
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Value‑added chitosan scaffolds for biomedical
applications

Kho, Shu Hui

2019

Kho, S. H. (2019). Value‑added chitosan scaffolds for biomedical applications. Doctoral
thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/137100

https://doi.org/10.32657/10356/137100

This work is licensed under a Creative Commons Attribution‑NonCommercial 4.0
International License (CC BY‑NC 4.0).

Downloaded on 09 Apr 2024 12:20:21 SGT



Sample of hard bound thesis (Colour of hard cover: Dark Blue) 
 
 

 
 

 
 
 
 
 
 
 
 

VALUE-ADDED CHITOSAN SCAFFOLDS 
FOR BIOMEDICAL APPLICATIONS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

KHO SHU HUI 
Interdisciplinary Graduate School 

NTU Institute for Health Technologies (HealthTech NTU) 
 
 

201X (Year of Submission of Thesis) 
 
 
 

 
Sample of first page in hard bound thesis 

 
 



Page | 1 

 

 
VALUE-ADDED CHITOSAN SCAFFOLDS 

FOR BIOMEDICAL APPLICATIONS 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

KHO SHU HUI 
 
 
 
 
 
 
 
 
 
 

Interdisciplinary Graduate School 
NTU Institute for Health Technologies (HealthTech NTU) 

 
 

A thesis submitted to the Nanyang Technological University in partial 
fulfillment of the requirement for the degree of 

Doctor of Philosophy 
 
 

2019 (Year of Submission of Thesis) 
 
 
 
 
 

 



 

Statement of Originality 

 

I hereby certify that the work embodied in this thesis is the result of original 

research, is free of plagiarised materials, and has not been submitted for a higher 

degree to any other University or Institution. 

 

 

 

 

 

   17th October 2019          

. . . . . . . . . . . . . . . . .            . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date                  Kho Shu Hui 

 



 

Supervisor Declaration Statement 

 

I have reviewed the content and presentation style of this thesis and declare it is 

free of plagiarism and of sufficient grammatical clarity to be examined.  To the best 

of my knowledge, the research and writing are those of the candidate except as 

acknowledged in the Author Attribution Statement. I confirm that the investigations 

were conducted in accord with the ethics policies and integrity standards of 

Nanyang Technological University and that the research data are presented honestly 

and without prejudice. 

 

 

 

 

 

   17th October 2019         

. . . . . . . . . . . . . . . . .            . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date                Professor Liu Xuewei 

  



 

Authorship Attribution Statement 

 

 

This thesis does not contain materials from papers published in peer-reviewed journals 

where I was the first and/or corresponding author. 

 

 

 

 

 

    17th October 2019          

. . . . . . . . . . . . . . . . .            . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date                          Kho Shu Hui 

 

 

 

 

 



Page | I 

 

Acknowledgements 

 

 This whole Ph.D. journey would not have been possible with the support of several key figures 

in my life. Firstly, I would like to express my immense gratitude to my main supervisor, Professor 

Liu Xuewei, for his constant encouragement, unwavering support, as well as providing numerous 

opportunities for me to step out of my comfort zone to learn and improve.  

I would also like to take this opportunity to thank my co-supervisor, Assoc. Prof. Duan 

Hongwei, and my mentor, Assoc. Prof. Luo Dahai, for their insightful advices and guidance 

provided. I would also like to extend my gratitude to Professor Yoon Ho Sup for providing many 

enlightening ideas and for the opportunity to work in collaboration with his group. I too, would 

like to thank Professor Mary Chan-Park for providing several opportunities during the earlier part 

of my Ph.D. journey for me to engage with collaborators from other industries, as well as a chance 

to work with her group.  

I would like to express my heartfelt gratitude to Interdisciplinary Graduate Programme (IGP) 

and NTU Institute of Health Technologies (HealthTech NTU) for presenting me with the privilege 

to embark on this Ph.D. programme, as well as NTU for supporting me financially in this journey. 

I would like to also express my appreciation to my collaborating partners, Nguyen for 

supplying the initial batches of proteins, Dr. Tan Yu Jia for her mentorship when I first started this 

journey, and Dr. Guo Zhong whom have helped me immensely during discussions as well as 

learning skills from him. I am eternally grateful for the opportunity to be able to work in different 

laboratories, and to experience different lab cultures, and most importantly, a vital source of 

friendship. Everyone in our group are harmonious, thereby creating a fun environment to work in. 

In particular, I would like to thank Dr. Mallick, Dr. William, Dr. Leng Wei Lin, Dr. Leow Yu Hui, 

Mr. Das Mrinmoy and Mr. Desmond Lin for always providing a listening ear as well as great 

advices; Dr. Toh Hui Ting, Dr. Ngow Yeen Shian, Mr. Jonathan Tan and Mr. Yoo Jun Yeob for 

creating such a positive environment for me to handle my biological experiments in SBS, as well 

as them readily providing their guidance whenever I need them; Ms. Zhang Kaixi, Ms. Wang 

Liping, Mr. Zhong Wenbin, and Dr, Xiong Qirong, for always providing necessary aid when I 

encountered difficulties during bacterial studies. I am also grateful to friends I have made in IGP, 

Mr. William Ong and Ms. Kathy Wong, whom have provided very strong emotional support 

throughout this journey. 

I would like to express my deepest gratitude to Mr. He Jingxi, whom are always very 

encouraging and motivational, and never failed to help me see the light at the end of the tunnel. 

Last but not least, I would like to thank my parents, brother and grandparents for their 

unconditional love and support, as well as to my friends for being always understanding and simply 

be there for me during tough and stressful periods.  



Page | II 

 

Table of contents 

 

Acknowledgements ..................................................................................................................... I 

Table of contents ........................................................................................................................ II 

List of Figures ............................................................................................................................ V 

List of Schemes ...................................................................................................................... XIII 

List of Tables .......................................................................................................................... XVI 

Summary ............................................................................................................................... XVII 

Chapter 1 | Natural Polysaccharides and Chitosan in Biomedical Applications ..................... 1 

1.1 | Polymeric Sugars from Nature and Their Advantages in Biomedical Applications ....... 1 

1.2 | Chitosan, a Semisynthetic Polysaccharide Derived from Chitin ..................................... 4 

1.2.1 | Degree of Deacetylation (DD) of Chitosan .............................................................. 4 

1.2.2 | Chitosan’s Molecular Weight (MW) ........................................................................ 5 

1.2.3 | Bioactivities of Chitosan ........................................................................................... 5 

1.2.4 | Biomedical Applications of Chitosan-Based Materials ............................................ 8 

1.3 | References ...................................................................................................................... 13 

Chapter 2 | Dual-Responsive Targeted rSML-A Delivery System Utilizing a Chitosan Scaffold

 ................................................................................................................................................... 20 

Abstract .................................................................................................................................. 20 

2.1 | Introduction .................................................................................................................... 21 

2.1.1 | General Overview of Cancer .................................................................................. 21 

2.1.2 | Proteins as Drugs, such as Mistletoe Lectin, for Cancer Therapeutics ................... 22 

2.1.3 | Challenges Faced in Delivery of Bioactive Biomacromolecules ........................... 25 

2.2 | Proposed Design and Rationale ..................................................................................... 28 

2.2.1 | Polyethylene Glycol (PEG) as Hydration Shield .................................................... 29 

2.2.2 | Active Targeting with Boronic Acid ...................................................................... 29 



Page | III 

 

2.2.3 | Acid-labile Linkage to Aid in Endosomal Escape .................................................. 30 

2.2.4 | GSH-Responsive Linkage....................................................................................... 31 

2.3 | Results and Discussion .................................................................................................. 32 

2.3.1 | Initial Design: Synthesis, Biological Assays, and Limitations Encountered .......... 32 

2.3.2 | New Model: Proposed Modifications, Synthesis and Biological Assays ............... 38 

2.4 | Conclusion ..................................................................................................................... 54 

2.5 | Methods and Materials ................................................................................................... 55 

2.5.1 | Materials ................................................................................................................. 55 

2.5.2 | Chemical Synthesis ................................................................................................. 55 

2.5.3 | Expression and Purification of rSML-A from E. coli ............................................. 67 

2.5.4 | SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis of rSML-A ..... 67 

2.5.5 | In Vitro Biological Assays ...................................................................................... 68 

2.6 | References ...................................................................................................................... 71 

Chapter 3 | A Facile Synthetic Approach to PGO Derivatives Using Chitosan Scaffolds and 

Evaluation of the Resultant Modifications .............................................................................. 78 

Abstract .................................................................................................................................. 78 

3.1 | Introduction .................................................................................................................... 79 

3.1.1 | General Overview of Antibiotics and Antibiotic Resistance .................................. 79 

3.1.2 | Peptidoglycan (PG) in Gram-Positive (G+ve) and Gram-Negative (G-ve) Bacteria

 ........................................................................................................................................... 82 

3.1.3 | Reported Studies with PG Substrates and the Challenges Faced During the Journey

 ........................................................................................................................................... 84 

3.2 | Proposed Study and Rationale ....................................................................................... 87 

3.3 | Results and Discussions ................................................................................................. 89 

3.3.1 | MALDI-TOF MS Analysis and Enzymatic Degradation Assay ............................ 89 

3.3.2 | Bacterial Cell Wall Labelling Mechanistic Studies with Our PGO. ....................... 91 

3.3.3 | Facile and Practical Synthesis of PGO-Derivatives ............................................... 98 



Page | IV 

 

3.4 | Conclusion ................................................................................................................... 101 

3.5 | Methods and Materials ................................................................................................. 102 

3.5.1 | Materials ............................................................................................................... 102 

3.5.2 | Lysozyme Degradation Assay .............................................................................. 102 

3.5.3 | Labelling of Bacterial Cell Walls with 3-1@Rhd and STED Microscopy ........... 103 

3.5.4 | Quantifying Intensity of Fluorescence Signals ..................................................... 104 

3.5.5 | Chemical Synthesis of PGO Derivatives .............................................................. 105 

3.6 | References .................................................................................................................... 111 

Chapter 4 | Conclusion and Future Directions ..................................................................... 116 

4.1 | Conclusion ................................................................................................................... 116 

4.2 | Future Directions ......................................................................................................... 118 

4.2.1 | Turning Our Delivery System into a Nanotheranostic System ......................... 10218 

4.2.2 | A Customizable Targeted Delivery System .......................................................... 102 

4.2.3 | Delivery of A Wide-Variety of Biomacromolecules ........................................ 10320 

4.2.4 | Investigation of the Mechanisms of Bacterial Cell Wall Biosynthesis ............ 10421 

4.3 | References .................................................................................................................... 123 

APPENDIX I – MALDI-TOF MS Analysis .......................................................................... 126 

APPENDIX II - Supplementary Data for Chapter 2 ............................................................ 136 

APPENDIX III Supplementary Data for Chapter 3 ............................................................. 147 

 

  



Page | V 

 

List of Figures 

 

Figure 1.1 | Chemical structures of some naturally occurring polysaccharides (left to right: dextran, 

hyaluronic acid/hyaluronan, cellulose, chitin). The numbers labelled on dextran represent the 

generic counting system of carbon atoms in carbohydrates. Anomeric carbon is labelled as 

C1. ............................................................................................................................................ 1 

Figure 1.2 | (a) Increasing antimicrobial activity of 48.5 kDa chitosan against S. aureus with 

chitosan concentration ranging from (1) 0%, (2) 0.25%, (3) 0.5%, (4) 0.75%, (5) 1%, as 

shown on the culture plate (diameter = 9.5 cm). (b) Increasing antimicrobial activity of 

chitosan against S. aureus with increasing MW, (1) blank, (2) < 5 kDa, (3) 48.5 kDa, (4) 72.5 

kDa, (5) 129.0 kDa, (6) 165.7 kDa, as shown on the culture plate (diameter = 9.5 cm) with 

decreasing number of colonies of bacteria formed. Reprinted with permission from ref. 35. 

Copyright (2019), Elsevier. ..................................................................................................... 6 

Figure 1.3 | (a) Doubling time (calculated from growth curve) ofA375 remains the same, while 

that of SKMEL28 and RPMI 7951 increases when incubated with chitosan coated wells as 

compared to the control (coated with 0.1% AcOH). (b) Image of the outcome of MTT assay 

for A375, SKMEL28 and RPMI upon 48 hours incubation with 2 mg/mL chitosan coatings 

dissolved in 0.1% acetic acid, and 0.1% acetic acid coating as control. (c) Relative cell 

viabilities of the respective melanoma cell lines upon incubation with 0.1% acetic acid (white 

bars) and chitosan dissolved in 0.1% acetic acid (black bars). Reprinted with permission from 

ref. 39. Copyright (2019), Elsevier. ......................................................................................... 8 

Figure 1.4 | (a) Illustration on the fabrication of CS-TA-LNPs, in which TPP was added after the 

three individual components are homogenized. (b) Triplicate experiment on the antimicrobial 

activity of the individual components (left box, CK = sterile water, CS = 50 μg/mL chitosan , 

Ta = 50 μg/mL tanin, L = 50 μg/mL lysozyme) and chitosan-based nanomaterials (right box, 

CK = sterile water, CS NPs = 50 μg/mL chitosan nanoparticles, CS-Ta-LNPs = 50 μg/mL 

chitosan-tannin-lysozyme nanoparticles). Reprinted with permission from ref. 63. Copyright 

(2019), Elsevier. .................................................................................................................... 12 



Page | VI 

 

Figure 2.1 | A chart representing top 10 principal causes of death in Singapore from 2014 to 2018, 

shown as a percentage of total number death occurred during the respective years. Numerical 

values are obtained from ref. 2. ............................................................................................. 21 

Figure 2.2 | (a) Cartoon plot of mistletoe lectin consisting of A-chain (circled in red) and B-chain 

connected (circled in blue) by a disulfide bridge. Reprinted with permission from ref. 18. 

Copyright (2019), Elsevier. (b) A schematic illustration on the mode of action of RIP 

(indicated as orange star). RIP recognizes and depurinates adenine (A4324) in 28S rRNA of 

the large ribosomal subunit. ................................................................................................... 24 

Figure 2.3 | (a) Ribosome-inactivating activity of Singapore Mistletoe Lectin (SML) determined 

by the degree of inhibition of luciferase translation in a rabbit reticulocyte system. IC50 is 

2.81 ± 0.03 nM. (b) Ribosome-inactivating activity of rSML-A determined by the degree of 

inhibition of luciferase translation in a rabbit reticulocyte system. IC50 is 4.87 ± 0.01 nM. 

Adapted from ref. 27. ............................................................................................................ 25 

Figure 2.4 | Cytotoxic effect of BioPORTER®/rSML-A and SML on (a) HeLa cancer cells and 

(b) MCF-7/caspase-3 positive cells. Adapted from ref. 27. .................................................. 25 

Figure 2.5 | Schematic illustration of passive and active targeting of nanoparticle-drug complexes. 

The endothelial cells are spaced further apart from each other, resulting in the formation of a 

more permeable vessel. Upon which, nanoparticles are able to passively accumulate and be 

retained around the tumor site. Active targeting occurs when the nanoparticles are modified 

with targeting ligands which directs them towards receptors on cancer cells for binding. 

Reprinted with permission from ref. 30. Copyright (2019), Nature. ..................................... 26 

Figure 2.6 | Schematic illustrations of bottlenecks encountered for delivery of biomacromolecules. 

Reprinted with permission from ref. 35. Copyright (2019), Nature. ..................................... 27 

Figure 2.7 | Our design of rSML-A delivery system. It comprises of biodegradable and 

biocompatible glycol chitosan backbone modified with a boronic acid targeting ligand and a 

disulfide linker for covalent conjugation to rSML-A. ........................................................... 28 



Page | VII 

 

Figure 2.8 | (a) Schematic illustration of phenylboronic acid-based micelle in targeting sialic acids, 

and (b) compilation of its binding affinities towards different sugars such as glucose, mannose, 

galactose, SA, and Me-SA. Reprinted with permission from ref 44. Copyright (2019), 

American Chemical Society. ................................................................................................. 30 

Scheme 2.1 | Schematic illustration of polymer modified with CDM derivative under acidic (right) 

and basic (left) conditions. ..................................................................................................... 31 

Figure 2.9 | Schematic illustration of our initial design of rSML-A delivery system. ................. 32 

Figure 2.10 | Gel image of the SML and SML-A (left), adapted from ref. 27, and the gel image of 

the recombinant A-chains obtained from collaborator, after being thawed from deep-freeze 

(right). .................................................................................................................................... 35 

Figure 2.11 | Flow cytometry results depicting graphs of fluorescence intensity of PI against 

Annexin V – FITC channel for MDA-MB-231 after 48 hours incubation with 2-11, GC-BA0-

SPDP/rSML-A. Q2 depicts the percentage of dead cells, while Q3 gives the percentage of 

cells in early apoptosis stage, and Q4 shows the percentage of live cells. ............................ 35 

Figure 2.12 | WST-1 assay of MDA-MB-231 (bottom) upon 48 hours incubation (khaki) and 72 

hours incubation (blue) with 2-19, GC-BA1-SPDP/rSML-A. The samples were incubated in 

presence of FBS and glucose. ................................................................................................ 37 

Figure 2.13 | New proposed model of the carrier system, BA-GC-SS/rSML-A. Ratio of BA-PEG 

linker (grey) and CDM-TEG-SSPy (blue) is 2:1, and it can be varied during the final step of 

synthesizing the polymer, BA-GC-SSPy. .............................................................................. 38 

Scheme 2.6 | General schematic illustration of the procedure in induction and purification of the 

recombinant protein, rSML-A. .............................................................................................. 40 

Figure 2.14 | Gel images of mixtures in intermediary steps of recombinant protein (rSML-A) 

purification. L = ladder/marker (values written on the left are in kDa); (-) = before induction, 

induced = after protein induction; FT = first flow through; W1 = after first wash; W2 = after 

second wash,; + SUMO protease = after incubation with SUMO protease; 2nd column = after 

second column; SUMO tag = flow through of second column which contains SUMO tag. . 41 



Page | VIII 

 

Figure 2.15 | FPLC chromatogram of rSML-A, and gel image obtained from SDS-PAGE of 

different fractions collected (insert). ..................................................................................... 41 

Figure 2.16 | Confocal images (top to bottom: merged, bright field, red channel, DAPI channel) 

of MDA-MB-231 treated with different substrates (left to right: BioPORTER/rSML-A, 2-

30A, 2-30B, rSML-A, rhodamine B, RBS) for 6 hours in blank DMEM (without glucose, 

FBS, P/S, and phenol red). Scale bar (white) = 5 μm for BioPORTER/rSML-A and PBS, and 

scale bar (white) = 10 μm for the rest. ................................................................................... 43 

Figure 2.17 | SDS-PAGE gel images of rSML-A in different concentrations (left), crude mixtures 

of 2-30A and 2-30B (middle) in which each well contains 5 µg of rSML-A), and respective 

solution of 2-30A and 2-30B after washing with PBS twice (right) by ultrafiltration with 50 

kDa filter membrane and centrifugation conditions set at 10,000 X g, 5 minutes, 4 °C. ...... 44 

Figure 2.18 | A graphical plot of mean intensity against concentration of rSML-A, with the values 

of mean intensity of each band (corresponding to their respective amount of rSML-A) 

recorded using Fiji ImageJ. ................................................................................................... 45 

Figure 2.19 | WST-8 assay of MDA-MB-231 upon treatment with BioPORTER/rSML-A and 2-

30B in triplicate studies. The cell viability percentages shown here were normalized to that 

of negative control, PBS (cell viability = 100%). Red color-coded bars indicated presence of 

FBS during incubation while blue color-coded bars indicated absence of FBS in first 4 hours 

of treatment, according to the standard protocol of BioPORTER® reagent. ........................ 46 

Figure 2.20 | Confocal microscopic images (left to right: DAPI, green channel, red channel, bright 

field, merged) of MDA-MB-231 treated with different substrates conjugated with rhodamine 

green (top to bottom: 2-30B, 2-30). The cells were subsequently stained with LysoTracker 

red and DAPI. Scale bar (white) = 5 μm. .............................................................................. 47 

Figure 2.21 | LC-MS spectrum of modified Aurein 1.2 upon cleavage from Sieber amide resins 

with TFA/H2O/TIPS (v/v 95:2.5:2.5) solution. The peptide was obtained after precipitation 

with diethyl ether from dried supernatant and resuspended in DI water. .............................. 49 



Page | IX 

 

Figure 2.22 | Confocal microscopic images (top to bottom: merged, bright field, red channel, 

DAPI channel) of MDA-MB-231 (left two columns) and NIH3T3 (right two columns) treated 

with different substrates (2-30B and 2-30B@A) tagged with rhodamine. Scale bar (white) = 

10 μm. .................................................................................................................................... 50 

Figure 2.23 | Merged confocal microscopic images of (top to bottom) BioPORTER/rSML-A, 2-

30B, 2-30B@A, rSML-A, modified Aurein 1.2, sulforhodamine B in different cell lines 

MDA-MB-231 (left) and NIH3T3 (right). The color blue depicts DAPI staining, while red 

depicts substrates stained with sulforhodamine chloride. Scale bar (white) = 10 μm. .......... 51 

Figure 2.24 | WST-8 cell viability assays of (a) 2-30B@A, (b) 2-30B, and (c) 2-29, in MDA-MB-

231 cells (dark blue) and NIH3T3 (light blue). The cells were incubated with substrates under 

normal growth condition, in presence of glucose and FBS for 70 h. The cell viability 

percentages shown here were normalized to that of negative control, PBS (cell viability = 

100%). .................................................................................................................................... 52 

Figure 2.25 | Compiled z-stack images depicts a three-dimensional view of MDA-MB-231 after 

12 hours incubation with our final conjugate, 2-30B@A (red) which most had successfully 

escaped from the endosomes before lysosomes (green) fusion. Blue color represents nuclei 

as stained by DAPI. ............................................................................................................... 53 

Figure 2.26 | Image of how the mean intensity values were obtained using Fiji ImageJ (top, left), 

and values recorded (Area, Mean, IntDen, RawIntDen) are shown in tables above. Mean 

intensity is obtained by subtracting the mean values from the average of the background. . 68 

Figure 3.1 | A general schematic illustration on some of the different classes of antibiotics 

available till 2003. Image adapted from ref. 2. ...................................................................... 79 

Figure 3.2 | (a) Statistic of new antibiotic approvals from 2000 to 2015. A total of 32 new 

antibiotic drugs were launched, with two of them used in combinations with existing 

antibiotics. Reprinted with permission from ref. 1. Copyright (2019), Springer Nature. (b) A 

list of new first-in-class antibiotics launched from 2000 to 2015. ........................................ 80 



Page | X 

 

Figure 3.3 | A schematic illustration of the structure of cell wall in (a) Gram-negative bacteria and 

(b) Gram-positive bacteria. Reprinted with permission from ref. 16. Copyright (2019), 

Springer Nature. ..................................................................................................................... 82 

Figure 3.4 | LC-MS spectrum of the organic layer from lysozyme (40% wt) degradation assay. 

The metabolites that matches with the m/z signals are shown in the insert. ......................... 90 

Figure 3.5 | LC-MS spectra of the organic layer (top) and crude (bottom) lysozyme (10% wt) 

degradation assay. The metabolites that matches with the m/z signals are shown in the insert.

