows researchers to 

quantify and identify proteins that are changing significantly in the samples.  

 In this study, the label-free quantitative mass spectrometry technique 

was used to compare the proteins from nicotine-treated and untreated A549 

cells in the monolayer system. Data analysis was performed using Progenesis 

QI software. The results showed 55 up-regulated and down-regulated proteins, 

which could be linked into 3 interesting clusters by protein-protein interaction 

analysis. LGMN, HSP90AA1, PDIA3, HSPA2 and PFN1 were selected for 

validation by immunodetection and the results of all 5 proteins showed up-

regulated expression when treated with nicotine, in agreement with the mass 

spectrometry results. The functions of these five proteins are proteolysis for 

LGMN, response to stimulus for HSP90AA1, PDIA3 and HSPA2 and 

metabolic process for PFN1. The results were further confirmed our results by 

label-free quantitative LC/MS/MS of nicotine-treated and untreated cells, by 

collecting proteins from the cells which invaded through the Boyden chamber. 

One hundred proteins were identified from the invasion system and found the 

same up-regulated proteins for validation. 

 Legumain (LGMN) or asparagine endopeptidase plays a role in the cell 

invasion and migration (127). There have been several studies on legumain 

expression in cancer cells, but the expression of legumain in A549 NSCLC 

treated with nicotine has never been investigated. The result demonstrated in 

this study is the first report showing higher expression of legumain in A549 

cells when treated with nicotine, both in monolayer system and in the invasion 
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system. Legumain has been found in plants, invertebrate parasites, and 

mammals (128). It is known to expressed in various human tissues such as 

placenta, kidney, liver, spleen, and testis (129). Legumain could directly 

degrade fibronectin, the main component of extracellular matrix protein (130). 

It has also been found to cleaves pro-gelatinase A into gelatinase A in HT1080 

fibrosarcoma cell line and plays a role in the extracellular matrix remodeling 

and degradation to make cell invasion and migration (127). Emerging evidence 

indicated that overexpression of legumain is associated with several types of 

human solid tumor, including breast and colorectal cancers (131-133). Tumor 

cells overexpressing legumain possess increased migratory activity in vitro and 

present invasive and metastatic phenotypes in vivo. Thus, legumain maybe 

involved in tumor invasion and metastasis by degradation of extracellular 

matrix proteins (132).  

 Heat shock proteins (HSPs) are molecular chaperone protein found in 

the cells of organisms. They are vital for the newly formed proteins and also 

lead to the repair or degradation of denatured proteins after stress or injury. In a 

wide variety of human cancers, HSPs are overexpressed and involved in the 

proliferation, differentiation, invasion, and metastasis of tumor cell. This 

family of proteins are induced by a variety of stresses including nicotine (134). 

The results herein showed higher expression of HSPA2 and HSP90AA1 in 

A549 cells, when treated with nicotine in both the monolayer system and in the 

invasion system.  

 Heat shock protein HSP 90-alpha (HSP90AA1) is a member of the heat 

shock protein 90 family which is present in most mammalian cells and seems 

to be importance to cancer cells survival. There are many studies disclose the 

role of HSP90AA1 in cancer invasion and metastasis. It is involved in 

migration of neuronal cells, melanoma cells, and lung cancer cells (135-137). 

Wu et al. (138) reported the involvement of nicotine and HSP90AA1. They 

found that nicotine can induce the higher expression level of HSP90AA1 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

90 
 
protein. Furthermore, HSP90AA1 has been found to forms a complex with 

prolegumain which promotes its intracellular stability and secretion. Disrupting 

the interaction between HSP90AA1 and prolegumain allowed the secretion of 

prolegumain to be decreased, and thus tumor growth was positively impacted 

by reduced metastasis (128). These information may explain the findings in a 

current study that both legumain and HSP90AA1 are overexpressed after the 

treatment of cells with nicotine.  

 Heat shock-related 70 kDa protein 2 (HSPA2) is another heat shock 

protein member required for the development of numerous cancers (139). 

Jagadish et al. (140) could observe the overexpression of HSP70 in breast 

cancer patients and four different breast cancer cell lines. They also suggested 

that HSP70 play an important role for cellular motility, migration, and 

invasion. Increased expression of HSP70 was also found in A549 cells to 

protect them from hypoxic injury and to response to zinc oxide nanoparticles 

exposure (141, 142). The exposure of cigarette smoke has been reported as 

another cause for inducing the up-regulated expression of HSP70 in rat brain 

(143). 

