
1 

Molecular characterization of metastatic ovarian cancer 

by MALDI imaging mass spectrometry 

A thesis submitted for the degree of 

Doctor of Philosophy 

as a combination of research narrative and portfolio of scientific publications by 

Ove Johan Ragnar Gustafsson 

 

 

 

Adelaide Proteomics Centre 

Discipline of Biochemistry 

School of Molecular and Biomedical Science 

The University of Adelaide, Australia 

December 2011 



2 

  



3 

Table of contents 

Abstract ............................................................................................................................................................ 9 

Declaration ..................................................................................................................................................... 10 

Acknowledgement of help .............................................................................................................................. 11 

Acknowledgements ........................................................................................................................................ 12 

Publications .................................................................................................................................................... 13 

Abbreviations ................................................................................................................................................. 14 

Chapter 1 Manuscript Context ........................................................................................................................ 17 

Chapter 1 MALDI Imaging Mass Spectrometry (MALDI-IMS) ― Application of Spatial Proteomics for 

Ovarian Cancer Classification and Diagnosis ................................................................................................... 19 

Statement of authorship for chapter 1 ........................................................................................................... 20 

1.1 Abstract ................................................................................................................................................... 23 

1.2 Epidemiology of Ovarian Cancer ............................................................................................................. 23 

1.3 Early Detection of Ovarian Cancer ........................................................................................................... 24 

1.4 Molecular Classification of Ovarian Carcinomas ..................................................................................... 25 

1.5 Application of Proteomics to Ovarian Cancer .......................................................................................... 27 

1.6 Tissue Analysis by Mass Spectrometry .................................................................................................... 28 

1.7 Methods for in Situ MALDI-TOF Analysis of Ovarian Cancer Tissue ........................................................ 32 

1.8 Profiling Cancer Tissues Using MALDI-TOF MS ........................................................................................ 35 

1.9 Profiling vs. Imaging ................................................................................................................................ 37 

1.10 Software for Data Analysis ................................................................................................................. 38 



4 

1.11 Automated Sample Preparation for Imaging Cancer Tissues ............................................................. 39 

1.12 Peptide Imaging Provides Data Complementary to Protein Imaging ................................................. 41 

1.13 Using Histology to Guide Imaging Mass Spectrometry ...................................................................... 42 

1.14 Ovarian Cancer Biomarker Discovery Using Imaging Mass Spectrometry ......................................... 43 

1.15 Application of Tryptic Digestion to Formalin-Fixed Paraffin Embedded Ovarian Tissues ................... 44 

1.16 Conclusions and Future Prospects ...................................................................................................... 46 

Thesis synopsis and aims ............................................................................................................................... 47 

Chapter 2 Materials and methods ........................................................................................................... 49 

2.1 Materials and reagents ........................................................................................................................... 49 

2.1.1 Solvents, chemicals and matrixes .................................................................................................. 49 

2.1.2 Consumable materials ................................................................................................................... 50 

2.1.3 Proteolytic enzymes ...................................................................................................................... 51 

2.1.4 Peptide and protein calibration standards .................................................................................... 51 

2.1.5 Instruments/equipment ................................................................................................................ 52 

2.2 Chapter three methods ........................................................................................................................... 53 

2.2.1 Experimental Tissues and Solvents................................................................................................ 53 

2.2.2 Sample Preparation ....................................................................................................................... 53 

2.2.3 Matrix Deposition – CHIP-1000 ..................................................................................................... 54 

2.2.4 Matrix Deposition – ImagePrep ..................................................................................................... 54 

2.2.5 MALDI-TOF Imaging Mass Spectrometry and Data Analysis ......................................................... 55 

2.3 Chapter four methods ............................................................................................................................. 55 

2.3.1 Chemicals and reagents ................................................................................................................. 55 

2.3.2 Tissue source ................................................................................................................................. 55 

2.3.3 Tissue sectioning ........................................................................................................................... 56 

2.3.4 Tryptic digestion and matrix deposition methods (ChIP-1000) ..................................................... 56 

2.3.5 Matrix deposition (ImagePrep station) ......................................................................................... 56 



5 

2.3.6 MALDI-TOF/TOF imaging mass spectrometry ................................................................................ 57 

2.3.7 Data processing .............................................................................................................................. 58 

2.3.8 Haematoxylin and eosin staining ................................................................................................... 58 

2.4 Chapter five methods .............................................................................................................................. 58 

2.4.1 Chemicals and Reagents. ............................................................................................................... 58 

2.4.2 Tissue Samples. .............................................................................................................................. 59 

2.4.3 Section Preparation and Antigen Retrieval. ................................................................................... 59 

2.4.4 Trypsin Deposition. ChIP-1000 Printing. ........................................................................................ 60 

2.4.5 ImagePrep Nebulization. ................................................................................................................ 60 