 ............................................................................................................................................... 90 

Figure 3.6 | Schematic illustration of lysozyme degradation (top) and the LC-ESI-TOF MS result 

obtained from lysozyme (20% wt) degradation assay (bottom). Two major resultant peaks at 

t = 0.69 min and t = 0.99 min correspond to the NAG-NAM fragment and the phospholipid 

respectively. The remaining peaks were from metabolites from the enzyme and the buffer 

used in the lysozyme degradation assay. ............................................................................... 91 

Figure 3.7 | Confocal microscopic image (left), STED confocal microscopic image (middle), and 

processed STED confocal image (right) of MRSA-BAA40 incubated with 3-1@Rhd (red) 

and cell surface staining dye, FM 1-43fx. Scale bar = 2 µm. ................................................ 92 

Figure 3.8 | STED microscopy studies of G+ve bacteria, where green = FM 1-43fx, red = 3-

1@Rhd, yellow = region of colocalization of two fluorophores. Scale bar = 2 µm. ............. 93 

Figure 3.9 | STED microscopy studies of G-ve bacteria, where green = FM 1-43fx, red = 3-1@Rhd, 

yellow = region of colocalization of two fluorophores. Scale bar = 2 µm. ........................... 94 

Figure 3.10 | Magnified STED microscopic images of S. aureus and E. faecalis, where green = 

FM 1-43fx, red = 3-1@Rhd, yellow = region of colocalization of two fluorophores. Scale bar 

= 1 µm. ................................................................................................................................... 95 

Figure 3.11 | Relative fluorescence intensity on bacterial surface after treatment in 3-1@Rhd. A 

total of at least a hundred bacteria cells from each strain were used for calculation, and the 

average 3-1@Rhd fluorescence signal per cell was measured for comparison. Chemical 



Page | XI 

 

structures of the different third amino acids found in natural PGs of these 6 strains are shown 

in insert. ................................................................................................................................. 96 

Figure 3.12 | Relative fluorescence intensity on E. faecalis surface after treatment with 3-1@Rhd, 

CS-PP@Rhd, PP@Rhd and rhodamine alone (Rhd). A total of at least a hundred bacteria 

cells from each strain were used for calculation, and the average rhodamine fluorescence 

signal per cell was measured for comparison. ....................................................................... 97 

Figure 3.13 | Schematic illustration on the quantification of fluorescence intensity using Fiji 

ImageJ. ................................................................................................................................. 105 

Figure A1.1 | Image scan of selected MALDI-TOF-MS spectra of the pullulan standard (6.2 kDa), 

for entries u (DD, +heat), v (DD, +heat), w (2nd-Co., +heat), w (DD, +heat). .................. 131 

Figure A1.2 | Image scan of selected MALDI-TOF-MS spectra of the chitosan (< 3 kDa, 

Carbosynth), for entries t (2nd-Co., -heat), t (DD, -heat), u (2nd-Co., +heat), z (DD, -heat), w 

(2nd-Co., +heat). .................................................................................................................. 131 

Figure A1.3 | Successful MS spectrums pullulan 6.2 kDa  (left) chitosan purchased from 

Carbosynth (right) obtained from different conditions. ....................................................... 132 

Figure A1.4 | MALDI-TOF-MS spectrum depicting a distribution of different MW of chitosan, 

with the peak height corresponding to 1615.7 kDa. ............................................................ 132 

Figure A2.1 | 1H NMR spectrum of 2-9 in D2O. ........................................................................ 136 

Figure A2.2 | 1H NMR spectrum of 2-10 in D2O. ...................................................................... 136 

Figure A2.3 | 1H NMR spectrum of 2-20 in CDCl3. ................................................................... 137 

Figure A2.4 | 13C NMR spectrum of 2-20 in CDCl3. .................................................................. 137 

Figure A2.5 | 1H NMR spectrum of 2-21 in CDCl3. ................................................................... 138 

Figure A2.6 | 13C NMR spectrum of 2-21 in CDCl3. .................................................................. 138 

Figure A2.7 | 1H NMR spectrum of 2-22 in CDCl3. ................................................................... 139 

Figure A2.8 | 13C NMR spectrum of 2-22 in CDCl3. .................................................................. 139 

Figure A2.9 | 1H NMR spectrum of 2-23 in CDCl3. ................................................................... 140 

Figure A2.10 | 13C NMR spectrum of 2-23 in CDCl3. ................................................................ 140 



Page | XII 

 

Figure A2.11 | 1H NMR spectrum of 2-24 in DMSO-d6. .......................................................... 141 

Figure A2.12 | 1H NMR spectrum of 2-25 in DMSO-d6. .......................................................... 141 

Figure A2.13 | 1H NMR spectrum of 2-28 in DMSO-d6. .......................................................... 142 

Figure A2.14 | 1H NMR spectrum of 2-29 in DMSO-d6. .......................................................... 143 

Figure A2.15 | 1H NMR spectrum of 3-2 in DMSO-d6. ............................................................ 162 

Figure A2.16 | 1H NMR spectrum of 3-5 in DMSO-d6. ............................................................ 162 

Figure A2.17 | 1H NMR spectrum of 3-7 in D2O. ...................................................................... 163 

Figure A2.18 | 1H NMR spectrum of 3-9 in DMSO-d6. ............................................................ 163 

Figure A2.19 | 1H NMR spectrum of 3-12 in DMSO-d6. .......................................................... 164 

Figure A2.20 | 1H NMR spectrum of 3-14 in D2O. .................................................................... 164 

 

 

  



Page | XIII 

 

List of Schemes 

 

Scheme 1.1 | Schematic illustration of deacetylation of chitin to obtain chitosan under basic 

conditions. The degree of deacetylation, DD = yx + y, varies depending on the conditions 

used. ......................................................................................................................................... 4 

Scheme 2.2 | Synthesis of the boronic acid targeting ligand with, (a) octaethylene glycol (OEG) 

spacer and (b) PEG1000. Reactions and conditions: a, tosyl chloride, NaOH (1.5 equiv.), 

THF/H2O; b, sodium azide (2 equiv.), ACN; c, TBDMS-Cl (1.1 equiv.), NEt3 (1.1 equiv.), 

DMAP (0.1 equiv.), DCM; d, NaH (1.1 equiv.), DMF; e, TBAF (3 equiv), THF; f, carboxy 

dimethylmaleic anhydride (1.5 equiv.), HATU (1.5 equiv.), DIPEA (1.5 equiv.), DCM; g, 4-

ethynylphenylboronic acid pinacol ester, copper iodide (0.05 equiv.), DIPEA (3 equiv.), 

DCM; h, NaIO4 (5 equiv.), NH4OAc (5 equiv.), acetone/H2O. ............................................. 33 

Scheme 2.3 | Assembly of the protein carrier. Reactions and conditions: a, DIPEA (3 equiv.), 

DMAP (0.4 equiv.), DMSO; b, sulfo-LC-SPDP (0.5 equiv.), PBS/DMSO (pH 7.6). .......... 33 

Scheme 2.4 | Synthesis of GC-BA-SPDP/rSML-A conjugate with different lengths of PEG 

segment on GC-BA-SPDP. The protein was treated with TCEP at 4oC in PBS for an hour and 

filtered by 3 kDa membrane prior to conjugation. The protein concentrate was collected and 

added to the PBS mixture, consisting of respective polymers, GC-BA-SPDP, for 18 hours at 

4 °C. ....................................................................................................................................... 34 

Scheme 2.5 | Synthesis of the essential components of the carrier, (a) protected targeting ligand, 

BE-PEG and (b) acid-labile disulfide linker, CDM-TEG-SSPy. Reactions and conditions: a, 

tosyl chloride, NaOH (1.5 equiv.), THF/H2O; b, sodium azide (2 equiv.), ACN; c, 4-

ethynylphenylboronic acid pinacol ester, copper iodide (0.05 equiv,), DIPEA (3 equiv.), 

DCM; d, potassium thioacetate (2.5 equiv.), NaI (0.1 equiv.), acetone; e, 1. NaOMe (1.5 

equiv.), MeOH, 2. dipyridyl disulfide; f, carboxy dimethylmaleic anhydride (1.2 equiv.), 

HATU (1.25 equiv.), HOAt (1.25 equiv.), DIPEA (1.25 equiv.), DCM. .............................. 39 

Scheme 2.5 | Synthesis of new carrier design from commercially available glycol chitosan. 

Reactions and conditions: a, phthalic anhydride (5 equiv.), AcOH/H2O; b, tosyl chloride (1.5 



Page | XIV 

 

equiv.), triethylamine (3 equiv.), DMF; c, sodium hydride (1.5 equiv.), 2-20, DMF; d, 1. 

sodium periodate (5 equiv.), DMF, 2. HCl; e, hydrazine (10 equiv.), methanol; f, 2-23, DIPEA, 

DMAP, DMF. ........................................................................................................................ 40 

Scheme 2.7 | Synthesis of BA-GC-SS/rSML-A (2-30) conjugate. The protein was treated with 

DTT at 4 °C in PBS for an hour and filtered by 10 kDa membrane prior to conjugation. The 

protein concentrate was collected and added to the PBS mixture, consisting BA-GC-SSPy (2-

29), and incubated for 24 hours at 4 °C. ................................................................................ 42 

Scheme 2.8 | (a) Aurein 1.2 peptide sequence with C-terminal modified with LPETGGG (red) to 

conjugate with GFP-Cre (blue). (b) Proposed design of Aurein 1.2, in which the C-terminal 

is modified with Cys since it has a thiol end for conjugation to the disulfide linker on the 

polymeric carrier. ................................................................................................................... 48 

Scheme 3.1 | Synthetic scheme illustrating the biosynthesis of Lipid II from Lipid I which occur 

at the cytoplasmic membrane. The sugar ring color coded in green is NAG, while the other 

that is color coded in yellow is NAM. ................................................................................... 83 

Scheme 3.2 | General synthetic route of the tetrasaccharide core in Lipid IV by Wong et al.35 ... 86 

Scheme 3.3 | A schematic illustration of our ‘top-down’ approach to PGO derivative (3-1) which 

starts from a chitosan polymer. 3-1 was stained with rhodamine to give 3-1@Rhd, in which 

each molecule of 3-1 is tagged with at most 1 molecule of rhodamine on the amino group on 

L-lysine. ................................................................................................................................. 88 

Scheme 3.4 | Schematic illustration of rhodamine-labelled substrates for brief SAR study on E. 

faecalis. .................................................................................................................................. 97 

Scheme 3.5 | Synthesis of modified PGOs with peptide attachment on the C2 amino group, 3-7. 

Reactions and conditions: a, succinic anhydride (0.5 equiv.), DMF; b, H2NR (peptide) (1 

equiv.), HATU, HOAt, DIPEA, DMF; c, acetic anhydride (5 equiv.), pyridine; d, MeNH2, 

MeOH; e, 1. 1H-tetrazole, dibenzyl N,N-diisopropylphosphoramidite (2 equiv.), 2. tert-butyl 

hydroperoxide, DCM; f, 1. H2, Pd/C, MeOH, 2. nC14H29OPO(OH)2 (2 equiv.), DMF, 3. LiOH, 

MeOH/H2O (v/v, 1:1). ........................................................................................................... 99 



Page | XV 

 

Scheme 3.6 | Synthesis of modified PGOs with peptide attachment on the C6 hydroxyl group, 3-

14. Reactions and conditions: a, phthalic anhydride (3 equiv.), AcOH/H2O; b, NaH, 2-

bromopropanoate (0.5 equiv.), DMF; c, H2NR (peptide) (1 equiv.), HATU, HOAt, DIPEA, 

DMF; d, hydrazine, AcOH, MeOH; e, acetic anhydride (5 equiv.), pyridine; f, 1. MeNH2, 2. 

1H-tetrazole, dibenzyl N,N-diisopropylphosphoramidite (2 equiv.), 3. tert-butyl 

hydroperoxide, DCM; g, 1. H2, Pd/C, MeOH, 2. nC14H29OPO(OH)2 (2 equiv.), DMF, 3. LiOH, 

MeOH/H2O (v/v, 1:1). ......................................................................................................... 100 

Scheme A1.1 | Schematic illustrations of the chemical structures of the matrices (top row) as well 

as derivatising agent (bottom row) mentioned. ................................................................... 128 

 

  



Page | XVI 

 

List of Tables 

 

Table 1.1 | Relation between chitosan’s principal characteristics and its use in biomedical 

applications. Reprinted with permission from ref. 40. Copyright (2019), Elsevier. ............... 9 

Table A1.1 | List of conditions tried, part 1. Derivatising solution A comprises of 2 mg of 3-AQ 

dissolved in 1 mL of 2 mM ADP solution. Derivatising solution B is a mixture of 4 mg/mL 

2-HPM solution and 4 mM ADP solution (v/v = 1:1), such that upon mixing, the final 

concentrations of 2-HPM and ADP are halved. Derivatising solution C is a mixture of 10 

mg/mL 2-HPM solution and 4 mM ADP solution (v/v = 1:1). Derivatising solution D is a 

mixture of 20 mg/mL 2-HPM solution and 4 mM ADP solution (v/v = 1:1). ADP solution is 

a mixture of ADP dissolved in H2O/ACN (v/v = 1:1), and 2-HPM solution is a mixture of 2-

HPM dissolved in MeOH/AcOH (v/v = 9:1). $ Matrix was purchased and used without further 

purification. # MALDI-TOF-MS analysis was carried out in negative mode. * Matrix was 

added till saturation point, in which the solid particles were settled at the bottom and the 

supernatant was remove for usage. ...................................................................................... 128 

Table A1.2 | List of conditions tried, part 2. Derivatising solutions B, C and D were the same as 

described in Table A.1. $ Matrix was purchased and used without further purification. * 

Matrix was added till saturation point, in which the solid particles were settled at the bottom 

and the supernatant was remove for usage. ......................................................................... 129 

Table A1.3 | Results obtained from MALDI-TOF-MS analysis of entries a to s, were ‘X’ = only 

noise observed, ‘S/N’ = signal to noise ratio, and ‘N.D.’ = not determined. ...................... 130 

Table A1.4 | Results obtained from MALDI-TOF-MS analysis of entries t to af, were ‘X’ = only 

noise observed, ‘S/N’ = signal to noise ratio, and ‘N.D.’ = not determined. ...................... 130 

Table A1.5 | Results obtained from MALDI-TOF-MS analysis of entries ag to ar, were ‘X’ = only 

noise observed, ‘S/N’ = signal to noise ratio, and ‘N.D.’ = not determined. ...................... 132 

  



Page | XVII 

 

Summary 

 

 This thesis focuses on the use of chitosan in two different applications. The thesis starts off 

with a generic introduction on natural sugar polymers, which is followed up by the introduction of 

the key star of this thesis - chitosan. Important parameters and interesting inherent pharmaceutical 

properties were discussed too, along with a few applications closely related to the works presented 

in this thesis. 

 In the second chapter, chitosan’s versatility as well as high biocompatibility were utilised to 

turn it into a carrier for a bio-macromolecular cargo. The cargo of interest was a species that 

belonged to the ribosome-inactivating proteins (RIPs), whose generic potency are well known, 

namely rSML-A. Expression and purification of the recombinant protein was carried out firstly in 

accordance with a protocol provided by the collaborator, and designs were made to enable the 

cargo’s endosomal escape, which has been a critical limiting factor for efficient cytosolic delivery 

of biomacromolecules. After several trial and errors, the delivery system has been optimised and 

fine-tuned, such that the final conjugate, 2-30B@A, was able to escape the endosome easily before 

degradation of the cargo by lysosomes. In addition, adding a targeting ligand greatly increased the 

specificity of the system towards the cells of interest, as opposed to negative controls. 

 In the third chapter, brief description of the conventional ‘bottom-up’ approaches in obtaining 

peptidoglycan oligosaccharides (PGOs) were discussed, along with were several limitations faced. 

To combat these limitations, an unconventional yet facile ‘top-down’ approach from chitosan 

produced a synthetic PGO 3-1, together with several studies done on the substrates obtained were 

discussed. From the biological studies conducted, it was determined that PGO obtained via this 

approach greatly resembled that of the natural PGs, in which the same methodology was used to 

synthesize PGO derivatives that were not reported to the best of my knowledge. 

 In the last chapter, a brief summary of the previous chapters was described and concluded the 

whole thesis.
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Chapter 1 | Natural Polysaccharides and Chitosan in Biomedical Applications 

 

1.1 | Polymeric Sugars from Nature and Their Advantages in Biomedical Applications 

 

 Nature is a remarkable source of inspiration for any innovations, and she is capable of creating 

a plethora of complex biological structures in a seemingly effortless manner. An area of particular 

interest to us is naturally occurring polysaccharides. These polysaccharides are highly diverse as 

they consist of various chemical compositions and spatial conformations, as well as a wide range 

of molecular weights. They are made of several repeating monosaccharides of same or different 

chemical compositions, in which they are generally connected via glycosidic bonds (see Figure 

1.1). For instance, in the dextran, a polysaccharide made by various bacterial strains, has two types 

of glycosidic linkages. The predominant linkage is known as α-(1→6) glycosidic bond, which is 

formed between anomeric carbon (C1) and 4th hydroxyl group (on C6) of another D-glucose unit. 

Other possible linkages that result in its complex branched structure, are α-(1→2)-, α-(1→3)- or α-

(1→4)- glycosidic bonds (see Figure 1.1 for α-(1→6)- and α-(1→3)- linkages in dextran). The 

formation of these highly specific and complex structures is extremely difficult and tedious in 

chemical synthesis, as the similar reactivity of the hydroxyl groups, as well as their steric 

environment, must be taken into consideration. 

 

Figure 1.1 | Chemical structures of some naturally occurring polysaccharides (left to right: dextran, 

hyaluronic acid/hyaluronan, cellulose, chitin). The numbers labelled on dextran represent the 

generic counting system of carbon atoms in carbohydrates. Anomeric carbon is labelled as C1. 

 

 Cellulose has the same monosaccharide repeating unit as dextran, but the monomers are 

connected to each other via β-(1→4) glycosidic linkages in a linear manner. Chitin, on the other 
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hand, has similar glycosidic linkages as cellulose (β-(1→4) glycosidic bonds), but has N-acetyl-D-

glucosamine (NAG) as the repeating unit instead of glucose. Unlike the previous three cases, in 

which their repeating unit is of the same monosaccharide, hyaluronic acid comprised of repeating 

units of D-glucuronic acid and N-acetyl-D-glucosamine disaccharides. The third hydroxyl group of 

NAG forms a β-(1→3) glycosidic linkage with the anomeric carbon of D-glucuronic acid within in 

the disaccharide, while the fourth hydroxyl group of D-glucuronic acid forms a β-(1→4) glycosidic 

linkage with the anomeric carbon of another N-acetyl-D-glucosamine. Among the four natural 

polysaccharides shown in Figure 1.1, only hyaluronic acid is negatively charged at physiologically 

pH due to presence of carboxylic group, while the other three are neutral.  

 These glycosidic bonds present in the sugar polymers are often easily broken in nature, or in 

other terms, endowed these natural polysaccharides with biodegradable traits. Dextran can be 

degraded in mammalian tissues by an enzyme, dextranase.1 Majority of hyaluronic acid are 

degraded by hyaluronidase isozyme in tissues and transported to liver endothelial cells in which 

they are further degraded to glucuronic acid and N-acetylglucosamine in lysosomes.2 Ultimately, 

they will be converted to CO2, H2O, and urea upon metabolism. Cellulases, often found in 

microbes, are a group of enzymes that aid in hydrolysing β-1,4 glycosidic linkages found in 

cellulose. The key enzymatic activities that ensure complete degradation of cellulose are 

endoglucanase activity, exoglucanase activity, and β-glucosidases activity.3-4 Chitin’s β-1,4 

glycosidic bonds can be hydrolysed with the aid of chitinases, in which mammals including human 

possess.5-7 

 In the past century, due to their unique structures and chemical compositions, these natural 

polysaccharides have been extensively studied and have exhibit interesting properties in 

biomedical and pharmaceutical applications. Dextran, a hydrophilic polysaccharide, has 

demonstrated its ability in reducing inflammatory response and vascular thrombosis.8-11 

Hyaluronic acid, a key component of extracellular matrix (ECM), is widely diffused in nature. It 

has shown to aid in wound healing process by promoting fibroblast growth at the wound site and 
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stimulate collagen production, and it is able to keep tissues hydrated, such as the human eyes.12-15 

Cellulose, found mainly in plant fibers, has poor solubility in water but this makes it an ideal tissue 

engineering biomaterial such as grafts design or wound healing scaffolds.16 In past decade, 

bacterial cellulose is emerging as an alternative due to its practicability in production and has better 

biocompatibility than cellulose.17-18 Similarly, bacterial cellulose is often used in wound healing 

treatment, especially on skins, since it can be easily removed after recovery.19 After cellulose, 

chitin is the next most abundant natural polysaccharide, which is found mainly in the shells of 

crustaceans, such as crabs and shrimps, and insects. Being mechanically strong and biocompatible, 

chitin is an excellent scaffold in bone engineering, whereby cells are able to grow and distribute 

in the interconnected porous scaffolds.20 It is one of the top choices as bone graft substitutes 

because it can be made into a composite with hydroxyapatite, one of the major bone minerals.21  

On top of their intriguing pharmaceutical properties and most importantly, their extensively 

studied biocompatible and biodegradable characteristics, these polysaccharides are generally 

stable, and they can be chemically modified into a class of smart biopolymers. Smart polymers, or 

stimuli-responsive polymers, are sensitive to their environment, and they can undergo changes in 

their structure or chemical compositions upon a change in the environment they are in. Depending 

on the functional groups present, the stimuli resulting in the change can be either physical or 

chemical. Physical stimuli include temperature, magnetic field, ultrasound, light, etc, while 

chemical changes usually result in the change of chemical compositions due to pH changes, or 

occurrence of oxidation or reduction. These features are highly sought after in biomedical 

applications, in which more focus will be placed on a derivative of chitin.   
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1.2 | Chitosan, a Semisynthetic Polysaccharide Derived from Chitin 

 

 Semisynthetic polysaccharides are obtained by chemical treatment of their naturally occurring 

counterparts. Chitosan (CS), in this case, is derived from chitin after undergoing deacetylation. 

Over the past few decades, chitosan has garnered a lot of attention and extensive research has been 

conducted as it is considered as a class of smart biopolymers with enormous possibilities for 

structural modifications to carry out desired functions. Upon deacetylation, the reactive amino 

groups are free for further chemical modifications. Together with the presence of two different 

hydroxyl groups at C6 and C3 respectively, with the latter being least reactive due to highly 

hindered environment, one can utilise this difference in reactivities to attach different handles onto 

the polymer for a wide variety of applications. 

1.2.1 | Degree of Deacetylation (DD) of Chitosan 

 

 Typical deacetylation of chitin uses 40-60% concentrated NaOH or KOH heated at 80 °C -

140 °C for a duration of at least 0.5 hour (see Scheme 1.1).22-23 Strong basic condition is essential 

due to additional resistance resulted from spatial arrangement of C2-C3 substituents in trans 

relationship. Methods using strong acids are generally avoided as the polysaccharide will be 

hydrolysed along with the removal of acetyl groups. Chitosan can also be prepared by enzymatic 

reaction, using the enzyme, chitin deacetylase. This method of preparation is much less common 

than chemical removal of the acetyl functional group from chitin. 

 

Scheme 1.1 | Schematic illustration of deacetylation of chitin to obtain chitosan under basic 

conditions. The degree of deacetylation, DD =
y

x+y
, varies depending on the conditions used. 