 Protein disulfide isomerase (PDI) is a molecular chaperone which has a 

role in maintaining cellular homeostasis through oxidative protein folding 

mediation. Increasing data indicates that PDI promotes various cancers' 

survival and progression (144). The effect of nicotine exposure on PDI 

expression were reported in some research (145, 146). The current study 

showed that treatment of A549 cells with nicotine led to increased expression 

of PDIA3 in both the monolayer and invasion systems. The protein disulfide 

isomerase A3 (PDIA3) known as ERp57 is a thiol-oxidoreductase chaperone. 

The overexpression of it has been observed in different types of cancers, 

including ovarian, mammary, uterine, pulmonary, gastric cancers, and 

hepatocellular carcinoma (147). The findings of present study were consistent 
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with several previous studies that considered PDIA3 to be involved in the 

induction of cancer cell migration and invasion. (148, 149).  

 Actin rearrangement is fundamental in cell motility, which is also 

significant the metastatic cascade. Actin filament elasticity is a determining 

point for an efficient metastasis. The cycle of generating and decomposition of 

actin microfilaments is controlled by actin-binding proteins. One of the 

important actin-binding proteins is profilin-1. 

 Profilin-1 (PFN1) is a small actin-binding protein that regulates actin 

remodeling and facilitate cancer cell metastases. Recent study has 

demonstrated changes in the expression of profilin-1 in multiple types of 

cancer such as breast, pancreatic, hepatic, gastric and lung cancer (150). The 

investigation here showed higher expression of profilin-1 in A549 cells when 

treated with nicotine in both the monolayer system and in the invasion system. 

Moreover, the expression of profilin-1 is significantly higher when cells were 

treated with nicotine in monolayer system. The increased expression of 

profilin-1 in A549 was previously observed in the study of Ali et al. (151). The 

authors provided the evidence that the high expression of profilin-1 regulates 

metastatic property of cancer cell. The role of nicotine treatment among cancer 

cell types has been investigated previously as well. Paulo et al. (152) compared 

the proteomic alterations induced by nicotine treatment in pancreatic cells. 

They found the significantly different relative abundance of profilin-1 when 

comparing nicotine-treated and untreated cells. The result of the present study, 

together with these previous reports, suggest that nicotine can induce the 

expression of profilin-1 and lead to metastasis in A549 cells. 

 These studies indicate that nicotine is correlated with the metastasis of 

lung cancer, which can be further studied by label-free quantitative proteomics 

to identify the precise targets of action. In addition, studies also exhibit that the 

changes in protein expression may alter cancer in several pathways depending 
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on the function of that protein such as cell metabolism, proliferation, migration, 

and apoptosis.  For the first time, the studies show high expression of legumain 

in A549 cells when treated with nicotine. Legumain expression appears to be 

associated with nicotine treatment and increased tumor invasion. These 

findings suggest that legumain, heat shock protein HSP 90-alpha, heat shock-

related 70 kDa protein 2, protein disulfide isomerase A3 and profilin-1 could 

be significant biomarkers for lung cancer therapy. Taken together, these results 

provide strong data to support the idea that prolonged exposure of nicotine can 

promote invasion in NSCLC, leading to metastasis. This study testifies to the 

strength of quantitative proteomics in biomarker identification, allowing the 

discovery of new therapeutic targets for lung cancer. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

CONCLUSIONS 

 From two main parts of the study, it is concluded that mass spectrometry 

is a powerful technique which can be used for both quantitative and qualitative 

applications.  

 The first part of the study investigated the production and distribution of 

diterpenoid phytoalexins in Thai rice using MALDI-MSI. Results revealed both 

localization and identification of target phytoalexins on a leaf tissue section.  

Five types of diterpenoid phytoalexins were successfully detected on RD6 rice 

leaf tissue, including momilactone-A (m/z 353.17), momilactone-B (m/z 

369.16), phytocassane-A, D, or E (m/z 355.18), phytocassane-B (m/z 373.19) 

and phytocassane-C (m/z 357.20).  MSI data correlated with the results from 

the MALDI-MS of rice leaf extraction. Moreover, the structure of 

momilactone-A, phytocassane-A, D, or E and phytocassane-C was also 

determined using the MS/MS technique. 