2.4.6 Matrix Deposition. ChIP-1000 Printing. ......................................................................................... 61 

2.4.7 ImagePrep Nebulization. ................................................................................................................ 61 

2.4.8 Imaging MALDI-TOF-MS. ................................................................................................................ 61 

2.4.9 Imaging Tandem MS. ..................................................................................................................... 62 

2.4.10 Haematoxylin and Eosin Staining. ............................................................................................. 62 

2.4.11 In Situ Digestion and Extraction. ............................................................................................... 63 

2.4.12 HPLC and Fraction Collection. ................................................................................................... 63 

2.4.13 MALDI-TOF MS for HPLC Fractions. ........................................................................................... 64 

2.4.14 Tandem MS for HPLC Fractions. ................................................................................................ 64 

2.4.15 HPLC-ESI-Ion Trap MS and MS/MS. ........................................................................................... 65 

2.4.16 HPLC-ESI-LTQ-Orbitrap MS and MS/MS. ................................................................................... 65 

2.5 Chapter six and seven methods ............................................................................................................... 66 

2.5.1 Chemicals and Reagents ................................................................................................................ 66 

2.5.2 Tissue Samples ............................................................................................................................... 66 

2.5.3 Section Preparation and Antigen Retrieval .................................................................................... 67 

2.5.4 In situ tryptic digestion .................................................................................................................. 67 

2.5.5 Deposition of internal calibrants .................................................................................................... 67 

2.5.6 Matrix deposition ........................................................................................................................... 68 

2.5.7 MALDI-TOF-MS imaging data acquisition ...................................................................................... 68 



6 

2.5.8 Data processing ............................................................................................................................. 69 

2.5.9 Haematoxylin and Eosin Staining .................................................................................................. 70 

2.5.10 K-means clustering ................................................................................................................... 70 

2.5.11 Laser micro-dissection, tryptic digestion and purification........................................................ 70 

2.5.12 HPLC-ESI-LTQ-Orbitrap MS and MS/MS ................................................................................... 71 

Chapter 3 Manuscript Context ....................................................................................................................... 73 

Chapter 3 Imaging Mass Spectrometry and Its Methodological Application to Murine Tissue ................. 75 

Statement of authorship for chapter 3 ........................................................................................................... 76 

3.1 Abstract ................................................................................................................................................... 78 

3.2 Introduction............................................................................................................................................. 78 

3.3 Results and Discussion ............................................................................................................................ 80 

3.3.1 Stability of Imaging Mass Spectrometry Instrumentation Allows Successful Application ............ 80 

3.3.2 Imaging the Murine Brain at the Protein Level with the CHIP-1000 and ImagePrep .................... 84 

3.4 Conclusion ............................................................................................................................................... 85 

3.5 Acknowledgement .................................................................................................................................. 85 

The need for further MALDI-IMS method development ................................................................................. 87 

Chapter 4 Development and application of automated sample preparation methods for MALDI imaging 

mass spectrometry ........................................................................................................................................ 89 

4.1 Introduction............................................................................................................................................. 89 

4.2 Optimizing tissue section fixation to minimize analyte delocalization ................................................... 90 

4.3 Application of automated sample preparation instruments ................................................................... 96 

4.3.1 Application of the ImagePrep station for protein MALDI-IMS ...................................................... 96 

4.4 Application of the Chemical Inkjet Printer for protein imaging ............................................................ 102 

4.5 Application of methods for tryptic peptide imaging ............................................................................. 106 



7 

4.5.1 Tryptic peptide MALDI imaging mass spectrometry .................................................................... 106 

4.5.2 Tryptic peptide imaging using a ChIP-1000 .................................................................................. 107 

4.6 Application of tryptic peptide imaging to ovarian cancer ..................................................................... 113 

4.7 Concluding remarks ............................................................................................................................... 115 

4.8 Supplementary Information................................................................................................................... 116 

Chapter 5 Manuscript Context ...................................................................................................................... 119 

Chapter 5 Citric Acid Antigen Retrieval (CAAR) for Tryptic Peptide Imaging Directly on Archived Formalin-

Fixed Paraffin-Embedded Tissue ................................................................................................................... 121 

Statement of authorship for chapter 5 ......................................................................................................... 122 

5.1 Abstract ................................................................................................................................................. 124 

5.2 Introduction ........................................................................................................................................... 124 

5.3 Results and Discussion ........................................................................................................................... 127 

5.3.1 Citric Acid Antigen Retrieval Provides Access to the Proteome of Archived Ovarian Cancer Tissue.

 127 

5.3.2 Citric Acid Antigen Retrieval Utilized Alongside Automated Nebulization. ................................. 132 

5.3.3 Tandem MS Acquisition from Tissue Sections. ............................................................................ 141 

5.4 Concluding Remarks. ............................................................................................................................. 147 

5.5 Acknowledgment. .................................................................................................................................. 147 