 

 After deacetylation, the polymer is comprised of two types of monomers, N-acetyl-D-

glucosamine (GlcNAc) and D-glucosamine (GlcN). Degree of deacetylation (DD) in this case is 
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the molar fraction of D-glucosamine in the resultant polymer (DD =
y

x+y
∗ 100%). One is able to 

control the degree of deacetylation by varying the parameters shown in Scheme 1.1. For instance, 

by increasing the time and temperature, one is able to obtain a highly deacetylated chitosan (DD > 

90%). Several studies have shown that different degree of deacetylation plays an important role in 

the resulting polymer’s physiochemical and biological properties. For instance, once DD reaches 

50% or more, the polymer becomes water-soluble in slightly acidic environment (below its pKa of 

6.2).24 A study conducted by Rinaudo et al. demonstrated that the concentration of proton has to 

be at least equivalent to the concentration of free amino groups present in order to fully dissolve 

the chitosan.25 Protonation of free amino groups on C2 of D-glucosamine units in chitosan thereby 

results in a pseudo-natural cationic biopolymer. This effect gives rise to its potential in a plethora 

of biomedical applications and in pH-responsive biopolymers. 

1.2.2 | Chitosan’s Molecular Weight (MW) 

 

 Chitosan’s molecular weight is largely determined by the methods and conditions of 

deacetylation. It can be categorized as follow, very high MW (> 300 kDa), high MW (80-300 kDa), 

low MW (10-80 kDa) and very low MW (< 10 kDa).26 Different molecular weights affect the 

resulting properties of chitosan, such as moisture content, tensile strength and crystallinity.27-28 A 

study conducted by Nuthanid et al. showed that chitosan with very high MW has significantly 

greater moisture absorption and tensile strength as compared to chitosan with low MW.29 Xu and 

Du reported that chitosan with low to high MW has a positive relationship with enhanced protein 

encapsulation efficiencies, as well as a lower premature release kinetics.28 Another study compared 

the stability of the resulting nanoparticle (NP) formed between very low and low MW chitosan, 

and it was found that the latter has better protection against enzyme degradation.30  

1.2.3 | Bioactivities of Chitosan  

 

 Degree of deacetylation and molecular weight are the two most fundamental, and yet highly 

important parameters in determining chitosan’s utility in its bioactivities and potential applications. 
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In this context, higher emphasis will be placed on two of the more relevant bioactivities, which 

are antimicrobial and anticancer activities. One of the well-known bioactivities of chitosan is its 

antibacterial activity, with part of the reason attributing to its pseudo cationic nature. It was 

proposed that this allows them to interact and disrupt the negatively charged membranes of the 

microbials, thereby causing the efflux of proteins and cellular contents.31-34 Andres et al. reported 

that the increasing amount of potassium ions in the growth media observed when mortality rate of 

Enterococcus faecalis increases with increasing concentration of powdered chitosan treated, 

suggests that the cell wall has been disrupted by chitosan.33 Zheng and Zu conducted a study on 

the antimicrobial effect of different molecular weights of chitosan (< 300 kDa) against 

Staphylococcus aureus.35 It was demonstrated that at a concentration of 0.75% chitosan solution, 

chitosan with higher MW results in better killing effect (see Figure 1.2).  

  

Figure 1.2 | (a) Increasing antimicrobial activity of 48.5 kDa chitosan against S. aureus with 

chitosan concentration ranging from (1) 0%, (2) 0.25%, (3) 0.5%, (4) 0.75%, (5) 1%, as shown on 

the culture plate (diameter = 9.5 cm). (b) Increasing antimicrobial activity of chitosan against S. 

aureus with increasing MW, (1) blank, (2) < 5 kDa, (3) 48.5 kDa, (4) 72.5 kDa, (5) 129.0 kDa, (6) 

165.7 kDa, as shown on the culture plate (diameter = 9.5 cm) with decreasing number of colonies 

of bacteria formed. Reprinted with permission from ref. 35. Copyright (2019), Elsevier. 

 

 Several studies have shown that chitosan too, possess anticancer/antitumor activity. Earlier 

studies conducted on hydrolysed chitosan, or chitooligosaccharides (COS), demonstrated that they 

can induce lymphocyte factor, thereby increasing growth of T-cells, which resulted in increased 

cytotoxicity and tumor inhibitory effects.36-37 In another study conducted by Park et al., they 

demonstrated that very low MW chitosan or COS has much better antitumor activity as compared 
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to the other end of the spectrum, very high MW chitosan against three different cell lines, HepG2 

(liver cancer cells), A549 (lung cancer cells), and PC3 (prostate cancer cells).38 Different cytotoxic 

effects were observed too in different cell lines They reported that very high MW chitosan (1,900 

kDa, DD = 98.5%) purchased from Sigma Aldrich has 50% cytotoxic concentration (CC50) of 50 

g/mL against HepG2 cells, > 50 g/mL against A549 cells, and 50 g/mL against PC3 cells. In 

comparison, COS obtained from enzymatic hydrolysis of the very high MW chitosan recombinant 

chitosanase showed much better cytotoxic activity with more than twice the efficacy. Moulin et al. 

showed that chitosan’s anticancer properties are dependent on human melanoma cell lines.39 In 

their study, they observed that the growth rate of the cell lines, SKMEL28 cells (primary melanoma 

derived from skin) and RPMI 7951 cells (melanoma derived from metastatic lymph node) were 

greatly reduced as compared to A375 cells (primary melanoma derived from skin) upon incubation 

with 2 mg/mL of chitosan (dissolved in 0.1% AcOH) coating on the wells (see Figure 1.3a). It 

was observed that cytotoxicity is the highest in RPMI 7951 cells, followed by SLMEL28 cells, 

and finally A375 cells upon 48 hours incubation with the same conditions mentioned (see Figures 

1.3b and 1.3c). Upon further investigations, they found out that in SKMEL28, induction of 

apoptosis was probably a result of increment in c-IAP expression, whereas in the case of RPMI 

7951, apoptosis induction was through mitochondrial pathway. However, chitosan coatings do not 

seem to have a significant impact on A375, in which they reported that neither a decrease in growth 

rate nor apoptosis induction was observed.  
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Figure 1.3 | (a) Doubling time (calculated from growth curve) ofA375 remains the same, while 

that of SKMEL28 and RPMI 7951 increases when incubated with chitosan coated wells as 

compared to the control (coated with 0.1% AcOH). (b) Image of the outcome of MTT assay for 

A375, SKMEL28 and RPMI upon 48 hours incubation with 2 mg/mL chitosan coatings dissolved 

in 0.1% acetic acid, and 0.1% acetic acid coating as control. (c) Relative cell viabilities of the 

respective melanoma cell lines upon incubation with 0.1% acetic acid (white bars) and chitosan 

dissolved in 0.1% acetic acid (black bars). Reprinted with permission from ref. 39. Copyright 

(2019), Elsevier. 

 

1.2.4 | Biomedical Applications of Chitosan-Based Materials 

 

  Since the discovery of chitosan more than two centuries ago, numerous researches have been 

carried out with a plethora of modifications on chitosan to enhance chitosan’s intrinsic bioactivities, 

as well as add on additional features for a variety of biomedical applications. Table 1.1 

summarised the desired characteristics of chitosan that are important to different biomedical 

applications.40 In general, for good biocompatibility and low cytotoxicity to healthy cells are 

highly preferred in most of biomedical applications. Chitosan, originating from a natural 

polysaccharide, has these advantages. In addition to that, the presence of free amino groups upon 

deacetylation enables the application of amine chemistry for further modifications of chitosan, in 

which chitin is not able to provide. This greatly increases the versatility of chitosan as a great 

biomaterial for many researchers to explore and work with. 
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Table 1.1 | Relation between chitosan’s principal characteristics and its use in biomedical 

applications. Reprinted with permission from ref. 40. Copyright (2019), Elsevier. 

 

 One way to enhance the antimicrobial activity of chitosan is to place a permanent positive 

charge on the free amino groups, regardless of the environment it is in, by turning the primary 

amine into a quaternary amine.41-43 Zhang et al. prepared quaternized carboxymethyl chitosan-

based silver nanoparticle composite (QCMC-Ag NPs composite), in which both components are 

known to have good antibacterial activity.44 In their study, they reported that the efficacy of 

QCMC-Ag NPs composite against one of the model pathogenic gram-positive bacteria, 

Staphylococcus aureus is better than Ag NPs or QCMC alone. By combining these two 

components into a composite, it helps to counter the limitations of Ag NPs in which they are 

generally genotoxic and tend to aggregate easily, and at the same time improve bacteria toxicity. 

In another study by Pogorielov et al., they demonstrated that in situ preparation of chitosan-Ag 

NPs against methicillin-resistant Staphylococcus aureus (MRSA) has a minimum inhibitory 

concentration (MIC) 1.2 µg/mL, which is almost six times lower than chitosan alone, and eight 

times lower than Ag NPs alone.45  

 An interesting biomedical application that make full use of chitosan’s antimicrobial activity 

is its use to aid in healing of wounds. Chitosan also possesses other desirable properties that are 

necessary as biomaterials for wound healing such as good biodegradability, excellent 

biocompatibility and low immunogenicity. Chitosan is also structurally similar to a key wound 
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healing macromolecule found in extracellular matrix (ECM), glycosaminoglycans (GAGs).46 

Degradation of chitosan can help in initiating the making of ECM components for wound repair. 

There are numerous wound dressings containing chitosan available in the market, such as 

HidroKi®, Patch® and KytoCel®.47-48 Recently, Lan et al. reported that N-succinyl-chitosan 

(obtained by chemically modifying a portion of chitosan’s amino groups with succinic anhydride) 

more water-soluble than chitosan alone and retain is able to its antibacterial properties.49 In 

addition, they demonstrated that N-succinyl-chitosan powder greatly shortened the wound healing 

time required on rabbit’s skin as compared to chitosan powder and negative control, and that the 

modified biopolymer is able reduce bacterial contamination and infection, as well as promote 

tissue formation. 

 Another huge area of interest which garnered a lot of attention is the application of chitosan 

in delivery systems. The cargo to be delivered varies from small molecular drugs to peptide, 

nucleic acids, and even huge biomacromolecules such as proteins. It can be applicable for a wide 

range of biomedical applications such as delivering drugs for infection treatment, wound healing 

and different types of cancer therapeutics and diagnostics.50-63 Moreover, chitosan-based carriers 

can be in different forms, such as nanoparticles (NPs), liposomes, micelles, hydrogels and 

polymers. 

 Chitosan nanoparticles have often been employed in encapsulating drugs for delivery 

purposes. In a study conducted by Ali et al., made use of high MW chitosan (120 kDa, DD ≥ 85%) 

to encapsulate an antibiotic, levofloxacin, by ionotropic gelation technique with sodium 

tripolyphosphate to obtain a nanoparticle-like product, LFX-CS-NPs for treatment of ocular 

infection.50 Thereafter, in order to extend corneal residence time, they incorporated LFX-CS-NPs 

into a sol-gel system. Their results showed enhanced antibacterial activity against Pseudomonas 

aeruginosa and Staphylococcus aureus, higher retention of the antibiotic at the cornea, and that it 

was safe for ocular administration, thereby implying that their formulation for the delivery system 

is effective for ocular drug delivery. In the context of cancer therapeutics, encapsulation of 
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hydrophilic drugs such as doxorubicin (DOX) and hydrophobic drugs such as paclitaxel (PTX) 

and camptothecin (CPT) by chitosan-based nanoparticles have been evaluated in several in vitro 

and in vivo studies.51-54  

 Another prominent use of chitosan-based carrier system is in gene delivery for anticancer 

therapy. Majority of the nucleic acid/chitosan polyplexes formed are based on electrostatic 

attractions, in which the former tends to be more negatively charged and the latter is more 

positively charged at slightly acidic environment. Often, this form of encapsulation faced stability 

issues in blood circulation or microenvironment of tumor, due to presence of numerous negatively 

charged components (i.e. serum proteins and glycosaminoglycans).55 This result in a competition 

between the polyanions and the nucleic acid cargos, which may cause its premature release. In 

addition, the carrier system may have limitations in cell penetration since its route of entry is via 

non-specific absorptive endocytosis.56 These challenges can be overcome with modifications on 

chitosan. Borchard et al. made use of quaternized chitosan to enhance its positive charge for 

stronger electrostatic interaction with DNA.57 Strand et al. combat the stability issue by 

glycosylating chitosan to form branched chitosan, before assembling with DNA.58 Li et al. 

included PEGylation (PEG2000 and PEG5000) in formation of complexes with high MW chitosan 

(150 kDa, DD ≥ 83%) to improve stability.59 They reported that PEGylated CPC2/pDNA and 

PEGylated CPC2/siRNA complexes significantly enhance stability at physiological conditions, 

and better silencing efficiency for the latter. For better cell penetrations, chitosan can be decorated 

with targeting ligands with respect to prominent receptors found on surfaces of the desired cells. 

In this way, they are able to enter by receptor mediated endocytosis. To enhance cell penetration, 

Ren et al. incorporated a targeting ligand, folic acid (FA), onto a high MW chitosan (201 kDa, DD 

≥ 92%), and subsequent modification and complexation with antisense oligodeoxynucleotides to 

obtain the product, FA-HPCS-asODNs with average size of 181 nm.60 They demonstrated that 

folic acid-conjugated hydroxypropyl-chitosan (FA-HPCS) complexed with asODNs enabled 

targeted delivery to KB-A-1 cells in Balb/c mice with high efficiency. 
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 Chitosan have also been employed in delivery of proteins for a variety of biomedical 

applications. Yang et al. modified very high MW chitosan (> 310 kDa, DD ≥ 75%) by cross-

linking with lactide and fibrinogen with UV light to form chitosan-lactide-fibrinogen (CLF) 

hydrogel for delivery of bone morphogenetic protein-2 (BMP-2), a key growth factor in bone 

regeneration.61 BMP-2 was first mixed with the chitosan-lactide-fibrinogen solution before UV 

light was shone to induce simultaneous encapsulation of the protein along with hydrogel formation. 

Through in vitro and in vivo studies, they demonstrated the efficacy of their system to deliver the 

protein and enhanced osteogenesis. Liu et al. reported an oral insulin delivery method using 

insulin-loaded lecithin/chitosan nanoparticles with an average size of 180 nm.62 In vivo studies 

conducted on diabetic rats showed successful reduction in blood glucose levels with an improved 

insulin release kinetics. In another study conducted by Wang et al. demonstrated the fabrication of 

chitosan-tannin-lysozyme nanoparticles (CS-TA-LNPs) via ion crosslinking method with sodium 

tripolyphosphate (TPP) (see Figure 1.4a), and that strong antibacterial performance against 

Staphylococcus aureus was observed (see Figure 1.4b).63 

 

Figure 1.4 | (a) Illustration on the fabrication of CS-TA-LNPs, in which TPP was added after the 

three individual components had been homogenized. (b) Triplicate experiment on the 

antimicrobial activity of the individual components (left box, CK = sterile water, CS = 50 μg/mL 

chitosan , Ta = 50 μg/mL tanin, L = 50 μg/mL lysozyme) and chitosan-based nanomaterials (right 

box, CK = sterile water, CS NPs = 50 μg/mL chitosan nanoparticles, CS-Ta-LNPs = 50 μg/mL 

chitosan-tannin-lysozyme nanoparticles). Reprinted with permission from ref. 63. Copyright 

(2019), Elsevier. 
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Chapter 2 | Dual-Responsive Targeted rSML-A Delivery System Utilizing a 

Chitosan Scaffold 

 

Abstract 

 

Cancer is one of the major public health problems worldwide, and it has landed top in 

principal causes of death in Singapore for the past decade. Many bioactive compounds used in 

pharmacotherapy are either too potent to be administered or exhibit unwanted side-effects which 

limits their clinical application. This calls for the need to enhance selectivity, also known as active-

targeting, in addition to passive accumulation in the tumor cells due to angiogenesis. 

Biomarcomolecules such as proteins, offer a whole new therapeutic opportunity to combat against 

this deadly disease that small molecular drug could not. Till date, the clinical development of 

bioactive proteins, as potential drug candidates, has been hardly making progress devoid of a 

strategy for the proteins’ efficient and targeted cytosolic delivery. The challenge main stemmed 

from their poor physiochemical stability and little to no permeability across the cellular 

membranes. A robust and viable delivery strategy entails adequate protection of the protein, which 

is able to cover the whole journey of circulation until reaching a target cell and releasing the cargo 

in its native form. A biodegradable and biocompatible chitosan-based delivery system for the 

targeted cytosolic delivery of a protein of interest, rSML-A (recombinant Singapore Mistletoe 

Lectin A-chain), is reported herein. In particular, the viability of this targeted system has been 

demonstrated through straightforward synthetic routes and uptake of the final conjugate into the 

sialic-acid overexpressed cells (MDA-MB-342) selectively against the control (NIH3T3). The 

design of a combination of highly specific components was substantiated by promising biological 

activities observed in this study, and provides an excellent platform for future applications in 

protein delivery. 
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2.1 | Introduction 

 

2.1.1 | General Overview of Cancer 

 

Cancer is a term for diseases that involves cells growing abnormally such as uncontrolled cell 

growth and retarded cell death. It is one of the major public health problems worldwide, especially 

when metastatic cancerous cells are able to spread and invade to other parts of the body, such as 

bones, lungs, brain, and greatly deteriorate our immune system.1 In Singapore, it has landed top in 

principal causes of death for the past decade (see Figure 2.1).2  

 

Figure 2.1 | A chart representing top 10 principal causes of death in Singapore from 2014 to 2018, 

shown as a percentage of total number death occurred during the respective years. Numerical 

values are obtained from ref. 2. 

 

Curing cancer completely has always been a very difficult task, as the current biomedical 

technology allows diagnosis after they have grown to at least the size of a grape, and many would 

only notice when the symptoms worsened drastically often after metastasis occurred. Removal of 

the grown tumor involves surgery, which possessed great amount of risks. Hence, non-surgical 

treatment by making use of nanotechnology is much preferred. In addition, the choice of a suitable 
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drug to combat cancer is very limited in conventional chemotherapeutics, as adverse effects on 

patients have to be taken into account. Moreover, acquired or intrinsic multi-drug resistance (MDR) 

further complicates the situation. 

Many bioactive compounds used in pharmacotherapy are either too potent to be administered 

or exhibit unwanted side-effects which limits their clinical application, which stems from their 

inability to differentiate between cancer cells and healthy cells.3 These drugs are usually 

accumulated passively around the tumor site due to ‘leaky’ tumor vasculature and retained there 

as a result of impaired lymphatic drainage.4 This increased in permeability of the tumor vasculature 

resulted from the occurrence of sprouting angiogenesis, in which the vessels dilate in response to 

more vascular endothelial growth factor (VEGF), and subsequent chaotic formation of more 

vessels to support the rapid growth of the tumor.5  

Innumerable investigations have been carried out to understand the disease better. Many 

discoveries made have established that cancerous cells possess unique cellular characteristics in 

accordance to their respective types, and that these is very useful in differentiating them from the 

healthy cells.6-9  

2.1.2 | Proteins as Drugs, such as Mistletoe Lectin, for Cancer Therapeutics  

 

 Biomacromolecular drugs, sometimes known as biopharmaceutical drugs, such as nucleic 

acids and proteins which acts on transcriptional pathways offer new modalities for currently 

untreatable diseases including cancer. As such, they hold great potentials and promises as novel 

therapeutics in this area. Protein drugs has novel advantages in cancer therapeutics as compared 

to small molecular drugs and gene therapy. First of all, they have high potency and specificity in 

tackling cancer via direct or indirect mechanism.10-12 Some proteins are able to interact and 

interfere with definitive signalling pathways, thereby inducing direct cell death of cancer cells. 

Others can either inhibit tumors by stimulating immuno-response or modulating 

microenvironment of tumors. Secondly, notably lower IC50 values are often observed amongst 
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protein drugs as compared to small molecular drugs, due to their high specificity and potency.13 

Thirdly, they often possess little to no genotoxicity compared to gene therapy, as their mode of 

actions are based in downstream regulation and do not pose the risk of altering genetic makeup.14-

15  

 Ribosome-inactivating proteins a class of proteins well known for interfering with protein 

biosynthesis and they are highly potent cytotoxins, and they are considered as anticancer 

therapeutics, from the clinical point-of-view.16-17 A particular protein which has caught our 

attention belongs to this class of highly potent protein, known as mistletoe (Viscum album) lectin 

I (ML-I). It is heterodimeric glycoprotein consisting of a 29 kDa-A-chain and a 34 kDa-B-chain 

connected by a disulfide bridge (see Figure 2.2a).18 In a study conducted by Bantel et al., it was 

found that ML-I activates caspase-8/FLICE independently of death receptor signalling and 

enhances anticancer drug-induced apoptosis at low concentration.19 A recent study by Kok et al., 

they demonstrated that which are key steps in cellular uptake of ML-I via high content imaging.20 

First, ML-I interacts with the glycan on cell surface, and both clathrin-dependent and independent 

internalisation occurs. Next, it is redirected from the endocytic vesicles to Golgi apparatus, and 

subsequently rerouted to the ER. In addition, they have also demonstrated the pro-apoptotic 

activity of ML-I, which highlights its potential to eradicate multidrug resistant tumor cells. 

Furthermore, ML-1 was demonstrated to be safe to healthy cells and without further enhancement 

of the tumor in long-term treatment.21 ML-1 was reported to exhibit anticancer properties, and 

further investigations showed that it stemmed from the A-chain by catalysing irreversible 

hydrolysation of eukaryotic 28S rRNA’s N-glycosidic bond at adenine 4324 located in α-

sarcin/ricin loop, thereby inactivating the ribosome and inhibiting crucial protein synthesis (see 

Figure 2.2b), while B-chain is responsible for binding to sugar and enabling the entry of the 

protein via receptor-mediated endocytosis.22-23 In another recent study by Lee at al., they observed 

the down-regulation of c-Myc expression upon treating the mice with ML-I, and that proliferation 

of liver cancer cells was inhibited.24  
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Figure 2.2 | (a) Cartoon plot of mistletoe lectin consisting of A-chain (circled in red) and B-chain 

connected (circled in blue) by a disulfide bridge. Reprinted with permission from ref. 18. 

Copyright (2019), Elsevier. (b) A schematic illustration on the mode of action of RIP (indicated 

as orange star). RIP recognizes and depurinates adenine (A4324) in 28S rRNA of the large 

ribosomal subunit.  

 

Despite their advantages and potential therapeutic effects, difficulties faced in the isolation 

and purificaiton of these biologically active proteins from plant extracts slowed down the 

discovery. Emergence of recombinant protein techniques for therapeutics not only countered the 

difficulties raised previously, it has also greatly expanded the availability and the extensiveness of 

effective treatment against a broad range of diseases, including cancer.25-26  

 Our collaborator, Nguyen from Yoon Ho Sup’s group., had successfully isolated the 

recombinant A-chain of the Singapore mistletoe lectin (viscum ovalifolium).27 In their study, they 

demonstrated that ribosome-inactivating activity of the recombinant Singapore mistletoe lectin A-

chain (rSML-A) (using a commercially available cationic lipid-based carrier, BioPORTER®, as 

the delivery agent) is comparable to SML, with a relatively potent IC50 value of 4.87 ± 0.01 nM 

(see Figure 2.3). In addition, he carried on with cytotoxicty test on two different cancer cell lines, 

HeLa (human cervical cancer) cells and MCF-7/caspase-3 positive (human breast cancer) cells , 

and showed that the rSML-A is the one possessing the cytotoxic activity; and was comparable to 

the protein as a whole (see Figure 2.4). 
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Figure 2.3 | (a) Ribosome-inactivating activity of Singapore Mistletoe Lectin (SML) determined 

by the degree of inhibition of luciferase translation in a rabbit reticulocyte system. IC50 is 2.81 ± 

0.03 nM. (b) Ribosome-inactivating activity of rSML-A determined by the degree of inhibition of 

luciferase translation in a rabbit reticulocyte system. IC50 is 4.87 ± 0.01 nM. Adapted from ref. 27. 