 The second part of the study investigated the protein alterations in 

human non-small cell lung cancer cell line A549 upon treating with nicotine 

using label-free quantitative proteomic method. Fifty five proteins from 

monolayer system and 100 proteins from invasion system were identified with 

a change in expression level after prolonged nicotine treatment. The candidate 

proteins were chosen and confirmed their expression level by western blot 

analysis. Results from western blot experiment revealed the higher expression 

of legumain in A549 cells when treated with nicotine. Its expression appears to 

be associated with nicotine treatment and the increased tumor invasion. Other 

proteins such as heat shock proteins, protein disulfide isomerase A3 and 

profilin also showed higher expression in nicotine treated A549 cells.  
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 Overall, mass spectrometry is a useful and reliable technique for 

biological molecule detection, representing new possibilities for diverse 

applications in the future.
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APPENDIX A 

MALDI-MS Images of Infected RD6 Rice Leaf Section  

 

Figure A.1 MALDI-MS images of infected RD6 rice leaf section (2nd repeated 

experiment). (A) momilactone-A (m/z 353.24), (B) phytocassane-A, D, or E 

(m/z 355.24), (C) phytocassane-C (m/z 357.25), (D) sucrose (m/z 381.23) All 

compounds were detected as potassiated ions ([M + K]+). The overlapping 

images between phytoalexins and infected leaf sections have been included to 

highlight that the phytoalexins were found at the infected areas only. (E) 

overlapping image of momilactone-A, (F) overlapping image of phytocassane-

A, D, or E, (G) overlapping image of phytocassane-C, (H) overlapping image 

of sucrose. 
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Figure A.2 MALDI-MS images of infected RD6 rice leaf section (3rd repeated 

experiment). (A) momilactone-A (m/z 353.41), (B) phytocassane-A, D, or E 

(m/z 355.41), (C) phytocassane-C (m/z 357.40), (D) momilactone-B (m/z 

369.34), (E) phytocassane-B (m/z 373.33), (F) sucrose (m/z 381.35). All 

compounds were detected as potassiated ions ([M + K]+).
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APPENDIX B 

MALDI Mass Spectra of Rice Leaf Extract 

 

Figure B.1 MALDI mass spectra obtained from uninfected rice leaf extract. 

(A) Uninfected rice leaf extract of RD31. (B) Uninfected rice leaf extract of 

RD41. (C) Uninfected rice leaf extract of RD57. (D) Uninfected rice leaf 

extract of Pathumthani1.  
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Figure B.2 MALDI mass spectra obtained from infected rice leaf extract. (A) 

Infected rice leaf extract of RD31. (B) Infected rice leaf extract of RD41. (C) 

Infected rice leaf extract of RD57. (D) Infected rice leaf extract of 

Pathumthani1. 
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APPENDIX C 

Fungal Media Compositions from Chapter 3 

1. Rice Flour Agar (RFA) 

Rice flour  20 g 

Yeast extract  2 g 

Agar   15 g 

Distilled water 1,000 ml 

Mix the ingredients and boil to dissolve. Sterilization in an autoclave for 

15 min at 121°C. Then aseptically transfer to Petri dishes.  

2. Rice Potato Carrot Agar (RPCA) 

Rice flour  20 g 

Potato   20  g 

Carrot   20 g 

Agar   15 g 

Distilled water 1,000 ml 

Dice potato and carrot and boil them with rice flour in distilled water for 

30 min. Filter through cheesecloth, saving effluent. Add agar and autoclave for 

15 min at 121°C. Then aseptically transfer to Petri dishes.  

3. Oat Meal Agar (OMA) 

Rolled oats  40 g 

Agar   15 g 

Distilled water 1,000 ml 
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Boil oatmeal in distilled water for 30 min. Filter through cheesecloth, 

saving effluent, which is oatmeal infusion. Add agar and autoclave for 15 min 

at 121°C. Then aseptically transfer to Petri dishes.  

4. Wheat Flour Agar (WFA) 

Wheat flour  20 g 

Yeast extract  2 g 

Agar   15 g 

Distilled water 1,000 ml 

Mix the ingredients and boil to dissolve. Sterilization in an autoclave for 

15 min at 121°C. Then aseptically transfer to Petri dishes.  

5. Glutinous Rice Flour Agar (GRFA) 

Glutinous rice flour agar 20 g 

Yeast extract   2 g 

Agar    15 g 

Distilled water  1,000 ml 

Mix the ingredients and boil to dissolve. Sterilization in an autoclave for 

15 min at 121°C. Then aseptically transfer to Petri dishes.  

6. Potato Dextrose Agar (PDA) 

Potato   200  g 

Dextrose  20 g 

Agar   15 g 

Distilled water 1,000 ml 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 119 

To prepare potato infusion, boil 200 g sliced, unpeeled potatoes in 1,000 

ml distilled water for 30 min. Filter through cheesecloth, saving effluent, which 

is potato infusion (or use commercial dehydrated form). Mix in other 

ingredients and boil to dissolve. Sterilization in an autoclave for 15 min at 

121°C. Then aseptically transfer to Petri dishes.  
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APPENDIX D 

Western Blot Analysis 

 

Figure D.1 Western blot showing the expression of selected proteins in 

untreated and nicotine treated A549 cells. (2nd repeated experiment). 
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Figure D.2 Western blot showing the expression of selected proteins in 

untreated and nicotine treated A549 cells. (3rd repeated experiment). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX E 