5.6 Supporting information ......................................................................................................................... 148 

Chapter 6 Evaluation of internal calibrants for tryptic peptide MALDI-IMS data .................................... 173 

6.1 Introduction ........................................................................................................................................... 173 

6.2 Results and Discussion ........................................................................................................................... 175 

6.2.1 Automated generation of ion maps, mass deviation maps and grouped peak lists .................... 175 

6.2.2 Characterizing m/z deviation across tissues using internal calibrants ......................................... 180 



8 

6.2.3 Use of internal calibrant peptides to reduce in situ m/z deviation ............................................. 182 

6.3 Concluding Remarks .............................................................................................................................. 192 

Chapter 7 – Characterization of peritoneal ovarian cancer metastasis by tryptic peptide imaging mass 

spectrometry ............................................................................................................................................... 193 

7.1 Introduction........................................................................................................................................... 193 

7.2 Results and Discussion .......................................................................................................................... 196 

7.2.1 Tryptic peptide MALDI-IMS analysis of ovarian cancer metastases ............................................ 196 

7.2.2 Linking peak groups to histology using IonMapper generated signal to noise maps .................. 197 

7.2.3 Peptide identification and the application of k-means clustering ............................................... 203 

7.2.4 Matching clusters to histology .................................................................................................... 208 

7.2.5 Cancer peak group features – Hamming distance clustering results .......................................... 210 

7.2.6 Cancer features – Cosine distance clustering results .................................................................. 216 

7.2.7 Combining peak group features from Hamming and cosine distance results ............................. 220 

7.2.8 Peritoneal stroma features .......................................................................................................... 220 

7.2.9 Identification of cancer and stroma-specific peak groups by LC-coupled mass spectrometry ... 226 

7.2.10 Improved workflow for characterization of ovarian peritoneal metastasis ........................... 235 

7.3 Supplementary Information .................................................................................................................. 241 

Chapter 8 Concluding remarks............................................................................................................... 253 

8.1 Aim one ................................................................................................................................................. 253 

8.2 Aim two ................................................................................................................................................. 254 

8.3 Aim three ............................................................................................................................................... 254 

8.4 Aim four ................................................................................................................................................ 255 

8.5 Conclusions and future prospects ......................................................................................................... 256 

References ................................................................................................................................................... 259 



9 

 

Abstract  

Imaging mass spectrometry (IMS) is a novel technology which measures the spatial distribution of 

drugs, lipids, peptides and proteins across tissue sections by application of mass spectrometry (MS) 

directly to the section surface. Several hundred analytes can be measured across a tissue in a single 

IMS experiment, without the need for antibodies and without prior knowledge of tissue composition or 

structure. In the context of human cancers, the molecular information collected by IMS approaches has 

been used to grade cancers and predict patient survival. IMS is thus a potentially technology capable of 

providing valuable complementary information to classical histology and immuno-histochemistry. 

Ovarian cancers have the highest mortality of any gynaecological cancer. The high mortality results 

from late diagnosis due to the asymptomatic nature of ovarian malignancies. Advanced stage ovarian 

tumours will shed cancer cells into the abdominal cavity, where they subsequently implant into the 

peritoneum and form metastatic tumour nodules. Despite invasive surgery and adjuvant chemotherapy, 

there is a large increase in patient morbidity following peritoneal metastasis. Compounding this issue 

further is the absence of reliable grading systems for ovarian cancer and a subsequent lack of 

individualized treatments for specific cancer sub-types. As a result of the potential ability to grade 

tumours and provide patient prognoses based on IMS data, the molecular composition of ovarian 

metastatic tumours was investigated by IMS. 

The novelty of IMS required set up of a robust and reproducible workflow. Methods were thus optimized 

for IMS analysis of both frozen and formalin-fixed paraffin-embedded (FFPE) ovarian tumour tissue. 

Subsequently it was shown that optimization of available antigen retrieval and tryptic digest methods for 

accessing FFPE tissues could achieve higher tryptic peptide signal to noise at a better spatial resolution 

than methods available in the literature. As such, a complete tryptic peptide IMS workflow was 

developed alongside liquid chromatography (LC) and MS/MS based peptide identification. In 

conjunction with this workflow, methods for improving the matching of IMS peptides to LC-MS/MS 

identified peptides using internal calibrants and development of an in-house software tool were 

described. 

As a result of the work presented in this thesis, a complete tryptic peptide IMS workflow which could be 

applied to virtually any cancer tissue was developed. The application of this workflow, and exploratory k-

means clustering, to ovarian peritoneal metastases showed that key tryptic peptides could be found 

which distinguish cancer tissue from the surrounding peritoneal stroma. This represented the first step in 

characterizing these metastatic tumours at the molecular level. The results in this thesis are a precursor 

to future work which will validate these peptide markers and develop a classification system for 

metastatic ovarian cancers based on patient survival and response to chemotherapy. 
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