 

 

Figure 2.4 | Cytotoxic effect of BioPORTER®/rSML-A and SML on (a) HeLa cancer cells and 

(b) MCF-7/caspase-3 positive cells. Adapted from ref. 27. 

 

2.1.3 | Challenges Faced in Delivery of Bioactive Biomacromolecules 

 

To classify as a drug candidate, it has to meet the minimum of the numerous requirements, 

such as efficacy, safety, potency, chemical stability, as well as pharmaceutical developability.28 

These multiparametric requirements often result in bioactive proteins as drug candidates, to be 
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dropped out from the development pipeline due to various reasonings such as lack of stability, 

prone to degradation, low efficacy resulting from inability to cross cell membranes, toxicity at 

non-target site.29  

This calls for the need to enhance selectivity, also known as active-targeting, in addition to 

passive accumulation in the cancer cells. As mentioned in earlier, passive-targeting stems from 

permeable vasculature in which drugs or nanoparticle-drug complexes are able to leak out and 

passively accumulate around the tumor site (see Figure 2.5).30 Thus, by incorporating a targeting 

ligand on the NPs, it will direct them towards receptors expressed on cancer cells. Drugs can be 

released from the nanoparticle (i) in close proximity; (ii) after binding onto receptor on the 

membrane; or (iii) upon internalisation into the cell.  

 

Figure 2.5 | Schematic illustration of passive and active targeting of nanoparticle-drug complexes. 

The endothelial cells are spaced further apart from each other, resulting in the formation of a more 

permeable vessel. Upon which, nanoparticles are able to passively accumulate and be retained 

around the tumor site. Active targeting occurs when the nanoparticles are modified with targeting 

ligands which directs them towards receptors on cancer cells for binding. Reprinted with 

permission from ref. 30. Copyright (2019), Nature. 

 

 Although a myriad of nano-systems have been developed in the past two decades to achieve 

intracellular delivery of these bioactive macromolecules, many have their shortcomings such as 

absence of active-targeting ligands, high cytotoxicity and/or immunogenic to healthy cells, rapid 

renal clearance, unable to avoid the macrophages attacks before reaching the target site, and/or 



Page | 27 

 

most importantly, the inability to escape the endosome before it fuses with lysosomes that destroys 

the bioactive macromolecules (see Figure 2.6 for summary of bottlenecks encountered).31-35  

 

Figure 2.6 | Schematic illustrations of bottlenecks encountered for delivery of biomacromolecules. 

Reprinted with permission from ref. 35. Copyright (2019), Nature. 

 

As such, to maximize the therapeutic potential of the bioactive proteins, one would need to 

take into account of numerous factors in designing a safe nano-system to effectively deliver them 

and ensure their functionality.  
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2.2 | Proposed Design and Rationale 

 

 Till date, the clinical development of bioactive proteins, as potential drug candidates, is hardly 

making progress devoid of a strategy for the proteins’ efficient and targeted cytosolic delivery. 

The challenge mainly stemmed from their poor physiochemical stability and little to no 

permeability across the cellular membranes.  

A robust and viable delivery strategy entails adequate protection of the protein, which is able 

to cover the whole journey of circulation until reaching a target cell and releasing the cargo in its 

native form. To combat the challenges mentioned, we came up with a proposed design of a dual 

responsive chitosan-based delivery system (see Figure 2.6). Advantages of chitosan has been 

discussed previously, and the versatility of the amino group available allow us to tailor our needs 

with desired functionality. High MW glycol chitosan (DD > 85%) was used as a scaffold in the 

desgin as it provides better solubility in aqueous medium as compared to chitosan.  

 

Figure 2.7 | Our design of rSML-A delivery system. It comprises of biodegradable and 

biocompatible glycol chitosan backbone modified with a boronic acid targeting ligand and a 

disulfide linker for covalent conjugation to rSML-A. 
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2.2.1 | Polyethylene Glycol (PEG) as Hydration Shield 

 

In a pioneering work conducted by Abuchowski et al. about 40 years ago, they demonstrated 

that the plasma half-life of bovine serum albumin increased when they are conjugated to PEG.36-

37 They have also noted an increase in sobulity of the protein-polymer complex due to PEG 

conjugation. Incorporation of poly(ethylene glycol) segment into the system not only aid in 

preventing recognition by macrophages of the reticuloendothelial system (RES), it helps to 

increase the lifetime of the system in blood circulation, thereby allowing the systems to accumulate 

at the targeted site passively; also known as enhanced permeability and retention (EPR) effect.38 

That is because by conjugating PEG onto the protein, it provides steric repulsion, as well as an 

hydration shield, which helps to reduce immunogenicity of the agent, degradation by proteolytic 

enzymes, opsonizaation, and clearance by the phagocyte system.39-40  

2.2.2 | Active Targeting with Boronic Acid 

 

 Boronic acids have natural affinity towards sialylated epitopes, such as glycans containing N-

acetylneuraminic acid (Neu5Ac), which are overexpressed in most of the cancer cells.41-42 In 

addition, a study conducted by Kannagi et al. showed that the percentage increase in the expression 

of sialylated antigens is closely related to cancer progression, and the overexpression of glycans 

such as Sialyl-Lewisx and Sialyl-Lewisa is the key indication of likelihood of metatheses.43 

 In a study conducted by Kataoka et al., they demonstrated that phenylboronic acid modified 

polymer has much higher binding affinities towards sialic acid compared to other sugars at 

physiological pH (7.4) and slightly more acidic environment at pH 6.5 (see Figure 2.8).44 They 

found that the pKa of the polymer conjugated with phenylboronic acid (pKa 9.7) was much higher 

than that of physiological conditions, which signifies that a large percentage of the trigonal 

phenylboronic acid at pH 7.4 remains undissociated to sialic acid. Furthermore, phenylboronic 

acid has two favourable conformations – trigonal planar and tetrahedral – as opposed to non-
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aromatic boronates, thereby increasing its affinity for sugars to allow additional B-N or B-O 

stabilization.45-46 

 

Figure 2.8 | (a) Schematic illustration of phenylboronic acid-based micelle in targeting sialic acids, 

and (b) compilation of its binding affinities towards different sugars such as glucose, mannose, 

galactose, SA, and Me-SA. Reprinted with permission from ref 44. Copyright (2019), American 

Chemical Society. 

 

Hence, as an alternative to expensive targeting ligands such antibodies and cell-penetrating 

peptides, we drawn in by the cost-effectiveness and versatility of phenyl boronic acid as an 

targeting ligand. We hypothesized that by linking phenyl boronic acid onto our polymeric sugar 

backbone with a PEG spacer, the hydrophobic core (protein) will result in the self-assembly of the 

nanoparticle, in which the boronic acids are readily available for binding with sialic acids via 

multivalency effect. Upon binding, and subsequently brought close enough to the membrane, 

internalisation for the delivery system will be triggered. 

2.2.3 | Acid-labile Linkage to Aid in Endosomal Escape  

 

To address one of the major challenges in the nano-carriers systems which would be its ability 

to escape from the endosome, especially when the cargo to deliver is a biomacromolecule. As a 

result, the general pathway of internalization would be via endocytosis, in which left unattended 

will result in degradation of the biomacromolecule cargo upon fusion of late endosomes with 
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lysosomes. Thus, to avoid this outcome, a pH-sensitive linkage can be attached to our potential 

“proton-sponge” backbone. 

This can be done by introducing an acid-labile maleamate bonds, which can aid in endosomal 

escape (see Figure 2.8).47 This bond can be formed by reacting the free amino groups of the 

polymer with carboxylated dimethyl maleic acid (CDM). Cleavage of this acid-labile bond in 

slightly more acidic endosome would activate the polymer’s innate endosomolytic capabilities by 

acting as a proton sponge. Subsequent increament in the influx of ions as well as water molecules 

would lead to swelling, followed by bursting of the endosomes before degradation by lysosomes 

upon fusion. 

 

Scheme 2.1 | Schematic illustration of polymer modified with CDM derivative under acidic (right) 

and basic (left) conditions. 

 

2.2.4 | GSH-Responsive Linkage 

 

In addition, installing a disulfide bond linkage between the protein and polymer-backbone 

allows freeing of the proteins upon cleavage by the endogenous glutathione (GSH), a tripeptide 

(H-γ-L-Glu-L-Cys-L-Gly-OH), present in the cytosol. It was reported that the GSH levels in 

cancerous cells are 100- to 1000-fold higher than that of the extracellular environments.48-49 This 

usage of redox potential stimuli mechanism, as a result of passive accumulation, has been 

employed in numerous gene delivery. 
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2.3 | Results and Discussion 

 

2.3.1 | Initial Design: Synthesis, Biological Assays, and Limitations Encountered 

 

 The initial design utilised a commercially available disulfide linker, sulfo-LC-SPDP, which 

acts as a bridge between the chitosan backbone and rSML-A (see Figure 2.9). Acid-labile CDM 

group was incorporated such that at acidic endosomal pH, ring closure of maleic anhydride ring 

will be instigated, and the free amino groups on chitosan will act as proton sponge for endosomal 

escape mechanism to proceed. 

 

Figure 2.9 | Schematic illustration of our initial design of rSML-A delivery system. 

 

The boronic acid linker was synthesized as shown in Scheme 2.2, with different lengths of 

PEG (categorized by number of repeating units of the ethylene oxide segment) acting as spacer 

between boronic acid and carboxy dimethylmaleic anhydride (CDM). Thereafter, it was 

conjugated onto the glycol chitosan (GC), followed by attachment of the commercially available 

sulfo-LC-SPDP linker, as shown in Scheme 2.3. The product obtained will be termed as GC-BA-

SPDP, as both the BA and SPDP linker are connected at the amino end of chitosan. Products 

obtained after each step was dialysed for three days. 
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Scheme 2.2 | Synthesis of the boronic acid targeting ligand with, (a) octaethylene glycol (OEG) 

spacer and (b) PEG1000. Reactions and conditions: a, tosyl chloride, NaOH (1.5 equiv.), THF/H2O; 

b, sodium azide (2 equiv.), ACN; c, TBDMS-Cl (1.1 equiv.), NEt3 (1.1 equiv.), DMAP (0.1 equiv.), 

DCM; d, NaH (1.1 equiv.), DMF; e, TBAF (3 equiv.), THF; f, carboxy dimethylmaleic anhydride 

(1.5 equiv.), HATU (1.5 equiv.), DIPEA (1.5 equiv.), DCM; g, 4-ethynylphenylboronic acid 

pinacol ester, copper iodide (0.05 equiv.), DIPEA (3 equiv.), DCM; h, NaIO4 (5 equiv.), NH4OAc 

(5 equiv.), acetone/H2O. 

 

 

Scheme 2.3 | Assembly of the protein carrier. Reactions and conditions: a, DIPEA (3 equiv.), 

DMAP (0.4 equiv.), DMSO; b, sulfo-LC-SPDP (0.5 equiv.), PBS/DMSO (pH 7.6).  
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Thereafter, the lectin was conjugated onto the GC-BA0-SPDP in different weight ratios, 

(polymer/rSML-A) 5:1, 20:1, 40:1 (see Scheme 2.3 for reaction scheme). Unreacted rSML-A were 

removed by ultrafiltration with a 30 kDa filter membrane via centrifugation at 10,000 X g for 8 

minutes. The lectin, rSML-A, was obtained from a collaborator at the courtesy of Professor Yoon 

Ho Sup. The purity of the protein (rSML-A and rKML-A) obtained from the collaborator was 

checked by SDS-PAGE (see Figure 2.10) after being thawed from 3 to 4 years of deep-freeze. A 

single band slightly above 25 kDa mark indicates that the protein is still pure (with some being 

dimerized as can be seen slightly above the 50 kDa mark). Meanwhile, the recombinant A-chain 

of Korean mistletoe lectin (KML-A) was not pure, indicated by appearance of two close bands.in 

very close proximity, and hence, was not used in the studies. 

 

Scheme 2.4 | Synthesis of GC-BA-SPDP/rSML-A conjugate with different lengths of PEG 

segment on GC-BA-SPDP. The protein was treated with TCEP at 4 ℃ in PBS for an hour and 

filtered by 3 kDa membrane prior to conjugation. The protein concentrate was collected and added 

to the PBS mixture, consisting of respective polymers, GC-BA-SPDP, for 18 hours at 4 ℃. 
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Figure 2.10 | Gel image of the SML and SML-A (left), adapted from ref. 27, and the gel image of 

the recombinant A-chains obtained from collaborator, after being thawed from deep-freeze (right). 

 

Apoptosis assay was conducted, since our hypothesis was that the delivery system would help 

in internalising the rSML-A, and subsequently releasing it in its native form, which in turn would 

inhibit protein synthesis and result in cell apoptosis and cell death. MDA-MB-231 (ERα-, higher 

expression of sialic acids), a breast cancer cell line, was chosen as the target of interest and treated 

with the polymer-protein conjugates for 48 hours incubation. The cells were then harvested, 

washed with PBS and stained with Annexin V/PI, according to the protocol supplied by the 

manufacture. Thereafter, the stained cells were analysed by flow cytometry, and the results 

obtained are show in Figure 2.11. 

 

Figure 2.11 | Flow cytometry results depicting graphs of fluorescence intensity of PI against 

Annexin V – FITC channel for MDA-MB-231 after 48 hours incubation with 2-11, GC-BA0-

SPDP/rSML-A. Q2 depicts the percentage of dead cells, while Q3 gives the percentage of cells in 

early apoptosis stage, and Q4 shows the percentage of live cells. 
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The results obtained from flow cytometry showed that there was not a significant difference 

despite increasing amount of protein added. This showed that maximum amount of protein has 

been conjugated at the highest polymer/protein ratio (40:1), and the resultant killing effect were 

similar. Although the percentage of cells in Q2 and Q3 combined were only slightly higher in 

polymer-protein conjugates as compared to polymer alone, this showed that a small amount of 

protein has been delivered. The results implied that induction of apoptotic stage may require a time 

period of longer than 12 hours of incubation. We hypothesised that steric hindrance resulted from 

conjugating the 29 kDa protein onto the chitosan backbone result in the targeting ligands (CDM-

OEG-BA0) being buried deep within, and thereby obstructing the receptor-mediated endocytosis 

process.  

Thereafter, the effect of longer targeting ligand (PEG1000 with n ≈ 22) was studied in a smaller 

setting by conducting cell cytotoxicity studies and increasing the incubation period. The desired 

polymeric targeting ligands were synthesized according to Scheme 2.2(b). The final product was 

purified by dialysis in 1 kDa dialysis tubing. The attachment of the new targeting ligands and 

sulfo-LC-SPDP on to the chitosan backbone was carried out in a similar manner (see Scheme 2.3). 

The protein, rSML-A, was conjugated onto the polymer in the weight ratio, (polymer/r-SML-A) 

40:1 according the conditions shown in Scheme 2.4. Unreacted rSML-A were removed by 

ultrafiltration with a 30 kDa filter membrane via centrifugation at 10,000 X g for 8 minutes. 

After obtaining the new conjugate, 2-18, their toxicity profile in breast cancer cells, MDA-

MB-231, was studied on a smaller scale. The cells were treated with the polymer-lectin conjugates 

at different concentrations in serum-containing media (without phenol red). After 48 and 72 hours 

respectively, the media, along with free conjugates were aspirated, washed twice with PBS, and 

media containing WST-1 reagent was added to each well and incubated in dark for another hour 

at 37 ℃. TECAN microplate reader was used for absorbance measurement at 450 nm (with 

reference wavelength set at 650 nm). Transmittance intensities were recorded, and values obtained 

were normalised in accordance to the control, and subsequently plotted as shown in Figure 2.12. 
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Figure 2.12 | WST-1 assay of MDA-MB-231 upon 48 hours incubation (khaki) and 72 hours 

incubation (blue) with 2-19, GC-BA1-SPDP/rSML-A. The samples were incubated in presence of 

FBS (2%) and absence of glucose.  

 

 The cell viability assays suggested that the initial design of polymer-lectin conjugates do not 

have significant effects on the cells. We hypothesized that it could be due to inability to escape 

from the endosome, as both the targeting ligand and disulfide linker (sulfo-LC-SPDP) are 

connected onto the amino group of the sugar, in which, the disulfide linker forms a stable amide 

bond which is not easily hydrolysed at endosomal pH (approx. pH 6.5). As a result, the proton-

sponge effect of chitosan was limited. In addition, the targeting ligand density may not be sufficient 

for multi-valent binding advantage, as the amount of targeting ligands to be conjugated has to be 

carefully tuned such that the SPDP linker can be connected as well. Moreover, LC-SPDP has a 

long chain of alkyl spacer, which will add on some hydrophobicity factor to the final polymer, this 

may hinder effective conjugation of rSML-A onto the polymer. 
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2.3.2 | New Model: Proposed Modifications, Synthesis and Biological Assays 

 

Based on the initial design, both the targeting ligands and disulfide linkers (LC-SPDP) 

compete for the amino groups present on the glycol chitosan backbone. Enhancing the targeting 

ability will compromise the amount of protein that can be conjugated and delivered. On the other 

hand, increasing the amount of disulfide linker to maximise the amount of protein that can be 

conjugated will result in poorer endosomal escape ability. The reason stemmed from the formation 

of a stable amide bond between commercial LC-SPDP linker and amino group of the chitosan, 

which in turns, limits the amount of free amine present to aid in escaping from the endosome. 

Hence, taking into the account of this and all the factors mentioned previously, the rSML-A 

delivery system has been remodelled as shown in Figure 2.13 below.  

 

Figure 2.13 | New model of the carrier system, BA-GC-SS/rSML-A. Ratio of BA-PEG linker 

(grey) and CDM-TEG-SSPy (blue) is 2:1, and it can be varied during the final step of synthesizing 

the polymer, BA-GC-SSPy. 

 

With this, the use of available sites on the glucosamine monomeric units are maximised, such 

as both the hydroxyl and amino groups for attachment of the two distinctive key components for 

different purposes respectively. The polyethylene glycol terminals are much more hydrophilic as 

compared to the protein, which is slightly hydrophobic in comparison, thus this will induce the 
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formation of a nanoparticle-like complex. The syntheses of the essential components, protected 

targeting ligand and acid-labile disulfide linker, are relatively straightforward, as shown in Scheme 

2.5. Another reason to redesign the disulfide linker is because a slightly hydrophilic TEG segment 

will help to improve the solubility of the final polymer greatly, and that disruption of any 

nanoparticulate formation prior to conjugation can be easily done by ultrasonication.  

 

Scheme 2.5 | Synthesis of the essential components of the carrier, (a) protected targeting ligand, 

BE-PEG and (b) acid-labile disulfide linker, CDM-TEG-SSPy. Reactions and conditions: a, tosyl 

chloride, NaOH (1.5 equiv.), THF/H2O; b, sodium azide (2 equiv.), ACN; c, 4-

ethynylphenylboronic acid pinacol ester, copper iodide (0.05 equiv.), DIPEA (3 equiv.), DCM; d, 

potassium thioacetate (2.5 equiv.), NaI (0.1 equiv.), acetone; e, 1. NaOMe (1.5 equiv.), MeOH, 2. 

dipyridyl disulfide; f, carboxy dimethylmaleic anhydride (1.2 equiv.), HATU (1.5 equiv.), HOAt 

(1.5 equiv.), DIPEA (1.5 equiv.), DCM.  

 

 The new carrier was prepared according to Scheme 2.6 shown in the next page. It is termed 

as BA-GC-SSPy, with the ‘BA’ placed before ‘GC’ so as to distinguish from the initial design, 

and also because the targeting ligands (BA) and disulfide linker (SSPy) are now at opposite ends 

of the glucosamine monomeric units. Solubility of the new carrier was improved greatly, as a stock 

solution of 50 mg/mL of polymer in water was prepared and can be kept for long period of time 

without precipitation observed. In contrast, the initial design, GC-BA-SPDP, has a maximum 

solubility of 1 mg/mL in water. 
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Scheme 2.5 | Synthesis of new carrier design from commercially available glycol chitosan. 

Reactions and conditions: a, phthalic anhydride (5 equiv.), AcOH/H2O; b, tosyl chloride (1.5 

equiv.), triethylamine (3 equiv.), DMF; c, sodium hydride (1.5 equiv.), 2-20, DMF; d, 1. sodium 

periodate (5 equiv.), DMF, 2. HCl; e, hydrazine (10 equiv.), methanol; f, 2-23, DIPEA, DMAP, 

DMF. 

 

 Meanwhile expression of rSML-A using E. coli was carried out, in accordance to protocol 

reported by our collaborator (see Scheme 2.6 below), for biological assays.27 The gel images of 

the mixture in intermediary steps and in final FPLC purification are shown in Figures 2.14 and 

2.15 respectively. 

 

Scheme 2.6 | General schematic illustration of the procedure in induction and purification of the 

recombinant protein, rSML-A. 
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Figure 2.14 | Gel images of mixtures in intermediary steps of recombinant protein (rSML-A) 

purification. L = ladder/marker (values written on the left are in kDa); (-) = before induction, 

induced = after protein induction; FT = first flow through; W1 = after first wash; W2 = after second 

wash,; + SUMO protease = after incubation with SUMO protease; 2nd column = after second 

column; SUMO tag = flow through of second column which contains SUMO tag. 

 

 

Figure 2.15 | FPLC chromatogram of rSML-A, and gel image obtained from SDS-PAGE of 

different fractions collected (insert).  

 

 In order to achieve high conjugating efficacy with minimal wastage instead conjugating by a 

range of weight ratios, it is essential to first understand the spatial requirement of the two key 
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components in the delivery system, which are the carrier and the cargo (recombinant protein). The 

hydrodynamic diameter (DH) of rSML-A was estimated to be within 4.5 to 5.5 nm based on the 

data available from the following proteins: trypsin (23.2 kDa, DH = 4.8 nm), glutathione-S-

transferase (26 kDa, DH = 4.8 nm), carbonic anhydrase I (29 kDa, DH = 4.9 nm, Pim-1 (31.5 kDa, 

DH = 5.2 nm) and protein kinase A (40 kDa, DH = 5.6 nm).50-51 The approximate length of 

pentasaccharide in a linear configuration is approximately 2.2 to 2.4 nm. Considering these factors, 

the protein was conjugated onto the carrier using two different ratios, 15 sugar units per rSML-A 

(2-30A) and 20 sugar units per rSML-A (2-30B), see Scheme 2.7. The final conjugate is termed 

as BA-GC-SS/rSML-A. 

 

Scheme 2.7 | Synthesis of BA-GC-SS/rSML-A (2-30) conjugate. The protein was treated with 

DTT at 4 °C in PBS for an hour and filtered by 10 kDa membrane prior to conjugation. The protein 

concentrate was collected and added to the PBS mixture, consisting BA-GC-SSPy (2-29), and 

incubated for 24 hours at 4 °C. 

 

 After obtaining the conjugate, a preliminary visual study was conducted to see if the breast 

cancer cell, MDA-MB-231, is able to uptake the new conjugates, BA-GC-SS/rSML-A_15 (2-30A) 

and BA-GC-SS/rSML-A (2-30B). Positive control (BioPORTER/rSML-A) and negative controls 
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(rSML-A, fluorophore, and PBS) were included in the study. Prior to the treatment, the substrates 

(2-30A, 2-30B, BioPORTER/rSML-A and rSML-A) were tagged with fluorophore (rhodamine B) 

by reacting with sulforhodamine B acid chloride according to protocol provided by manufacturer. 