Recipes of All Reagents from Chapter 4 

1. 5X sample buffer (reducing condition-SDS-PAGE) 

Milli Q water    3.80 ml 

0.5 M Tris-HCl, pH 6.8  1.00 ml 

Glycerol    0.80 ml 

10% (w/v) SDS   1.60 ml 

2-Mercaptoethanol   0.40 ml 

0.05% (w/v) Bromophenol blue 0.40 ml 

2. 30% (w/v) Acrylamide/ 0.8% N,N’-Methylenebisacrylamide 

Acrylamide    30.00 g 

N,N’-Methylenebisacrylamide 0.80 g 

  These chemicals were dissolved in Milli Q water and adjusted the final 

volume to 100 ml. After that, this solution was sterilized by filtration with 

Whatman Qualitative Grade 4 Filter paper and kept at 4 °C in the dark. 

3. 10% (w/v) SDS 

 Ten grams of sodium dodecyl sulfate (SDS) was dissolved with gentle 

stirring and adjusted the final volume to 100 ml with Milli Q water. 

4. 10% (w/v) APS 

 One gram of ammonium persulfate (APS) was dissolved in Milli Q 

water and adjusted the final volume to 10 ml. 

5. 1.5 M Tris-HCl, pH 8.8 

Tris     54.45 g 
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 This chemical was dissolved in 150 ml Milli Q water and adjusted pH to 

8.8 using 6N HCl and made up the final volume to 300 ml with Milli Q water 

and stored at 4 °C. 

6. 0.5 M Tris-HCl, pH 6.8 

Tris    6.00 g 

 This chemical was dissolved in 60 ml Milli Q water and adjusted pH to 

6.8 using 6N HCl and made up the final volume to 100 ml with Milli Q water 

and stored at 4 °C. 

7. 10% Separating gel 

Milli Q water        4.07 ml 

1.5 M Tris-HCl, pH 8.8      2.50 ml 

10% (w/v) SDS       0.10 ml 

30% (w/v) Acrylamide/ 0.8% N,N’-methylenebisacrylamide 3.33 ml 

10% (w/v) APS        50.00 µl 

TEMED*        5.00 µl 

*TEMED must be the last ingredient added 

8. 4% Stacking gel 

Milli Q water        3.05 ml 

0.5 M Tris-HCl, pH 6.8      1.23 ml 

10% (w/v) SDS       0.10 ml 

30% (w/v) Acrylamide/ 0.8% N,N’-methylenebisacrylamide 0.65 ml 

10% (w/v) APS        50.00 µl 

TEMED*        5.00 µl 
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*TEMED must be the last ingredient added 

9. 5X Running buffer  

Glycine   72.00 g 

Tris      15.00 g 

SDS     5.00 g 

Dissolved in Milli Q water and adjusted the volume to 1000 ml 

10. 5X Blotting buffer  

Glycine   72.00 g 

Tris      15.00 g 

Dissolved in Milli Q water and adjusted the volume to 1000 ml 

11. 10X TBS, pH 7.6 

Tris      24.20 g 

NaCl    80.00 g 

 These chemicals were dissolved in Milli Q water, adjusted to pH 7.6 and 

made up the final volume to 1000 ml. 

12. 1X TBST 

10X TBS    100.00 ml 

Tween 20     1.00 ml 

Milli Q water    899.00 ml 

13. 200 mM NH4HCO3 

Ammonium bicarbonate (NH4HCO3) 0.7906 g 

Milli Q water     50.00 ml 
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14. 100 mM DTT 

Dithiothreitol (DTT)   1.54 mg 

Milli Q water    100.00 µl 

15. 200 mM IAA 

Iodoacetamide (IAA)  3.699 mg  

Milli Q water    100.00 µl 

16. 0.1% TFA in Milli Q water  

Trifluoroacetic acid (TFA)  10.00 µl 

Milli Q water    9.99 ml 

17. 0.1% TFA in 50% ACN 

Trifluoroacetic acid (TFA)  10.00 µl 

Acetonitrile (ACN)   5.00 ml 

Milli Q water    4.99 ml 

18. 0.1% TFA in 80% ACN 

Trifluoroacetic acid (TFA)  10.00 µl 

Acetonitrile (ACN)   8.00 ml 

Milli Q water    1.99 ml 

19. Solution A (0.1% Formic acid in Milli Q water) 

Formic acid    1.00 ml 

Milli Q water    990.00 ml 

20. Solution B (0.1% Formic acid in ACN) 

Formic acid    1.00 ml 
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Acetonitrile (ACN)   990.00 ml 
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