The cells were first seeded on glass coverslips for 18 hours before incubating with different 

substrates and PBS for 6 hours in blank DMEM (without glucose, FBS, P/S, and phenol red). 

Thereafter, the media containing leftover substrates were aspirated and washed thrice with PBS, 

before DAPI-staining for better visualisation, and then fixed with 4% paraformaldehyde, and 

subsequently washed thrice with PBS. The coverslips were then carefully removed from the 

culture plate for visualisation under a confocal microscope. The confocal microscopic images 

obtained are shown in Figure 2.16 below. 

 

Figure 2.16 | Confocal images (top to bottom: merged, bright field, red channel, DAPI channel) 

of MDA-MB-231 treated with different substrates (left to right: BioPORTER/rSML-A, 2-30A, 2-

30B, rSML-A, rhodamine B, RBS) for 6 hours in blank DMEM (without glucose, FBS, P/S, and 

phenol red). Scale bar (white) = 5 μm for BioPorter/rSML-A and PBS, and scale bar (white) = 10 

μm for the rest. 

 

 Based on the confocal images obtained and upon comparing with the negative controls, it was 

highly implied that the conjugates (2-30A and 2-30B) were taken up by the breast cancer cells 
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under the conditions tested. However, there was no significant difference between both of the 

conjugates. Hence, we postulated that perhaps, in both conjugating ratios, maximum conjugation 

has already been reached, possibly due to the three-dimensional arrangement of both the protein 

and the polymer that were not factored in during the theoretical calculation. Thus, SDS-PAGE 

experiment was carried out without the addition of reducing agent for both crude substrates 

(obtained after conjugation of protein without further purification) to determine the amount of 

proteins that were conjugated. In order to do so, SDS-PAGE of rSML-A was first carried out in a 

series of different amounts as shown in Figure 2.17 (left). The highest amount of rSML-A ran was 

5 µg, which was the amount of protein present in 10 µL of crude mixture of 2-30A and 2-30B 

respectively. The intensity of each band was recorded using Fiji-ImageJ and plotted.in graph as 

shown in Figure 2.18. The equation of best-fit line was drawn and used to calculate the amount of 

unreacted protein (x-value). SDS-PAGE without addition of reducing agent was ran for crude 

mixtures (Figure 2.17 (middle)) and solutions after washing with PBS twice (Figure 2.18 (right)). 

 

Figure 2.17 | SDS-PAGE gel images of rSML-A in different concentrations (left), crude mixtures 

of 2-30A and 2-30B (middle) in which each well contains 5 µg of rSML-A), and respective 

solution of 2-30A and 2-30B after washing with PBS twice (right) by ultrafiltration with 50 kDa 

filter membrane and centrifugation conditions set at 10,000 X g, 5 minutes, 4 ℃. 
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Figure 2.18 | A graphical plot of mean intensity against concentration of rSML-A, with the values 

of mean intensity of each band (corresponding to their respective amount of rSML-A) recorded 

using Fiji ImageJ.  

 

 The gel image in Figure 2.17 (middle) showed the presence of two bands which were wide 

apart, with the bottom band corresponding to rSML-A which has a molecular weight of 28.9 kDa. 

Upon closer inspection, it was observed that the top band correspond to a compound which has 

MW slight greater than 50 kDa, and concluded that there is a very high possibility that it belonged 

to the dimerised rSML-A (MW = 57.8 kDa). Based on the calculation shown in section 2.5.4, and 

using this equation to calculate the amount of free rSML-A that were not conjugated: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (µg) = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑏𝑜𝑡𝑡𝑜𝑚 𝑏𝑎𝑛𝑑 + 2 ∗

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡𝑜𝑝 𝑏𝑎𝑛𝑑, the amount of unreacted protein in 2-30A is 1.9 µg (bottom 

band = 0.53 µg, top band = 0.68 µg) and the amount of unreacted protein in 2-30B is 1.5 µg 

(bottom band = 0.45 µg, top band = 0.53 µg). In other words, the amount of rSML-A conjugated 

in 2-30A is 3.1 µg (62% conjugating efficiency) and that in 2-30B is 3.5 µg (70% conjugating 

efficiency). After two times of washing with PBS, the band is hardly visible as shown in Figure 

2.17 (right), in which the amount of unreacted protein left in 2-30A after washing is 0.81 µg and 

that in 2-30B is 0.71 µg.  

 Thereafter, the cytotoxic effect of 2-30B (which has a higher conjugating efficiency 

calculated previously) was studied in breast cancer cells using WST-8 assay, against a well-

recognized delivery agent for proteins, BioPORTER®, as positive control, and PBS as negative 

y = 774.01ln(x) + 1536.8
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control. MDA-MB-231 cells were first seeded on 96-wells plate, 18 hours prior to experiment. 

The media were then changed to new ones according to the required conditions. Condition 1 was 

conducted according to the standard protocol of BioPORTER® reagent, which is absence of FBS 

in first 4 hours of incubation, and subsequently changed to growth media (WST-8 results will be 

color coded in blue in Figure 2.19). Condition 2 was conducted in presence of 2% FBS in the 

media (WST-8 results will be color coded in red in Figure 2.19). After 72 hours of incubation, the 

media were aspirated, gently washed with PBS thrice, and media containing WST-8 reagent was 

added. Transmittance values were recorded after an hour of incubation at 37 ℃ in the incubator 

(see Figure 2.19). Indeed, cell cytotoxicity against breast cancer cells increased with our new 

design, which indicated that it acts as a better carrier as compared to our initial design. On the side 

note, BioPORTER/rSML-A treatment in presence of 2% FBS weakened its ability as a carrier 

system at lower concentrations of rSML-A. 

 

Figure 2.19 | WST-8 assay of MDA-MB-231 cells upon treatment with BioPORTER/rSML-A 

and 2-30B in triplicate studies. The cell viability percentages shown here were normalized to that 

of negative control, PBS (cell viability = 100%). Red color-coded bars indicated presence of FBS 

(2%) and absence of glucose during incubation while blue color-coded bars indicated absence of 

FBS in first 4 hours of treatment, according to the standard protocol of BioPORTER® reagent, 

before changing to the same conditions as the others. 

 

 Although the new design result in improved cytotoxicity against breast cancer cells (< 60% 

viability at 0.2 µg/mL of rSML-A treated), the efficiency was not as ideal compared to 

BioPORTER® reagent, despite being exposed to the same treatment conditions. We hypothesized 
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that perhaps, the endosomal escape ability of the conjugate, 2-30B, was compromised, since the 

proteins wrapped in the core would tighten the spherical structure, making it less accessible for 

hydrolysis of the maleate bonds to occur. Therefore, a lysosomal tracking study was conducted to 

test the hypothesis (see Figure 2.20). The polymeric carrier 2-29 was included in this study as well 

because we would like to determine if the absence of rSML-A would not have the effect described, 

and thus it would be able to exhibit its endosomal escape ability. To conduct this study, the 

substrates 2-30B and 2-29 were tagged with Rhodamine Green instead of sulforhodamine B acid 

chloride (red), as the lysotracker available at hand has red fluorescence upon excitation 

(LysoTracker Red). As per previous experiments, MDA-MB-231 cells were first seeded on glass 

coverslips 18 hours prior to experiment. After incubating the cells with the substrates for 6 hours, 

media were aspirated and washed thrice with PBS, before treatment with LysoTracker Red 

(according to manufacturer’s protocol). They were then washed thrice with PBS, and stained with 

DAPI, and washed thrice again with PBS. The samples were all fixed with 4% paraformaldehyde 

for 30 minutes and then washed thrice with PBS. The confocal microscopic images obtained are 

shown in Figure 2-20 below. 

 

Figure 2.20 | Confocal microscopic images (left to right: DAPI, green channel, red channel, bright 

field, merged) of MDA-MB-231 treated with different substrates conjugated with rhodamine green 

(top to bottom: 2-30B, 2-29). The cells were subsequently stained with LysoTracker Red and DAPI. 

Scale bar (white) = 5 μm. 

 



Page | 48 

 

 From the confocal microscopic images in Figure 2.20, it was observed that majority of the 

conjugates are stuck within the lysosome (at regions where the red and green coincided). Even the 

polymeric carrier without its cargo, 2-29, were stuck in the lysosomes as well. After a quick 

literature search, we came across an interesting study conducted by Liu et al. in 2015.52 They 

reported the synthesis of a series of antimicrobial peptides with an additional LPETGG tag at C-

terminal for sortase-mediated conjugation +36 GFP, for cytosolic delivery studies in serum-free 

DMEM for 4 hours. They have found that Aurein 1.2 (GLFDIIKKIAESF) gave the best overall 

activity in enhancing the endosomal escape, with an increase of the cytosolic protein delivery by 

up to 5-fold, and that it has no known mammalian cell cytotoxicity. Thus, a slight modification of 

Aurein 1.2 (see Scheme 2.8b) was designed and synthesized to be incorporated it into the delivery 

system. The thiol end added was to facilitate attachment onto thiol linker on the polymeric carrier. 

 

Scheme 2.8 | (a) Aurein 1.2 peptide sequence with C-terminal modified with LPETGGG (red) to 

conjugate with GFP-Cre (blue). (b) Proposed design of Aurein 1.2, in which the C-terminal is 

modified with Cys since it has a thiol end for conjugation to the disulfide linker on the polymeric 

carrier. 

 

 Modified Aurein 1.2 was synthesized using conventional solid phase peptide synthesis 

method with Sieber amide resins, according to standard SPPS protocol. In brief, the resin was pre-

soaked in DMF and then activated for the attachment of the first amino acid, Fmoc-Cys(Trt)-OH. 

Nitrogen gas was bubbled into the mixture to allow constant mixing of the reagents. Thereafter, 

the amino acid was flushed out and washed twice with DMF, before deprotection of the Fmoc 
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protecting group with 20% piperidine/DMF for 20 minutes. Then, the solution was washed thrice 

with DMF. The activating agents (HOAt, TATU) and base (DIPEA) were then premixed with the 

next amino acid, Fmoc-Phe-OH, and added to the resins, and bubbled with nitrogen gas for an 

hour. This process was repeated for the subsequent amino acids till the full peptide sequence was 

obtained. Global deprotection under strong acidic conditions cleaved off the bare peptide from the 

resins, which was then isolated and precipitated out by cold diethyl ether. Analysis by LC-MS (see 

Figure 2.21) showed that the modified Aurein 1.2 was obtained successfully. 

 

Figure 2.21 | LC-MS spectrum of modified Aurein 1.2 upon cleavage from Sieber amide resins 

with TFA/H2O/TIPS (v/v 95:2.5:2.5) solution. The peptide was obtained after precipitation with 

diethyl ether from dried supernatant and resuspended in DI water.  

 

 After purification by HPLC, Aurein (10 equiv.) was conjugated onto 2-30B to obtain the final 

conjugate as 2-30B@A, in which the unreacted Aurein was removed by ultrafiltration using 50 

kDa membrane, with the centrifugation condition set as 10,000 X g, 5 minutes, 4 ℃. It then washed 

thrice with PBS using the same method.  

The conjugates, 2-30B and 2-30B@A were tagged with sulforhodamine B acid chloride, 

along with other substrate controls (BioPORTER/rSML-A, rSML-A, modified Aurein 1.2, 
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sulforhodamine), and then incubated with breast cancer cells (MDA-MB-231) and mouse 

embryonic fibroblasts, NIH3T3, in which the latter acts as a negative control cell line. The 

incubation conditions were the same as previously described, and subsequently stained with DAPI 

for better visualisation purposes. The samples were fixed with 4% paraformaldehyde prior to 

microscopic studies. The confocal microscopic images are shown in Figure 2.22 and Figure 2.23. 

 

Figure 2.22 | Confocal microscopic images (top to bottom: merged, bright field, red channel, 

DAPI channel) of MDA-MB-231 (left two columns) and NIH3T3 (right two columns) treated with 

different substrates (2-30B and 2-30B@A) tagged with rhodamine. Scale bar (white) = 10 μm.  
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Figure 2.23 | Merged confocal microscopic images of (top to bottom) BioPORTER/rSML-A, 2-

30B, 2-30B@A, rSML-A, modified Aurein 1.2, sulforhodamine B in different cell lines MDA-

MB-231 (left) and NIH3T3 (right). The color blue depicts DAPI staining, while red depicts 

substrates stained with sulforhodamine chloride. Scale bar (white) = 10 μm. 
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 A significant increment in uptake of 2-30B@A as compared to 2-30B was observed visually 

in the breast cancer cells, MDA-MB-231. Encouraged by the results, cell viability assay was then 

carried out with the conjugates 2-30B@A and 2-30B, along with the polymer carrier 2-29 for 

comparison study. The conditions of treatment were milder in this study, in which the cells were 

incubated with our substrates under growth conditions (in presence of 2,250 mg/L of D-glucose 

and 5% FBS) for 70 hours. Subsequent work-up procedures were the same as previously described, 

and WST-8 reagent in fresh media were added for an hour of incubation. Thereafter, the 

transmittance values were recorded and plotted in the charts shown in Figure 2.24. 

 

Figure 2.24 | WST-8 cell viability assays of (a) 2-30B@A, (b) 2-30B, and (c) 2-29, in MDA-MB-

231 cells (dark blue) and NIH3T3 (light blue). The cells were incubated with substrates under 

normal growth condition, in presence of glucose and FBS for 70 hours. The cell viability 

percentages shown here were normalized to that of negative control, PBS (cell viability = 100%). 

 

 Based on the results shown in Figure 2.24, relatively good toxicity was achieved selectively 

against breast cancer cells, MDA-MB-231, under growth conditions upon treatment with the final 

conjugate, 2-30B@A. This study further demonstrates the applicability of using cheap alternatives 

such as boronic acids as targeting ligands, instead of the very expensive antibodies. Endosomal 

escape was achieved with the aid of modified Aurein 1.2, and the low cell viability observed 

indicated that the protein, rSML-A, has been successfully delivered in its native form into the 

cytosol, in which it was able to fulfil its role as a ribosome-inactivating protein. To further 

substantiate this, lysosomal tracking assay was conducted to determine visually. 2-30B@A, tagged 
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with rhodamine dye, was incubated with MDA-MB-231 for 12 hours. Thereafter, the old media 

was aspirated, and the seeded cells were washed with PBS thrice. The cells were then stained with 

LysoTracker Green according to protocol provided by the manufacturer, and they were washed 

with PBS again before staining with DAPI. Next, the cells were washed with PBS thrice and fixed 

with 4% paraformaldehyde according to previously described conditions. Finally, after washing 

the cells, the glass coverslip was gently removed from the culture plate and analysed by confocal 

microscopy. Another technique, z-stack, was used to capture different slices of the desired region 

along the z-axis. The compiled image generates a three-dimensional (3D) view of the region of 

interest (see Figure 2.25). The 3D view showed that majority of our final conjugate, 2-30B@A, 

has successfully escaped from the lysosomes, and this image captured the early apoptotic stage of 

cell death. 

 

Figure 2.25 | Compiled z-stack images depicts a three-dimensional view of MDA-MB-231 after 

12 hours incubation with our final conjugate, 2-30B@A (red) which most had successfully escaped 

from the endosomes before lysosomes (green) fusion. Blue color represents nuclei as stained by 

DAPI. 
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2.4 | Conclusion 

 

In summary, the viability of this targeted system have been demonstrated through 

straightforward synthetic routes and uptake of the final conjugate (2-30B@A) into the sialic-acid 

overexpressed cells (MDA-MB-342) selectively against the control (NIH3T3), in which cytosolic 

delivery of rSML-A was achieved. Early designs and subsequent modifications have aided in fine-

tuning of the delivery system into a viable one that allows the protein to be delivered in its native 

form. As such, it is able to unleash its potency upon escaping from the endosomes before 

lysosomes fusion, thereby killing the cancerous cells selectively. This delivery system was resisted 

by the normal cells, in which uptake of the conjugate was close to none. In addition, the carrier, 2-

29, has shown excellent biocompatibility, even in the breast cancer cells. In conclusion, this design 

of a combination of highly specific components was substantiated by promising biological 

activities observed in this study, and provides an excellent platform for future applications in 

protein delivery. 
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2.5 | Methods and Materials 

 

2.5.1 | Materials 

 

High MW glycol chitosan (Mw ≥ 80 kDa, DD ≥ 85%), Sulforhodamine B acid chloride, cell 

proliferation reagent WST-1 solution (abbreviated as WST-1), diisopropylethylamine (DIPEA), 

4-dimethylaminopyridine (DMAP) and all other chemicals used in synthesis were purchased from 

Merck (Darmstadt, Germany). 2,5-Dihydro-4-methyl-2,5-dioxo-3-furanpropanoic acid (CDM) 

was purchased from Tokyo Chemical Industry (Tokyo, Japan). 1-[Bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), 3H-[1,2,3]-

Triazolo[4,5-b]pyridin-3-ol (HOAt), and all amino acids used in synthesis were purchased from 

GL Biochem Ltd. (Shanghai, China). Sulfo-LC-SPDP, Rhodamine Green carboxylic acid 

succinimidyl ester (abbreviated as rhodamine green), LysoTracker Red DND-99 (abbreviated as 

LysoTracker Red), and LysoTracker Green DND-26 (abbreviated as LysoTracker Green) were 

purchased from Thermo Fisher Scientific Inc. (Waltham, USA). Cell counting kit-8 (also known 

as WST-8) was purchased from Dojindo Molecular Technologies, Inc. (Maryland, USA). Dialysis 

tubing was purchased from Spectra/Por (Singapore). Milli-Q water (18 MΩ) was prepared using 

a Milli-Q Synthesis System (Millipore, Bedford, MA, USA) for dialysis and experiments. Cell 

lines, MDA-MB-231 and NIH3T3, were obtained as gifts from our collaborator, Professor Yoon 

Ho Sup. 

2.5.2 | Chemical Synthesis 

 

General Experimental Details 

All reactions were carried out in oven-dried glasswares and under ambient conditions, unless 

otherwise stated. Reactions were monitored by thin-layer chromatography (TLC) silica gel plates 

60-F254 using UV light at 254 nm to visualise and KMnO4 as a staining agent, together with 

Liquid Chromatography Mass Spectrometer (LCMS) to monitor the change in molecular weights.  
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Solvents used were either purified according to standard procedures in literature or as purchased 

from Merck. Product purification was done by flash chromatography using silica gel 60 (0.010-

0.063 mm), with reagent grade solvents and distilled technical grade solvents, unless otherwise 

stated. Nuclear magnetic resonance (NMR) spectra were recorded at 400MHz or 500MHz for 1H 

and 100MHz or 125MHz for 13C, using Bruker AVIII 400 spectrometer or Bruker AV 500 

spectrometer. Chemical shifts in 1H-NMR were calibrated to either TMS residue peak (0 ppm) or 

trace chloroform peak (7.26 ppm) in CDCl3, or trace methanol peak (3.31 ppm) in MeOD-d4. 

Chemical shifts (δ) are reported in ppm and the coupling constants (J) are given in Hz. The 

following abbreviations are used to classify the multiplicity: s = singlet, d = doublet, t = triplet, m 

= multiplet or unresolved, brs = broad signal. 1H NMR for substrates were recorded below for 

reference. In addition, 13C NMR were given for newly prepared small molecules. 

Monotosylation of tetraethylene glycol (TEG) and PEG1000 was carried out in a similar manner 

following protocol reported by Daniel et al.53 SN2 reactions to formation of azido compounds was 

also carried out in a similar manner following method reported by Cubberley and Iverson.54 

Protection and deprotection of alcohols were done according to methods reported in ref. 55. 

Esterification reactions were done in a similar manner as peptide coupling protocols reported by 

Kahne et al.56 Click reaction between azido and alkyne was done in a similar manner reported by 

Wang and Hu et al.57 Deprotection of pinacol esters were done in a similar manner as reported by 

Matsubara et al.58 Potassium thioacetate SN2 reaction was carried out in a similar manner reported 

by Gee et al.59 Protection and subsequent deprotection of chitosan was done following protocols 

similar to those reported by Ifuku et al. and Gagnon et al.60-61 Tosylation reaction on C6 hydroxyl 

of chitosan was carried out in a similar manner as reported by Chen et al.62 Calculations for 

reactions involving polymer were based on repeating monosaccharide units. 

Initial Design: Synthesis of Targeting Ligands 

Synthesis of tetraethylene glycol monotosylate, TEG-Ts, (2-1): Tetraethylene glycol (10.0 g, 

0.693 mol) and sodium hydroxide (3.09 g, 0.104 mol) were dissolved in THF/H2O (110 mL, v/v 
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= 10:1) at 0 ℃. p-Toluenesulfonyl chloride (9.82 g, 0.693 mol), dissolved in THF (10 mL), was 

added dropwise to the mixture. The mixture was warmed to room temperature and stirred for 5 

hours. The solvent was then removed in vacuo, followed by DCM/water extraction. The combined 

organic layers were dried over sodium sulfate and the solvent was removed under reduced pressure. 

TEG-OTs was purified using flash column chromatography on silica gel chromatography with 

acetone:DCM (v/v =1:5) as the eluent to give TEG-Ts (2-1) as a clear colorless oil (13.8 g, 57%). 

1H NMR (400 MHz, CDCl3) δ: 7.71 (2H, d, J = 7.2 Hz), 7.27 (2H, d, J = 7.2 Hz), 4.08 (2H, m), 

3.56 (14H, m), 2.84 (1H, brs), 2.36 (3H, s). 

Synthesis of 1-Azido-3,6,9-trioxaundecane-11-ol, TEG-N3, (2-2): TEG-Ts (5.00 g, 0.144 mol) 

and sodium azide (1.87 g, 28.7 mmol) were dissolved in acetonitrile and heated at reflux for 18 

hours. Acetonitrile was then removed in vacuo, and DCM/H2O extraction was carried out. The 

combined organic layers were dried over sodium sulfate and the solvent removed under reduced 

pressure, giving TEG-N3 (2-2) as colorless oil (2.45 g, 78%). 1H NMR (400 MHz, CDCl3) δ: 3.63 

(14H, m), 3.34 (2H, t, J = 4.8 Hz), 2.83 (1H, brs).  

Synthesis of tert-Butyldimethylsilyl tetraethylene glycol p-tosyl diether, TBDMS-TEG-TS, 

(2-3): TEG-OTs (2.00 g, 5.74 mmol) and triethylamine (0.88 mL, 6.31 mmol) were added into 

DCM (16 mL), under nitrogen atmosphere. tert-Butyldimethylsilyl chloride (0.950 g, 6.31 mmol) 

was then dissolved in DCM (2 mL) and subsequently added dropwise at room temperature. DMAP 

(69.6 mg, 0.57 mmol), dissolved in DCM (2 mL), was then added to the reaction mixture, and 

stirred overnight. The solvent was removed in vacuo and water (20 mL) was added and 

subsequently extracted with EtOAc twice, and washed with 20 mL of acidic water twice, and once 

with brine. The organic layer was dried over sodium sulfate, and the solvent was removed in vacuo 

to give TBDMS-TEG-TS (2-3) as a clear pale yellow oil (2.52 g, 95%). 1H NMR (500 MHz, 

CDCl3) δ: 7.6 (2H, d, J = 7.2 Hz), 7.2 (2H, d, J = 7.2 Hz), 4.01 (2H, m), 3.47 (14H, m), 2.24 (3H, 

s), 0.71 (9H, s), -0.12 (6H, s).  
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Synthesis of TBDMS-OEG-N3, (2-4) Sodium hydride (36.0 mg, 1.51 mmol) was added portion-

wise to DMF (3 mL) at 0 ℃ under inert atmosphere. TBDMS-TEG-OTS (0.300 g, 1.37 mmol) 

was added to the mixture, followed by dropwise addition of TEG-N3 (0.633 g, 1.37 mmol) The 

reaction mixture was allowed to warm to room temperature and stirred overnight. 20 mL of  water 

was added, and the mixture was extracted with chloroform. The combined organic layers were 

washed with brine, dried over sodium sulfate, and concentrated in vacuo. TBDMS-OEG-N3 (2-4) 

was obtained as a pure yellow oil (0.244 g, 35%) by flash chromatography using EtOAc:DCM 

(1:9 to 3:7) as the eluent. 1H NMR (400 MHz, CDCl3) δ: 3.71 (2H, m), 3.60 (26H, m), 3.50 (2H, 

m), 3.34 (2H, m), 0.85 (9H, s), 0.01 (6H, s). 13C NMR (100 MHz, CDCl3) δ: 72.61, 70.68, 70.65, 

70.63, 70.6, 70.54, 69.99, 62.67, 50.64, 29.63, 25.90, 18.31. 

Synthesis of OEG-N3, (2-5): TBDMS-OEG-N3 (0.244 g, 0.480 mmol) was dissolved in 3 mL 

THF at 0 ℃ and TBAF (1.4 mL, 1.44 mmol) was added dropwise under nitrogen atmosphere, and 

the reaction mixture was stirred overnight. Thereafter, the reaction mixture was transferred into a 

falcon tube, and activated sulfonic acid resins and calcium carbonate were added, following that 

of a reported procedure by Kaburagi and Kishi.63 The mixture was stirred at room temperature for 

an hour and filtered. The filtrate was collected and concentrated in vacuo to give 2-5 as a clear 

yellow oil (0.178 g, 95%). 1H NMR (500 MHz, CDCl3) δ: 3.56 (29H, m), 3.32 (3H, m). 13C NMR 

(100 MHz, CDCl3) δ: 72.51, 70.62, 70.58, 70.55, 70.48, 70.24, 68.96, 61.65, 50.30. 

Synthesis of CDM-OEG-N3, (2-6): CDM (62.4 g, 0.339 mmol), HATU (129 mg, 0.339 mmol,), 

and HOAt (46.1 mg, 0.339 mmol) were dissolved in DMF (3 mL) at 0 ℃. OEG-N3 (89.4 g, 0.226 

mmol) was added to the mixture followed by dropwise addition of N,N-diisopropylethylamine 

(0.06 mL, 0.339 mmol). The mixture was left to stir for 30 min at 0 ℃ before warming up to room 

temperature, and further stirred overnight. DMF was then removed in vacuo and CDM-OEG-N3 

was purified using flash column chromatography on silica gel using EtOAc:DCM (1:9 to 1:3) to 

give 2-6 as a clear yellow oil (0.25 g, 20%). 1H NMR (400 MHz, CDCl3) δ: 4.23 (2H, m), 3.66 



Page | 59 

 

(28H, m), 3.39 (2H, m), 2.74 (4H, m), 2.12 (3H, s). 13C NMR (100 MHz, CDCl3) δ: 173.46, 165.96, 

165.80, 142.52, 142.01, 77.21, 71.04, 53.31, 9.53. 

Synthesis of CDM-OEG-BE, (2-7): CDM-OEG-N3 (204 mg, 0.364 mmol), 4-ethynylphenyl 

boronic acid pinacolato ester (83.0 mg, 0.364 mmol) and copper (I) iodide (3.47 mg, 18.2 µmol) 

were added to DCM (3 mL). N,N-Diisopropylethylamine (0.19 mL, 1.09 mmol) was then added, 

and the mixture was left to stir at room temperature for 3 hours. Dichloromethane was removed 

under reduced pressure and CDM-OEG-BE was purified using flash column chromatography on 

silica gel with EtOAc:acetone (v/v = 1:0 to 7:1) as the eluent to give yellow oil (0.119 g, 40 %). 

1H NMR (400 MHz, CDCl3) δ: 8.05 (1H, s), 7.86 (4H, brs), 4.60 (2H, m), 4.22 (2H, m), 3.92 (2H, 

m), 3.65 (26H, m), 2.73 (4H, m), 2.12 (3H, s), 1.36 (12H, s). 13C NMR (100 MHz, CDCl3) δ: 

171.63, 165.85, 165.57, 147.35, 142.21, 142.18, 135.24, 133.33, 124.77, 121.57, 83.82, 72.46, 

70.50, 70.39, 70.31, 69.44, 68.87, 63.01, 50.29, 30.97, 24.86, 19.83, 9.69. 

Synthesis of CDM-OEG-BA, which is abbreviated as BA0, (2-8): CDM-OEG-triazole-BE (100 

mg, 0.127 mmol) was dissolved in acetone (2.5 mL). ammonium acetate (48.9 mg, 0.635 mmol), 

dissolved in deionised water (0.5 mL), was added, followed by sodium periodate (136 mg, 0.635 

mmol). The mixture was allowed to stir at room temperature until completion, as monitored by 

LCMS. The mass of CDM-OEG-BA was observed [M+Na]+• = 729.84. The compound is purified 

by flash chromatography on silica gel with DCM:acetone (v/v = 1:1) as the eluent to give a pale 

yellow oil (89.8 mg, quantitative). 1H NMR (400 MHz, CDCl3) δ: 7.89 (1H, s), 7.66 (2H, d, J = 

7.8 Hz), 6.88 (2H, d, J = 7.8 Hz), 4.56 (2H, m), 4.18 (2H, m), 3.88 (2H, m), 3.59 (26H, m), 2.65 

(4H, m), 2.08 (3H, s). 13C NMR (100 MHz, CDCl3) δ: 171.67, 165.85, 165.57, 147.65, 142.35, 

142.20, 137.88, 134.40, 127.45, 121.35, 115.99, 77.29, 72.41, 70.40, 69.46, 69.38, 68.90, 64.05, 

61.97, 50.36, 30.99, 30.76, 19.85, 9.64. 

Synthesis of PEG-OTs, (2-12): PEG1000 (5.90 g, 0.572 mol) and sodium hydroxide (0.343 g, 

0.858 mol) were dissolved in 110 mL THF/H2O (v/v = 10:1) at 0 ℃. p-Toluenesulfonyl chloride 

(1.09 g, 0.572 mmol), dissolved in THF (1 mL), was added dropwise to the mixture. The mixture 
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was warmed to room temperature and stirred for 5 hours. The solvents were then removed under 

reduced pressure. The product was then purified by silica gel chromatography using 

methanol/dichloromethane (v/v, 1:25) as the eluent. PEG1000-OTs was obtained as colorless oil 

(3.52 g, 46 %). 1H NMR (400 MHz, CDCl3) δ: 7.73 (2H, d), 7.29 (2H, d), 4.09 (2H, m), 3.62-3.45 

(88H, m), 2.87 (1H, brs), 2.35 (3H, s).  

Synthesis of PEG-N3, (2-13): PEG-OTs (0. 965 g, 1.00 mmol) and sodium azide (0.195 g, 3.00 

mmol) were charged to a round bottom flask. Anhydrous acetonitrile (10 mL) was added under 

nitrogen atmosphere, and the reaction mixture was stirred under reflux for 12 hours. ACN was 

then removed under reduced pressure, and the residue was then dissolved in chloroform (10 mL). 

Unreacted sodium azide was removed by celite filtration. The crude product was used directly 

without further purification. 

Synthesis of CDM-PEG-N3, (2-14): CDM (0.393 g, 1.50 mmol), HATU (0.569 g, 1.50 mmol,), 

and HOAt (0.203 g, 1.50 mmol) were dissolved in 13 mL DMF at 0 ℃. PEG-N3 (~1 mmol) was 

added to the mixture followed by dropwise addition of N,N-diisopropylethylamine (0.26 mL, 1.50 

mmol). The mixture was left to stir for 30 min at 0 ℃ before warming up to room temperature, 

and further stirred overnight. DMF was then removed in vacuo and the crude oil was used without 

further purificaiton. 

Synthesis of CDM-PEG-BE, (2-15): Crude 2-14 (~1 mmol), 4-ethynylphenyl boronic acid 

pinacolato ester (228 mg, 1.00 mmol) and copper (I) iodide (9.52 mg, 50.0 µmol) were added to 4 

mL DCM/THF (v/v = 3:1). N,N-Diisopropylethylamine (0.35 mL, 2.00 mmol) was then added, 

and the mixture was left to stir at room temperature for 3 hours. Dichloromethane was removed 

under reduced pressure and the crude product was used directly in the next step. 

Synthesis of CDM-PEG-BA, which is abbreviated as BA1, (2-16): 2-15 (~1 mmol) was 

dissolved in acetone (5 mL). Ammonium acetate (0.385 g, 5.00 mmol), dissolved in deionised 

water (1 mL), was added, followed by sodium periodate (1.07 g, 5.00 mmol). The mixture was 

allowed to stir at room temperature for 24 hours. Thereafter, the solvents were removed under 
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reduced pressure till concentrated, which was then transferred into a dialysis tubing with 1 kDa 

MWCO, and dialysed for three days. The sample was concentrated under reduced pressure and 

subsequentely lyophillsied to give 2-16 (0.252 mg, 21% yield over 4 steps) as off white solids. 1H 

NMR (400 MHz, CDCl3) δ: 8.04 (1H, s), 7.71 (2H, d), 7.55 (2H, d), 4.55 (2H, t), 4.16 (2H, t), 3.89 

(2H, t), 3.61-3.54 (~88H, m), 2.68 (4H, m), 2.10 (3H, s). 13C NMR (100 MHz, CDCl3) δ: 171.66, 

165.86, 165.56, 146.58, 142.30, 142.19, 137.87, 134.19, 127.48, 121.34, 115.97, 77.28, 72.42, 

70.43, 69.44, 69.35, 68.89, 64.03, 61.87, 59.50, 50.40, 30.98, 30.76, 19.84, 9.65. 

Initial Design: Assembling of GC-BA-SPDP/rSML-A 

GC-BA-SPDP/rSML-A is assembled in a stepwise manner, starting with the amide formation 

between the targeting ligand and glycol chitosan under basic conditions, followed by addition of 

sulfo-LC-SPDP linker, and finally, conjugation of rSML-A. Reaction with sulfo-LC-SPDP linker 

was carried out according to protocol reported by manufacturer.64 Calculations are based on 

repeating monosaccharide units on the polymer. 

Synthesis of GC-BA0 (2-9): Glycol chitosan (50.0 mg, 0.282 mmol) was first suspended in 

DMSO (10 mL) together with the targeting ligand, BA0 (86.3 mg, 0.122 mmol).). Next, DMAP 

was added (14.9 mg, 0.122 mmol). The mixture was then stirred at 50 ℃ for 24 hours. Thereafter, 

the mixture was dialyse with deionised water (2 L), and the water was changed every 6-8 hours 

for 3 days. Water was then removed in vacuo, and lyophilised. 23 mg of pale yellow film was 

obtained. 

 Synthesis of GC-BA0-SPDP (2-10): 2-9 (15.0 mg, 17.0 µmol) was first dispersed in 15 mL 

DMSO/PBS (pH 7.0). Sulfo-LC-SPDP (4.0 mg, 7.58 µmol) was added into the mixture and the 

resultant mixture was stirred for 24 hours at room temperature. Thereafter, the mixture was dialyse 

with deionised water (2 L), and the water was changed every 6-8 hours for 3 days. Water was then 

removed in vacuo, and lyophilised. 4.2 mg of pale yellow film was obtained. 

Synthesis of GC-BA0-SPDP/rSML-A (2-11): rSML-A was first treated with TCEP at 4 ℃ in 

PBS for an hour and filtered by 3 kDa membrane with centrifugation condition set at 10,000 X g 
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for 10 minutes at 4 ℃, prior to conjugation. The protein concentrate was collected and added to 

the PBS mixture, consisting of GC-BA0-SPDP, in 3 different mass ratios (polymer/rSML-A = 5:1, 

20:1, 40:1) for 18 hours at 4 ℃. Thereafter, the mixture was purified by ultrafiltration with 30 kDa 

membrane and centrifuged at 10,000 X g for 8 minutes at 4 ℃. The concentrated was resuspended 

with PBS, and the process was repeated twice to obtain GC-BA0-SPDP/rSML-A. 

Synthesis of GC-BA1 (2-17): Glycol chitosan (50.0 mg, 0.282 mmol) was first suspended in 

DMSO (10 mL) together with the targeting ligand, BA0 (167 mg, 0.122 mmol).). Next, DMAP 

was added (14.9 mg, 0.122 mmol). The mixture was then stirred at 50 ℃ for 24 hours. Thereafter, 

the mixture was dialyse with deionised water (2 L), and the water was changed every 6-8 hours 

for 3 days. Water was then removed in vacuo, and lyophilised. 51 mg of pale yellow film was 

obtained. 

 Synthesis of GC-BA1-SPDP (2-18): 2-9 (30.0 mg, 19.4 µmol) was first dispersed in 30 mL 

DMSO/PBS (pH 7.0). Sulfo-LC-SPDP (4.50 mg, 8.53 µmol) was added into the mixture and the 

resultant mixture was stirred for 24 hours at room temperature. Thereafter, the mixture was dialyse 

with deionised water (2 L), and the water was changed every 6-8 hours for 3 days. Water was then 

removed in vacuo, and sample was lyophilised. 6.9 mg of pale yellow film was obtained. 

Synthesis of GC-BA1-SPDP/rSML-A (2-19): rSML-A was first treated with TCEP at 4 ℃ in 

PBS for an hour and filtered by 3 kDa membrane with centrifugation condition set at 10,000 X g 

for 10 minutes at 4 ℃, prior to conjugation. The protein concentrate was collected and added to 

the PBS mixture, consisting of GC-BA0-SPDP, in polymer/rSML-A ratio 40:1 for 18 hours at 4 ℃. 

Thereafter, the mixture was purified by ultrafiltration with 30 kDa membrane and centrifuged at 

10,000 X g for 8 minutes at 4 ℃. The concentrated was resuspended with PBS, and the process 

was repeated twice to obtain GC-BA0-SPDP/rSML-A. 

New Model: Synthesis of Acid-Labile Disulfide Linker and Protected Targeting Ligand 

Synthesis of -PEG1000-BE, which is abbreviated as BE (2-20): 4-Ethynylphenylboronic acid 

pinacol ester (0.096 g, 0.422 mmol), PEG1000-N3 (0.500 g, 0.422 mmol) and copper (I) iodide (4.02 
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mg, 0.0211 mmol) were charged to a round bottom flask containing DCM (2 mL). DIPEA (73.0 

µL, 0.422 mmol) and acetic acid (2.4 µL, 0.042 mmol) was added dropwise, and the reaction 

mixture was stirred for 2 hours. The compound was then purified by dialysis with dialysis tubing 

(500 Da MWCO), and subsequently lyophilised. Off-white powders are obtained (0.553 g, 92%). 

Synthesis of TEG-SAc (2-21): TEG-SAc was synthesized in grams scale using previously 

reported method with slight modification. To a stirred solution of tetraethylene glycol 

monotosylate (4.50 g, 12.9 mmol) in acetone (130 mL), potassium thioacetate (3.69 g, 32.3 mmol) 

and sodium iodide (0.194 g, 1.29 mmol) were added. The mixture was heated at 60 ℃ and stirred 

overnight. The solids were removed by celite filtration, and the filtrate was concentrated before 

loading on to the flash column. Upon purification by silica gel chromatograhy using 

acetone/dichloromethane (v/v, 1:4), TEG-SAc was obtained as colorless oil (2.74 g, 84%).  

Synthesis of TEG-SSPy (2-22): TEG-SSPy was prepared according to a reported method. 

Dipyridyl disulfide (0.960 g, 4.36 mmol) was charge to a round bottom flask containing compound 

2 (1.0 g, 3.96 mmol) in methanol (40 mL), followed by portion-wise addition of sodium methoxide 

(0.321 g, 5.95 mmol). The resultant mixture was stirred for 2 hours. Methanol was removed by in 

vacuo evaporation, and the chloroform was added to dissolve the organic compounds. The solids 

precipitated were removed by celite filtration, and the filtrate was concentrated before loading on 

to the flash column. Upon purification by silica gel chromatography using acetone/chloroform (v/v, 

1:4), TEG-SSPy was obtained as colorless oil (0.755 g, 60%).  

Synthesis of CDM-TEG-SSPy, which is abbreviated as SSPy (2-23): CDM (0.208 g, 1.13 

mmol), HATU (0.536 g, 1.41 mmol) and HOAt (0.192 g, 1.41 mmol) were charged to a round 

bottom flask containing anhydrous DCM (10 mL) under nitrogen atmosphere. DIPEA (0.245 mL, 

1.41 mmol) and TEG-SSPy (0.300 g. 0.94 mmol) were then added, and the resultant mixture was 

stirred for 12 hours. After removing DCM under reduced pressure, the product was purified by 

silica gel chromatography with acetone/chloroform (v/v, 1:4) as the eluent. CDM-TEG-SSPy 

(SSPy) was obtained as colorlees oil (0.312 g, 69%).  
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New Model: Solid-Phase Peptide Synthesis of modified Aurein 1.2 

Modified Aurein 1.2 was synthesized manually in 0.2 mmol scale under standard Fmoc-protocols 

on Sieber amide resin loaded in a reaction vessel for manual peptide synthesis. The Sieber amide 

resins (0.358 g, 0.2 mmol), was soaked in DMF for 30 minutes before activation with 20% 

piperidine/DMF for an hour. The solvents were flushed out and washed thrice with DMF. 

Sequential assembly of Fmoc-protected amino acids were achieved by pre-activation of Fmoc-

(amino acid)-OH with HATU (1.1 equiv.), HOAt (1.1 equiv.) and DIPEA (2 equiv.) for 10 minutes 

in DMF prior to addition to the reaction vessel. After the attachment of the first amino acid, 

capping reagent (DMF/DIPEA/Ac2O, v/v = 8:1:1) was added for 30 minutes, and subsequently 

flushed out and washed thrice with DMF. Fmoc deprotection was achieved with 10 minutes of 

soaking with 20% piperidine/DMF twice. Thereafter, the resins were washed thrice with DMF 

before the introduction of the preactivated amino acid to couple. Boc-Gly-OH was added as the 

final monomer, as the Boc protecting group can be during cleavage of peptide from the resins 

under acidic conditions. Mild cleavage condition is 0.5%TFA in DCM for 30 minutes, while strong 

cleavage condition (which will cleave off all acid-labile protecting groups) is TFA/TIPS/H2O, v/v 

= 95:2.5:2.5 for an hour. Triisopropylsilane (TIPS) in this case acts as scavengers. The peptides 

were dried, crystallized and purified by reverse-phase C18 HPLC. 

New Model: Assembling of BA-GC-SSPy, BA-GC-SS/rSML-A and BA-GC-SS/rSML-

A@Aurein 

Synthesis of polymer GC-NPhth (2-24): Glycol chitosan 1 (1.0 g, 4.87 mmol) was dissolved in 

100 mL mixture of AcOH/H2O (v/v, 1:9). Phthalic anhydride (3.61 g, 24.4 mmol) was then added 

and the solution was stirred at 120 ℃ for 24 hours before cooling down to room temperature. The 

solvent was removed under reduced pressure and residue washed with ethanol and diethyl ether to 

give GC-NPhth as an off white solid (1.02 g, 63 %).  

Synthesis of TsO-GC-NPhth (2-25): GC-NPhth (0.500 g, 1.49 mmol), DMAP (35.0 mg, 0.289 

mmol) and triethylamine (0.60 mL, 4.47 mmol) were charged to a round bottom flask containing 
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anhydrous DMF (23 mL) under nitrogen atmosphere. Tosyl chloride (0.425 g, 2.23 mmol) was 

dissolved in DMF (2 mL) and added dropwise, and the resultant mixture was stirred overnight. 

DMF and triethylamine was removed under reduced pressure, and the residue was washed with 

acetone, water and methanol over Buchner filtration. TsO-GC-NPhth was obtained as and off 

white solid (0.434 g, 60%). 

Synthesis of BE-GC-NPhth (2-26): BE (0.145 g, 0.102 mmol) and TsO-GC-NPhth (0.05 g, 0.102 

mmol) were charged in a round bottom flask containing anhydrous DMF and put under nitrogen 

atmosphere. It was cooled to 0 ℃ before portion-wise addition of sodium hydride (0.006 g, 0.153 

mmol). The resultant mixture was stirred at room temperature overnight and quenched with MeOH. 

The solvents were removed under reduced pressure, and the residue was resuspended in water. 

The suspension was then separated by a 10 kDa membrane during centrifugation at 5,000 X g for 

10 minutes. Water was added to the concentrate and centrifuged again. The process was repeated 

for three times. Thereafter, water was removed in vacuo to give 2-26 as a pale-yellow residue (54.5 

mg, 32%). 

Synthesis of BA-GC-NPhth (2-27): BE-GC-NPhth (0.050 g, 0. mmol) and sodium periodate 

(0.035 g, 0.165 mmol) were charged to a round bottom flask containing 0.3 mL DMF/water (v/v, 

19:1). 1N hydrochloric acid (0.02 mL, 0.020 mmol) was added to the mixture, and the resultant 

mixture was stirred for 12 hours. The reaction mixture was then quenched with water (3 mL), and 

the solvents were removed under reduced pressure, and the residue was resuspended in water. The 

suspension was then separated by a 10 kDa membrane during centrifugation at 5,000 X g for 10 

minutes. Water was added to the concentrate and centrifuged again. The process was repeated for 

three times. Thereafter, water was removed in vacuo to yield 2-27 as a pale-yellow solid (51.5 mg, 

94%). 

Synthesis of BA-GC-NH2 (2-28): Hydrazine (3.77 mL, 0.121 mmol) was added to a round bottom 

flask containing BA-GC-NPhth (0.02 g, 0.0121 mmol) in methanol (2 mL). The resultant mixture 

was stirred for 12 hours. Methanol and unreacted hydrazine under reduced pressure. Diethyl ether 
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was added to precipitate out the polymer, which was collected by Buchner filtration. The residue 

collected was pale yellow, which is 2-28 (18 mg, 97%). 

Synthesis of BA-GC-SSPy (2-29): BA-GC-NH2 (6 mg, 3.92 µmol), DMAP (0.192 g, 1.57 µmol), 

DIPEA (0.8 µL, 4.71 µmol) was charged to a round bottom flask containing DMF (2 mL). CDM-

TEG-SSPy (0.95 mg, 1.96 µmol) in DMF (0.95 mL). The reaction mixture was stirred at room 

temperature for 24 hours. Thereafter, the solvents were removed under reduced pressure and the 

residue was dispersed in water for dialysis. Dialysis tubing (14 kDa MWCO) was used, and the 

product was dialysed for three days, and subsequently lyophilised. 2-29 is obtained as off-white 

powder (20 mg, 16 %). 

Synthesis of BA-GC-SS/rSML-A (2-30): 4 mg/mL rSML-A (50 µL, 6.95 nmol) was first 

incubated with 1 mM DTT (34.8 µL, 34.8 nmol) in PBS (315 µL) for an hour at 4 °C before 

ultrafiltration using 10 kDa membrane with the centrifugation condition set at 10,000 X g for 5 

minutes at 4 ℃. The protein concentrate was collected, split into two, and added to the PBS mixture, 

consisting of BA-GC-SSPy, in respective ratios (A: 89.9 µg, 3.48 nmol; B: 120 µg, 3.48 nmol) for 

24 hours at 4 ℃. Thereafter, the mixture was purified by ultrafiltration with 50 kDa membrane and 

centrifuged at 10,000 X g for 5 minutes at 4 ℃. The concentrated was resuspended with PBS, and 

the process was repeated twice to obtain BA-GC-SS/rSML-A. 

Synthesis of BA-GC-SS/rSML-A@Aurein (2-30B@A): Modified Aurein 1.2 (1 mg, 0.632 µmol) 

was first dissolved in 50 µL DMSO/PBS (v/v = 1:9). Aurein mixture (1.38 µL, 17.4 nmol) was 

then added to 2-30B (1.74 nmol) in PBS (48.5 µL) and incubated for 24 hours at 4 ℃. Thereafter, 

the mixture was purified by ultrafiltration with 50 kDa membrane and centrifuged at 10,000 X g 

for 5 minutes at 4 ℃. The concentrated was resuspended with PBS, and the process was repeated 

twice to obtain 2-30B@A. 
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2.5.3 | Expression and Purification of rSML-A from E. coli 

 

Recombinant protein, rSML-A was expressed and purified in accordance to the protocol developed 

by our collaborator, Nyugen.27 An schematic illustration of the general procedure was shown in 

Scheme 2.6. Purification was done with Ni2+-NTA column due to presence of SUMO-tag in the 

protein which has high affinity towards Ni2. First two rounds of washing were carried out with a 

buffer solution that contains 20 mM imidazole while flush out solution contains 0.5 M imidazole. 

The protein with the SUMO-tag was then incubated with SUMO protease to cleave off the SUMO-

tag. The mixture was then purified by Ni2+-NTA column again, and the flow through was 

concentrated via ultrafiltration. The concentrate was then purified in FPLC (see Figure 2.15). 

2.5.4 | SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis of rSML-A 

 

SDS-PAGE analysis was carried out to access the purity of the protein sample. Since rSML-A is 

approximately 29 kDa, a 12% separating gel was selected. 5x loading buffer (10 mL) was prepared 

with the following compositions: 2 mL of 1.5 M Tris-Cl (pH6.8), 0.5 mL of 1% bromophenol blue, 

5 mL glycerol, 1 g of SDS, without the addition of 2.5 mL DTT solution. The mixture prepared 

were aliquoted in 10 tubes, with each tube comprising of 750 µL. 250 µL of DTT solution was 

then added to a tube prior to use and kept in -20 ℃ after usage for up to 2-3 weeks. If the analysis 

requires the absence of reducing agent, then 250 µL of DTT solution was replaced with DI water.  

The loading dye was then added to the samples, and the mixture was heat at 90 ℃ for 20 minutes. 

Precision Plus Protein unstained or all-blue standards (Bio-Rad, CA) was also loaded together in 

another well of the same gel, which acts as a reference for estimating protein size after staining. 

Gel electrophoresis was run at 60-80 V for the stacking gel portion, and 80-100 V for the running 

gel portion, till the loading dye reaches near the end of the gel. The gel was then stained with 

Coomassie staining solution for 30, followed by destaining for another 30 minutes with destaining 

solution, and overnight in water till the gel became clear. Gel images were captured by GS-800 

Calibrated Densitometer by Bio-Rad. 
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For a specific study that required a plot of mean intensity against amount of protein, Fiji ImageJ 

was used to compute the mean intensity values. Figure 2.26 (top left.) below showed how the 

values were obtained by outlining the gel bands. Upon obtaining the values for mean intensities of 

different amount of rSML-A, a graph was plotted in Figure 2.18. The mean intensities of sample 

bands were recorded too and subtracted from the background signals. ‘x’ values (amount of protein) 

were then calculated. 

 

Figure 2.26 | Image of how the mean intensity values were obtained using Fiji ImageJ (top, left), 

and values recorded (Area, Mean, IntDen, RawIntDen) are shown in tables above. Mean intensity 

is obtained by subtracting the mean values from the average of the gel background. 

 

2.5.5 | In Vitro Biological Assays 

 

Cell Culture 

MDA-MB-231 and NIH3T3 cells were cultured in at 37 ℃ in a humidified chamber with 5% CO2. 

They were grown and maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, high 

glucose with L-glutamine) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL 
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streptomycin, 100 µg/mL penicillin. The cells were passaged with 0.025% trypsin-EDTA for cell 

detachment every 3-4 days upon their growing to a confluency of approximately 80%. New cells 

were thawed and cultured for two weeks prior to use. 

Annexin V/ Propidium Iodide (PI) Assay 

MDA-MB-231 cells were seeded in 24-well plates at a density of 8 x 105 cells per well 18 hours 

before experiment. Cells were incubated with GC-BA0-SPDP/rSML-A conjugate at different 

polymer/rSML-A weight ratios (5:1, 20:1, 40:1), the polymer alone GC-BA0-SPDP, and two 

negative controls, PBS and rSML-A for 12 hours at 37 ℃ with 5% CO2. Thereafter, the cells were 

gently washed with PBS, and trypsin was added, making sure that they are not over-trypsinised 

(by visualization using light microscope). The trypsin was then quenched by addition of media (1 

mL) and transferred to respective eppendorf tubes and centrifuged at 0.4 rcf for 5 minutes to pellet 

down the cells and remove the supernatant. The cells were then resuspended in ice-cold PBS (1 

mL) and pelleted down again by centrifugation. The cells were resuspended in annexin-binding 

buffer (1x), and the samples were diluted to 1 x 106 cells per 0.1 mL of buffer. Annexin V (5 µL) 

and PI (1 µL, 100 µL/mL) were added to each 100 µL of cell suspension and incubated for 15 

minutes. Thereafter, 400 µL 1x Annexin V binding buffer was added to each tube, and the samples 

were kept on ice. Flow cytometry analysis was carried out using BD LSRFortessa X-20. 

Cytotoxicity Assay 

Cells were seeded in transparent 96-well plate at a density of 1 x 104 cells per well 18 hours (in 

triplicates) before experiment. Old media were discarded, and 70 µL of new media (depending on 

the requirement of the experiment to be run) were added to each well. Stock solutions of different 

concentrations of the substrates to be tested were prepared beforehand, with the difference being 

balanced out by PBS (final volume of 8 µL per well), and DMEM was added to the stock (22 µL 

per well). As such 30 µL of substrate/media mixtures can be added to each well using the 

multichannel micropipette (30 µL - 300 µL). The substrates were incubated with the cells in 

accordance to the duration required (usually 70 to 72 hours) at 37 ℃ in the incubator. Thereafter, 
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the media were aspirated and 110 µL of normal grown media mixed with WST-1 or WST-8 (100 

µL of media + 10 µL of WST-1 or WST-8) were added to each well using the multichannel pipette 

and incubated for an hour at 37 ℃ in the incubator in dark. Absorbance of the water-soluble 

formazan dye would then be quantified by Tecan Infinite 2—PRO microplate spectrometer at 

absorbance wavelength of 450 nm, and reference wavelength at 600 nm. The higher the amount 

of formazan dye detected indicates higher metabolic activity of the cells (more cells are alive). 

Cell viability of each concentrations were tabulated and normalized as a percentage against the 

negative PBS control (cell viability = 100%). 

Confocal Microscopy 

The substrates to be imaged were first tagged with rhodamine or rhodamine green, depending on 

the conditions of the experiment. The reactions were carried out in accordance to the protocol 

described by the manufacturer. Thereafter, excess fluorophores were removed by ultrafiltration 

with MWCO 10 kDa (for rSML-A alone) or 50 kDa (for the rest of the substrates). The cells were 

seeded on glass coverslips in a 24-well plate at a density of 1 x 105 cells per well. Each well was 

treated with different substrates (with a final rSML-A concentration at 0.8 µg/mL in each well), 

and incubated for either 4 hours, or 6 hours, or 12 hours, depending on the condition of the 

experiments. Thereafter, the media were aspirated and washed thrice with PBS. The cells were 

stained with DAPI for better visualization purpose at (1:1000 dilution) and incubated at room 

temperature for an hour. Thereafter, the samples were fixed with 4% paraformaldehyde for 30 

minutes prior to washing with PBS for three times, and the glass coverslips were then gently 

removed from the wells and placed on top of the glass slides, with a drop of PBS/glycerol mixture 

in between. Staining with LysoTracker Red DND-99 and LysoTracker Green DND 26 were 

carried out prior to DAPI staining, according to the protocol provided by the manufacturer. Cell 

images were acquired with a confocal laser scanning microscope Zeiss LSM 800, and the 

excitation wavelength used were 488 nm (for Rhodamine Green or LysoTracker Green DND 26 

samples), 568 nm (for Rhodamine B or LysoTracker Red DND 99 samples), and 305 nm for DAPI.   
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Chapter 3 | A Facile Synthetic Approach to PGO Derivatives Using Chitosan 

Scaffolds and Evaluation of the Resultant Modifications 

 

Abstract 
 

 The development of antibiotic resistance is an inevitable outcome of using antibiotics to 

combat bacterial infections, possibly due to a narrow selection of drugs available with limited 

range of mechanisms, making it difficult to combat the rise of antibiotic-resistant bacteria (ARB). 

Hence, it is important to invest more resources in discovery of new antibiotics with new 

mechanism of actions, rather than in improvement of conventional targets. In order to achieve this, 

in-depth understanding of the biology and mechanisms behind the mode of action of antibiotics 

and ARB are essential. Particularly, the biosynthetic pathway of peptidoglycan (PG) in the 

bacterial cell wall garnered a lot of interest since the formation of this three-dimensional network 

occurs mostly in the periplasmic space, thus making it more susceptible to interferences, in which 

antibiotics such as penicillin and vancomycin takes advantage of. Interestingly, the main formation 

of PG network is consistent between different bacterial strains and regardless of their gram 

distinction. This makes it a very intriguing target for further exploration and better understanding 

of the biology, bioimaging purposes, as well as mechanistic studies of the development of resistant 

strains. However, access to PG substrates were restricted, especially for the analysis of the 

peptidoglycan glycosyltransferase (PGT) domain in penicillin binding protein (PBP) due to 

limitations experienced in producing a library of PGOs for SAR studies. Our group came up with 

the unconventional method of accessing these PGOs by ‘top-down’ approach which utilise a 

chitosan scaffold. Uptake and recognition of the PGOs substrate by the enzymes in the biological 

studies, such as lysozyme degradation and incorporation of our PGO into the bacterial cell wall 

demonstrated the practicability of this approach. Furthermore, the feasibility of this approached 

was tested by synthesis of two other PGO derivatives that were not reported before to the best of 

my knowledge.  
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3.1 | Introduction 

 

3.1.1 | General Overview of Antibiotics and Antibiotic Resistance 

 

 Antibiotics are a subcategory of antimicrobial drugs designed to be highly active against 

bacteria. They are either bactericidal or bacteriostatic (slow or inhibit growth). Several classes of 

antibiotics (see Figure 3.1) have been developed over the decades with various mode of actions.1-

2 For instance, beta-lactams such as more commonly seen penicillin and amoxicillin, are 

bactericidal to most of the Gram-positive (G+ve) bacteria by preventing the amino acid chains in 

the cell wall to crosslink.3 This causes the weakening of cell wall and inability to maintain required 

osmotic gradient, which ultimately leads to cell lysis and cell death. Aminoglycosides, such as 

kanamycin and streptomycin, on the other hand are effective against most of the Gram-negative 

bacteria (G-ve), in which they bind to 30S ribosome, thereby disrupting and inhibiting protein 

synthesis necessary for growth and survival.4  

 

Figure 3.1 | A general schematic illustration on some of the different classes of antibiotics 

available till 2003. Image adapted from ref. 2. 

 



Page | 80 

 

 From 2000 to 2015, 32 new drugs were launched to counter bacterial infections (see Figure 

3.2a for more details).1 Of which, two of them are combinations of new drugs used in synergy 

with existing antibiotics. Out of these new drugs, only six of them belong to new classes (see 

Figure 3.2b) which target G+ve bacteria with the exception of Avibactam (active against G-ve 

bacteria). 

 

Figure 3.2 | (a) Statistic of new antibiotic approvals from 2000 to 2015. A total of 32 new antibiotic 

drugs were launched, with two of them used in combinations with existing antibiotics. Reprinted 

with permission from ref. 1. Copyright (2019), Springer Nature. (b) A list of new first-in-class 

antibiotics launched from 2000 to 2015. 

 

 One of the reasons for the constant need for discovery of new antibiotics is to combat bacterial 

infections that have developed resistance to known antibiotics, shortly after their approvals.5 For 

instance, in the case of new classes of antibiotics, such as lipopeptide (daptomycin) and 

oxazolidinone (linezolid), which were introduced in 2000 and 2003 respectively, cases of bacteria 

developing resistance to them were reported in 2001 and 2005 respectively.5 This development of 

antibiotic resistance to bacteria strains that were once effective are known as secondary resistance. 

In contrast, primary resistance stem from inherent resistance in some bacterial types or strains to 

certain antibiotics. Secondary resistance can be developed through mutations in chromosomal 

genes, with the outcome of modifying certain biosynthetic pathways, altering of target sites, or 

simply inactivating the antibiotics.6-7 Certain bacteria are able to develop efflux pumps as some 

sort of defensive mechanism to avoid the action of antibiotics by expelling them. These genetic 
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mutations can be spread through horizontal gene transfer. In addition, bacterial population as a 

whole is able to exhibit heteroresistance, in which one or more subpopulations exhibit much 

greater levels of antibiotic resistance as compared to the majority.8 This pose a great clinical 

concern as these subpopulations are difficult to detect and often result in inaccurate prescription 

such as higher dosage or longer antibiotic exposure, which may lead to failure in treatment and 

enhances the development of secondary resistance. The situation is worsened with the aid of 

globalisation, facilitating the spread of antibiotic resistant bacteria (ARB) and their antibiotic 

resistance gene (AGR) on a global scale.  

Although it is more commonly known as antimicrobial resistance (AMR), WHO stated that 

this term should be only applicable in the context whereby bacteria become antibiotic-resistant.9-

10 Over the years, AMR has been becoming a huge world health problem mainly due to abuse of 

antimicrobial drugs thereby accelerating the rate of resistance development, together with 

increasing interconnectivity of the world which facilitate in spreading of the resistant strains. It 

was predicted in 2016 that annual global death toll will grow to 10 million by 2050, according to 

a review commissioned by the government from United Kingdom with AMR data released by the 

British government.5,11 Based on a report released by The World Bank in 2017, AMR will cost us 

economically, which may be as severe as during the time of financial crisis experienced in 2008-

2009.12 They estimated that the global GDP will drop by approximately 1.1 to 3.8 percent by 2050 

as a result of AMR, with the lower income countries being affected the most. 

 The development of antibiotic resistance in an inevitable outcome of using antibiotics to 

combat bacterial infections. A narrow selection of drugs available, with limited range of 

mechanisms, will be difficult in combating the rise of ARB.13 Hence, it is important to invest more 

resources in discovery of new antibiotics with new mechanism of actions, rather than in 

improvement of conventional targets. In order to achieve this, it is necessary to understand the 

biology and mechanisms behind the mode of action of antibiotics and ARB. 
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3.1.2 | Peptidoglycan (PG) in Gram-Positive (G+ve) and Gram-Negative (G-ve) Bacteria 

 

 It has been widely adapted to classify most bacteria into two main categories, Gram-positive 

(G+ve) and Gram-negative(G-ve), according to a staining method developed by Hans Christian 

Gram.14-15 It is often used in preliminary morphologic identification of bacteria, since it is fast and 

relatively inexpensive. Briefly, the bacteria are first treated with crystal violet solution for half a 

minute, followed by Gram’s iodine solution (comprising of iodine and potassium iodide) for 

another minute, before decolorising with ethanol or acetone and subsequent addition of safranin 

solution as a counterstain. If purple-violet color is retained, the bacteria are classified as Gram-

positive, whereas if the color of the counterstain (i.e. pink due to safranin presence) is observed, 

then the bacteria is classified as Gram-negative. 

 The outcome observed is due to the morphological difference between them, in which G-ve 

cells have much thinner peptidoglycan (PG) layer as compared to G+ve cells (see Figure 3.3). 

Crystal violet-iodine complexes formed are easily washed away from the thin PG layer (~5 nm) 

when outer membrane of G-ve bacteria was disrupted during the treatment with ethanol or acetone. 

Whereas the crystal complexes are trapped in the thick, multi-layered of PG (20-50 nm) in G+ve 

bacteria remains even during the same treatment process.  

 

Figure 3.3 | A schematic illustration of the structure of cell wall in (a) Gram-negative bacteria and 

(b) Gram-positive bacteria. Reprinted with permission from ref. 16. Copyright (2019), Springer 

Nature. 
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 Peptidoglycan consists of repeating units of N-acetylglucosamine (GlcNAc or NAG) linked 

to N-acetylmuramic acid (MurNAc or NAM) in an alternating manner by β-(1,4)-glycosidic 

linkages, with the latter coupled to a pentapeptide at C3 hydroxyl group. Cross-linking between 

the pentapeptide on different NAG-NAM chains give rise to the three-dimensional net-like mesh 

structure that aid in regulating osmotic pressure and serves as a platform for carbohydrates, lipids 

and proteins to embed in. It is worthy to note that different bacteria strains have different 

compositions in the make-up of the pentapeptide.17 Biosynthesis of PG starts in the cytosol, where 

NAG is first converted into NAM followed by addition of a lipid pyrophosphate on the anomeric 

position, at the cytoplasmic membrane, to form Lipid I.18 Thereafter, glycosylation between NAG 

and NAM formed Lipid II with the aid of the enzyme, glycosyltransferase MurG, which helps to 

transfer NAG from UDP-NAG (see Scheme 3.1). The newly formed Lipid II is then flipped onto 

the other side of the cell membrane, into the periplasmic space.19 Subsequent PG elongation occurs 

via addition of the NAG-NAM disaccharide unit with the help of peptidoglycan 

glycosyltransferases (PGTs), while the transpeptidase (TPs) are responsible for the crosslinking of 

the peptide chains once the PG polysaccharide has reached a certain length.20 Both of the domains, 

PGT and TP, can be found in class A penicillin-binding proteins (aPBPs), while PGT is absent in 

class B-penicillin binding proteins (bPBPs).21  

 

Scheme 3.1 | Synthetic scheme illustrating the biosynthesis of Lipid II from Lipid I which occur 

at the cytoplasmic membrane. The sugar ring color coded in green is NAM, while the other that is 

color coded in yellow is NAG. 

 

 Since the formation of this three-dimensional network occurs mostly in the periplasmic space, 

it is susceptible to interferences, in which antibiotics such as penicillin and vancomycin takes 

advantage of. Interestingly, the main formation of PG network is consistent between different 
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bacterial strains and regardless of their gram distinction. This makes it a very intriguing target for 

further exploration and better understanding of the biology, bioimaging purposes, as well as 

mechanistic studies of the development of resistant strains. 

3.1.3 | Reported Studies with PG Substrates and the Challenges Faced During the Journey 

 

 As mentioned, PGTs and TPs are two types of very important enzymes that helps in forming 

the mesh-like structure of PG, which not only helps to protect the bacteria organelles and provide 

mechanical support against osmotic pressure, it also helps to decrease the bacteria’s susceptibility 

to antibiotics. The mechanistic studies behind TPs are relatively practical to explore with the use 

amino acids and short peptide chains as substrates.22-26 In order to better understand the mechanism 

behind the polymerisation of NAG-NAM polysaccharides of the PG, many different types of PBPs 

have been successfully isolated and characterised. However, the substrates for PGTs’ structure-

activity relationship (SAR) studies are much harder to obtain, due to synthetic challenges faced as 

well as structural modifications of Lipid II and peptidoglycan oligosaccharides (PGOs). 

 In 2001, Schwartz et al. reported the total synthesis of Lipid II, which comprises of 11 steps 

with an overall yield of approximately 1%, excluding the synthesis of the protected tetrapeptide, 

H-γ-D-Glu(OTMSE)-L-Lys(TEOC)-D-Ala-D-Ala(OTMSE), starting from an expensive NAM 

precursor.27 They have noted that the yields obtained are comparable to chemoenzymatic routes in 

milligram quantities, and that scaling up would be difficult for both. A few months after, 

VanNieuwenhze et al. too reported a total synthesis of Lipid II using an alternative route, making 

use of mild reaction conditions, especially since the diphosphate linkage present is chemically 

sensitive.28  

 During the same year, Kahne and Walker et al. reported the synthesis of Lipid by 

chemoenzymatic method with chemically synthesized Lipid I and an enzyme, glycosyltransferase 

MurG.29 They went on to synthesize different analogues of Lipid II (with different types of alkenyl 
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lipids) using the same methodology, and during SAR studies with PGTs, they observed that these 

analogues showed comparable activities.  

In a similar study by Wong et al. in 2003, they too synthesized Lipid II and its analogues via 

chemoenzymatic route.30 In their study, they compared the MurG activities of natural Lipid I and 

various Lipid I modifications at the lipid tail, which include different lengths of linear saturated 

alkyl chains, a shorter natural lipid tail, and one with a nitrophenyl group. They observed that the 

linear alkyl chains with 12-14 carbons have better interactions with MurG as compared to the 

natural Lipid I. They also observed that modified Lipid I with nitrophenyl tail showed good activity, 

thereby suggesting that the lipid’s role is simply to provide hydrophobic interactions with MurG 

in the enzymatic synthesis of Lipid II. A few years later, they reported another study on the effect 

of different pentapeptide compositions in Lipid II and their binding with PBP’s transglycosylase 

(TGase; also known as PGTs) domain.31 As per previous study, they obtained Lipid II derivatives 

using chemoenzymatic route. They found out that the D-lactate group and methyl group in L-

alanine in Lipid II are crucial for binding to TGase, whereas the two D-alanine at the end and ε-

NH2 group in L-lysine did not play a major role in affecting the binding affinity. They also reported 

the first enzymatic one-pot synthesis of Lipid II from an unprotected glucosamine in 2014, with 

an overall yield of approximately 70%.32 They have also successfully synthesized analogues of 

Lipid II with various alkenyl lipid tails that bare some similarities to the natural tail. 

 Although it is feasible to obtain Lipid II via chemoenzymatic and enzymatic method, it has 

been noted that there are difficulties in obtaining controlled length of PGOs using enzymatic 

route.31,33 In 2004, Mobashery et al. first reported the synthesis of Lipid IV fragment with a study 

of different approaches, utilising 4 different glycosyl acceptors and donors synthesized from 

glucosamine.34 Walker and Kahne et al. then reported the total synthesis of Lipid IV, using a 

slightly different approach. In their approach, they made use three different monomeric 

thioglycosides as their building blocks to form two different disaccharides, in which they will then 

couple to form the tetrasaccharide backbone of Lipid IV.33 The thiophenol group in glycosyl donor 
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is first oxidised into sulfoxide before glycosylation. Wong et al. next came up with another 

approach of convergent synthesis of Lipid IV in 2011.35 They designed two different 

monosaccharides with different reactivity, such that after the formation of disaccharide, they are 

able to couple them together by tuning the reactivity of the respective disaccharides (see Scheme 

3.2). The largest PGO substrate obtained currently is Lipid VIII is also by chemical synthetic 

method, in which Fmoc was utilised as a protecting group for milder deprotection condition to free 

up the hydroxyl in the glycosyl acceptor for glycosylation.36  

 

Scheme 3.2 | General synthetic route of the tetrasaccharide core in Lipid IV by Wong et al.35  
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3.2 | Proposed Study and Rationale 

 

 The development of antibiotic resistance in an inevitable outcome of using antibiotics to 

combat bacterial infections, and the rising trend of antibiotic resistant bacteria observed is 

becoming a global health problem. There are several mechanisms in which the antibiotic works 

against, and of which, the one that targets bacterial cell wall biosynthesis is appealing since 

majority of the process occur outside of the cell membrane (inner cell membrane in the case of 

Gram-negative bacteria), which are relatively easier to access as compared to those that targets 

within the bacteria’s inner membrane. Thus, antibiotics such as beta-lactams (i.e. penicillin, 

amoxicillin, methicillin, etc) and vancomycin, are one of the most successful broad-spectrum 

drugs to treat bacterial infections. As discussed earlier, one of the most important protein 

responsible for peptidoglycan (PG) synthesis, a major component of the cell wall, is penicillin 

binding protein (PBP). Of which some possess PGT and TP domains, while some only have TP 

domains. There are many reports on studies regarding TP, but a small amount for PGT, which 

mainly due to difficulties in accessing PG substrates and derivatives.  

Although several chemoenzymatic methods reported posed easier access to short PGO 

substrates such as Lipid II, there are limitations in obtaining controlled length of PGO substrates 

that have sugar cores larger than a disaccharide. In such cases, one would need to resort back to 

chemical synthesis, with specifically designed monomeric units in their highly attuned synthetic 

scheme, comprising of various protecting groups manipulations for the different hydroxyl groups 

and amino group present. In addition, careful consideration has to be taken into design of the 

synthesis and monomeric units, including the chemoselectivities and regioselectivities of each 

group.  

In order to combat this issue, our group has designed a ‘top-down’ approach from a sugar 

polymer, as opposed to the conventional ‘bottom-up’ approaches described previously. This would 

allow us to obtain PGOs in a practical manner as this approach enable us to evade many necessary 

steps in glycosylation such as synthesis of specific glycosides, deprotection of glycosyl acceptors 
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and activation of glycosyl donors. Part of the work described herein are done in collaboration with 

Mr. He Jingxi, in which he came up with and optimised the synthetic design of PGO from chitosan 

and has successfully obtained the PGO substrate (see Scheme 3.3). Detailed synthetic scheme, as 

well as synthesis protocols of this PGO substrate, will not be described herein (synthetic methods 

developed by our group are not published yet due to patent filing in progress). In the design of 

PGO-like substrate, an alkyl tail, tetradecanyl group, is used instead of the natural lipid tail as a 

study conducted by Wong et al. showed that the former has a better binding affinity to MurG.30  

 

Scheme 3.3 | A schematic illustration of our ‘top-down’ approach to PGO derivative (3-1) which 

starts from a chitosan polymer. 3-1 was stained with rhodamine to give 3-1@Rhd, in which each 

molecule of 3-1 is tagged with at most 1 molecule of rhodamine on the amino group on L-lysine. 

 

 In this study, we aim to study the interaction between PGO 3-1 and an enzyme, lysozyme, 

and conduct bacterial cell wall labelling studies with 3-1@Rhd, which is a rhodamine labelled 3-

1, to better understand the mechanism of uptake. Different bacterial strains will be used, and a 

brief SAR study between different intermediates will be conducted. Thereafter, we propose to 

demonstrate the feasibility of this methodology developed by our group to obtain other PGO 

derivatives, in which the position of the pentapeptide differs, which can be used for further 

biological studies to better understand the interaction of PGO with the enzyme. 
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3.3 | Results and Discussions 

 

3.3.1 | MALDI-TOF MS Analysis and Enzymatic Degradation Assay 

 

 Upon obtaining the PGO-like substrate (3-1), together with NMR analysis, we proceed on to 

determine the molecular weight of the final compound. Attempts have been made to obtain the 

mass of 3-1 using MALDI-TOF MS analysis (see appendix A for more details). After several tries 

with different conditions (stated in Tables A1.1 and A1.2 in Appendix I), although the mass-to-

charge (m/z) ratio of 3-1 was not able to be characterised, the mass of singly charged chitosan 

starting material (purchased from Carbosynth Ltd. which states that the MW is less than 3 kDa) 

had been obtained successfully. From there, the number of repeating monosaccharide units was 

calculated, and it was determined that there are approximately ten repeating units.  

 Thereafter, in order to determine the sugar composition, 3-1 was subjected to enzymatic 

degradation assay by lysozyme, for LC-MS analysis in our preliminary study. Lysozyme are 

known to bind to tetrasaccharides, or longer motifs, in peptidoglycan and cleaves the glycosidic 

linkages in the middle. After 24 hours incubation with lysozyme (40% wt) at 37 ℃, the mixture 

was extracted with DCM, and 10 µL of the organic layer was dissolved in MeOH (1 mL) for LC-

MS analysis (see Figure 3.4). In the next trial, lower weight percentage of lysozyme (10% wt) 

was tested and treated to the mixture at 40 ℃. Both the organic layer and crude mixture were 

analysed by LC-MS (see Figure 3.5).  

The metabolites that matches to the m/z signals detected are shown in the inserts of both 

figures. It is observed that majority of the peaks correspond to the NAM-NAG fragment (with 

pentapeptide) seen in Lipid II. Encouraged by the preliminary results, a higher resolution analysis 

by LC-ESI-TOF MS analysis was carried out. The result obtained showed the presence of NAM-

NAG unit with pentapeptide and phospholipid (see Figure 3.6). From these results, our ‘top-down’ 

approach is able to generate an alternating NAG-NAM core pattern, as seen in PGs, instead of 

NAG-NAG or NAM-NAM fragments. 
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Figure 3.4 | LC-MS spectrum of the organic layer from lysozyme (40% wt) degradation assay. 

The metabolites that matches with the m/z signals are shown in the insert. 

 

 

Figure 3.5 | LC-MS spectra of the organic layer (top) and crude (bottom) lysozyme (10% wt) 

degradation assay. The metabolites that matches with the m/z signals are shown in the insert. 
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Figure 3.6 | Schematic illustration of lysozyme degradation (top) and the LC-ESI-TOF MS result 

obtained from lysozyme (20% wt) degradation assay (bottom). Two major resultant peaks at t = 

0.69 min and t = 0.99 min correspond to the NAG-NAM fragment and the phospholipid 

respectively. The remaining peaks were from metabolites from the enzyme and the buffer used in 

the lysozyme degradation assay. 

 

3.3.2 | Bacterial Cell Wall Labelling Mechanistic Studies with Our PGO. 

 

 For bacteria cell wall labelling studies, 3-1 was subjected to further reaction with 

sulforhodamine B acid chloride to obtain rhodamine tagged substrate (3-1@Rhd) for further 

biological studies (see Scheme 3.3). Rhodamine was chosen as its fluorescence emission 

wavelength is compatible with stimulated emission depletion (STED) technique for super-

resolution microscopy studies. STED microscopy has the advantage of enhancing the spatial 

resolution (lateral point spread function) to less than 200 nm, as compared to confocal microscopy 

which is greater than 200 nm due to diffraction limit according to Rayleigh criterion. STED is able 

to capture and generate images of reasonably high resolution in a much shorter time as compared 

to other super-resolution techniques such as stochastic optical reconstruction microscopy 

(STORM) and photoactivated localisation microscopy (PALM). The comparison of confocal 
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microscopic image, STED microscopic image, and processed STED confocal image are shown in 

Figure 3.7. Although the fluorescence intensity observed in STED microscopic images are 

significantly weaker that the confocal microscopic images, the clarity of the former are much better 

than the latter, especially in the case of imaging bacteria since they are much smaller compared to 

mammalian cells. 

 

Figure 3.7 | Confocal microscopic image (left), STED confocal microscopic image (middle), and 

processed STED confocal image (right) of MRSA-BAA40 incubated with 3-1@Rhd (red) and 

cell surface staining dye, FM 1-43fx. Scale bar = 2 µm. 

 

6 bacteria strains were chosen for the study, of which 4 of them are Gram-positive (G+ve) 

and the other 2 are Gram-negative (G-ve). They are methicillin-resistant Staphylococcus aureus 

(MRSA BAA40 and MRSA USA300), vancomycin-resistant Enterococcus faecalis (V583), 

Pseudomonas aeruginosa (PA01), Escherichia coli (K12) and Bacillus subtilis (6633). The first 

four are clinical-relevant strains that represent multi-drug resistant (MDR) bacteria, while the last 

two are commonly used in model study. Media rich in nutrients such as MHB and BHI were used 

to better resemble real-life environment and the PGO substrate, 3-1@Rhd, was incubated at 

varying concentration and durations, with the optimal condition being an hour-long incubation 

with 100 g/mL of 3-1@Rhd. Cell surface staining dye, FM 1-43fx, was used in addition as an 

indicator of the location of the bacterial surface. 

 The fluorescence signal from 3-1@Rhd (red) colocalized well with that of FM 1-43fx (green) 

in all of the strains tested, implying the successful incorporation of the PGO into the bacterial cell 

wall (see Figure 3.8 for G+ve bacteria and Figure 3.9 for G-ve bacteria). This is a useful indication 

that the enzyme is able to recognize our PGO substrate, 3-1@Rhd. This also demonstrated that 
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the synthesized PGO substrate is able to act as a potential platform for bioimaging. Furthermore, 

the activity seen in the 6 chosen strains implied a broad spectrum of bacteria which can utilize our 

substrate to build their cell wall despite the difference in their PG compositions. This tolerance to 

structural variations could be particularly helpful during our fight against bacterial resistance from 

mutation in cell wall. 

    

Figure 3.8 | STED microscopy studies of G+ve bacteria, where green = FM 1-43fx, red = 3-

1@Rhd, yellow = region of colocalization of two fluorophores. Scale bar = 2 µm. 
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Figure 3.9 | STED microscopy studies of G-ve bacteria, where green = FM 1-43fx, red = 3-

1@Rhd, yellow = region of colocalization of two fluorophores. Scale bar = 2 µm. 

 

Thereafter, higher magnification was sought for determination of a more precise location of 

the synthesized PGO substrate using STED microscopy. Magnification was further increased for 

S. aureus and E. faecalis, both of which had thick cell wall and good uptake of the substrate, based 

on the images captured previously in Figures 3.8 and 3.9. It was noticed that the signal from 

rhodamine (3-1@Rhd) resided at an inner part of bacteria cell compared to the staining dye (FM 

1-43fx) which was adsorbed directly onto the bacteria cell surface (see Figure 3.10). Incomplete 

colocalization indicated that the substrate (3-1@Rhd) was not physically adsorbed on to the 

exterior of bacterial cells, which was in the case of FM 1-43fx. This strongly supported our 

hypothesis that the substrates were incorporated into the bacteria cell wall.  
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Figure 3.10 | Magnified STED microscopic images of S. aureus and E. faecalis, where green = 

FM 1-43fx, red = 3-1@Rhd, yellow = region of colocalization of two fluorophores. Scale bar = 1 

µm. 

 

 It was interesting to note that there was a variation in fluorescence intensity observed across 

different bacteria strains. Hence, the fluorescence signals were quantified, following a method 

reported by Burgess et al.37-38 In a study conducted by Pires et al., they observed that D-amino 

acids as labelling agents has less efficacy against G-ve strains, hypothetically due to inherent 

structural variation across strains.24 Further description on the quantification method can be found 

in section 3.5.4. In general, intensity of fluorescence signals obtained in STED microscopy are 

significantly lower than that obtained in confocal microscopy, due to the working mechanism of 

STED. The relative intensity for G+ve bacteria, methicillin-resistant S. aureus (MRSA-BAA40 

and MRSA-USA300) and E. faecalis (V583) were amongst the highest as compared to the other 

three (see Figure 3.11). It was intriguing at first sight that the signal intensity of B. subtilis (6633), 

a G+ve bacteria, was much lower than that of G-ve bacteria. We hypothesized that it could be a 

result of main difference in amino acids composition in the bacteria strains respective PGs that 

resulted in this phenomenon observed. The second amino acid in the pendant peptide in PG existed 
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as D-isoglutamate form for most G-ve bacteria species, while it is present in the D-isoglutamine 

form for most G+ve bacteria species.17 Most G-ve bacteria has their third amino acid as meso-

A2pm in the PG structure, while it is L-Lys in the case of most G+ve bacteria, except for B. subtilis 

which is amidated meso-A2pm (see Figure 3.11 insert for chemical structures of these three amino 

acids). The structure of the third amino acid in B. subtilis resembles more to that of G-ve species, 

as compared to G+ve species. 

 

Figure 3.11 | Relative fluorescence intensity on bacterial surface after treatment in 3-1@Rhd. A 

total of at least a hundred bacteria cells from each strain were used for calculation, and the average 

3-1@Rhd fluorescence signal per cell was measured for comparison. Chemical structures of the 

different third amino acids found in natural PGs of these 6 strains are shown in insert. 

 

 A brief structure-activity relationship (SAR) study was conducted, to determine the minimal 

core structure required for glycosyltransferases recognition. Intermediary substrates (chitosan-

peptide and peptide alone, which are abbreviated as CS-PP and PP respectively) were synthesized 

and characterised by Mr. He Jingxi, and subsequently subjected to labelling with sulforhodamine 

B acid chloride. E. faecalis was then treated with these rhodamine-labelled substrates and 

rhodamine B (see Scheme 3.4 for the substrates in the study). Thereafter, intensity of the 

fluorescence signals was quantified as per previous experiment, and the total intensity was 

normalized by the area of fluorescence (see Figure 3.12). 
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Scheme 3.4 | Schematic illustration of rhodamine-labelled substrates for brief SAR study on E. 

faecalis. 

 

 Among the different substrates tested, E. faecalis treated with 3-1@Rhd-B showed the 

highest relative fluorescence intensity, as compared to the others. This result obtained is consistent 

with a study reported by Wong et al. whom demonstrated that the oligosaccharide backbone and 

pentapeptide chains in PGOs are necessary for effective binding to active site of PGT.39 The great 

difference in intensity observed further validates our hypothesis that the PGO substrate, 3-1@Rhd, 

has been taken up by the bacteria and incorporated as part of its cell wall, and not as a result of 

physical accumulation. 

 

Figure 3.12 | Relative fluorescence intensity on E. faecalis surface after treatment with 3-1@Rhd, 

CS-PP@Rhd, PP@Rhd and rhodamine alone (Rhd). A total of at least a hundred bacteria cells 

from each strain were used for calculation, and the average rhodamine fluorescence signal per cell 

was measured for comparison. 
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3.3.3 | Facile and Practical Synthesis of PGO-Derivatives 

 

 Following the success in the in vitro studies conducted, which demonstrated that PGO 

substrate synthesized by our ‘top-down’ approach resembles the natural PGO in which enzymes 

are able to recognize and interact. Moreover, this ‘top-down’ approach serves as an excellent 

platform for obtaining different PGO-derivatives for further studies in a practical manner.  

 Over the years. several studies have been done in an effort to better understand the mechanism 

behind PGT interactions with PGOs, which is one of the core domains in PBPs for further PG 

network in the bacteria cell wall. As mentioned previously, oligosaccharide backbone and 

pentapeptide in PGOs are essential for binding to PGT. In natural PGO, the pentapeptide was 

attached at the third hydroxyl position in NAG. As to the best of our knowledge, there are no 

studies done on the synthesis, as well as the effect of different position of pentapeptide covalently 

linked to the sugar backbone on PGT. One of the main plausible reason could be due to high 

difficulty in accessing such derivatives using the conventional ‘bottom-up’ approach, in which an 

even wider library of glycosides and subsequent glycosylation routes have to be carefully designed 

and optimised. 

 Hence, using our synthetic methodologies in ‘top-down’ approach, we are able to design and 

obtain the desired PGO 3-1 in 13 steps (excluding peptide synthesis). In addition, PGO derivatives 

are able to be obtained in a feasible manner, in which the pentapeptides are attached on the C2 

amino group (see Scheme 3.5) and on the C6 hydroxyl group (see Scheme 3.6).  

 PGO-derivative, 3-7, was obtained using the same very low MW chitosan as in our in vitro 

studies described previously. Succinic anhydride was first added to the chitosan in half an 

equivalence in a protection-less reaction since primary amine is much more reactive than hydroxyl 

groups, the former will react at a much faster rate and thereafter, forming a very stable amide bond 

and pushing the reaction forward thermodynamically. The reason for adding half an equivalence 

of succinic anhydride is to mimic the alternating pattern of the PG repeating motif. The product 

obtained was subjected to coupling with peptide using the conventional HATU/HOAt method. 
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Pentapeptide’s side chains’ protecting groups and terminals were capped in Fmoc for amino 

groups, and benzyl or methyl ester for carboxylic acid groups. This is so that a single step in global 

deprotection using LiOH can be achieved at the end. Next, all of the free hydroxyl groups present 

were first protected with acetyl before covalent linkage of the pentapeptide moiety. Upon 

acetylation, the solubility of 3-5 in organic solvents such as dichloromethane (DCM) was 

improved greatly. Partial cleavage frees the anomeric hydroxyl group, which can then react with 

dibenzyl N,N-diisopropylphosphoramidite to form 3-6. Hydrogenation reaction releases the benzyl 

protecting group from the phosphate, and a second lipid-linked monophosphate can be linked to 

it, to give the crude PGO-derivative. It was then purified by dialysis, filtration, and lyophilisation 

to yield the pure final product, 3-7, as beige-colored powder.  

 

 

Scheme 3.5 | Synthesis of modified PGOs with peptide attachment on the C2 amino group, 3-7. 

Reactions and conditions: a, succinic anhydride (0.5 equiv.), DMF; b, H2NR (peptide) (1 equiv.), 

HATU, HOAt, DIPEA, DMF; c, acetic anhydride (5 equiv.), pyridine; d, MeNH2, MeOH; e, 1. 

1H-tetrazole, dibenzyl N,N-diisopropylphosphoramidite (2 equiv.), 2. tert-butyl hydroperoxide, 

DCM; f, 1. H2, Pd/C, MeOH, 2. nC14H29OPO(OH)2 (2 equiv.), DMF, 3. LiOH, MeOH/H2O (v/v, 

1:1).  

 

 In the case of obtaining PGO-derivative, 3-14, very low MW chitosan was first subjected to 

phthaloyl protection in order to mask the reactivity of the primary amino group present in chitosan. 

Next, 2-bromopropanoate was introduced at C6 using SN2 chemistry, in which half the equivalence 

of 2-bromopropanoate was used. Next, pentapeptide (same as the one used in Scheme 3.5) was 
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coupled with the carboxylic acid group with the use of coupling reagents, HATU. Next, phthaloyl 

protecting group was removed upon treatment with hydrazine. Global acetylation was carried out 

first, and anomeric hydroxyl was then freed for reacting with N,N-diisopropylphosphoramidite to 

yield 3-13. The final step was carried out under same conditions as in Scheme 3.5. Crude 3-14 

obtained was first dialysed, then filtered, and finally lyophilised for better storage. Pure 3-14 was 

obtained as beige-colored power as well. 

 

 

Scheme 3.6 | Synthesis of modified PGOs with peptide attachment on the C6 hydroxyl group, 3-

14. Reactions and conditions: a, phthalic anhydride (3 equiv.), AcOH/H2O; b, NaH, 2-

bromopropanoate (0.5 equiv.), DMF; c, H2NR (peptide) (1 equiv.), HATU, HOAt, DIPEA, DMF; 

d, hydrazine, AcOH, MeOH; e, acetic anhydride (5 equiv.), pyridine; f, 1. MeNH2, 2. 1H-tetrazole, 

dibenzyl N,N-diisopropylphosphoramidite (2 equiv.), 3. tert-butyl hydroperoxide, DCM; g, 1. H2, 

Pd/C, MeOH, 2. nC14H29OPO(OH)2 (2 equiv.), DMF, 3. LiOH, MeOH/H2O (v/v, 1:1).   
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3.4 | Conclusion 

 

 PGO substrate, 3-1, obtained using our group’s ‘top-down’ approach, have been demonstrated 

that it could be incorporated into the cell walls of different bacteria strains after a series of studies 

conducted. Brief SAR study conducted revealed that rhodamine-labelled PGO substrate (3-

1@Rhd) was incorporated while intermediary substrates were not. Difference in uptake was 

observed, as quantified by their average intensities of the fluorescence signals across different 

bacteria strains as well as different intermediary substrates within in the same strain, in which 

plausible explanations to both phenomena have been provided. The initial lysozyme degradation 

assays showed that the PGO substrate’s (3-1) metabolites resembles that of the natural 

peptidoglycans. The feasibility of this approach was then tested when I ventured on to synthesize 

PGO-derivatives 3-7 and 3-14, that were, to the best of my knowledge, not reported before. This 

‘top-down’ methodology in obtaining PGO and PGO-derivatives are highly convenient, and thus 

provides a versatile platform for future mechanistic studies on bacterial cell wall biosynthesis, as 

well as a great tool in combating antibiotic resistance and bioimaging applications. 
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3.5 | Methods and Materials 

 

3.5.1 | Materials 

 

Very low MW Chitosan (≤ 3 kDa, DD > 85%) was purchased from Carbosynth Ltd. (Berkshire, 

UK). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU), 3H-[1,2,3]-Triazolo[4,5-b]pyridin-3-ol (HOAt) and all amino 

acids used in synthesis were purchased from GL Biochem Ltd. (Shanghai, China). Sulforhodamine 

B acid chloride, Lysozyme (from egg white) and all other chemicals used in synthesis were 

purchased from Sigma-Aldrich Co. LLC. (St. Louis, USA). Membrane-staining dye FM 1-43fx 

was purchased from Thermo Fisher Scientific Inc. (Waltham, USA). Bacterial strains (Escherichia 

coli K12 ATCC8739, Pseudomonas aeruginosa PA01 ATCC27853, Staphylococcus aureus 

ATCCBAA-40 and USA300 ATCC29213, Enterococcus faecalis V583 ATCC700802, and 

Bacillus subtilis ATCC6633) were purchased from the American Type Culture Collection 

(Manassas, USA) and stored at -80 °C. Mueller-Hinton26 broth (MHB, Difco), brain heart infusion 

broth (BHI, Difco) and trypticase soy broth (TSB, Difco) were purchased from Beckton, Dickinson 

and company (Franklin Lakes, USA). Dialysis tubing was purchased from Spectra/Por (Singapore). 

Milli-Q water (18 MΩ) was prepared using a Milli-Q Synthesis System (Millipore, Bedford, MA, 

USA) for dialysis and experiments. Protected pentapeptide (Boc-L-Ala-D-iso-Glu(OBn)-L-

Lys(Fmoc)-D-Ala-D-Ala-OMe) and tetradecyl monophosphate linker were obtained as gifts from 

Dr. Lin Yichao and Mr He Jingxi from our group. 

3.5.2 | Lysozyme Degradation Assay 

 

In general, 2 mg of PGO substrate (3-1) was dissolved in 0.2 mL 10 mM acetate buffer, pH 5.0. 

Lysozyme (LC-MS trial 1: 40% wt, LC-MS trial 2: 10% wt, and LC-ESI-TOF MS trial: 20% wt) 

was added, and the resultant mixture was vortex briefly, before incubating for 24 hours (at 37 °C 

for trial 1, 40 °C for trial 2, and 38 °C for ESI-TOF trial). The enzyme was pelleted by 
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centrifugation at 1,500 X g for 5 minutes, and the supernatant was separated. In trials 1 and 2, part 

of the supernatant was subjected to DCM extraction, and 10 µL of the organic layers were 

dissolved in MeOH (1 mL) and sent for LC-MS analysis. In the case of LC-ESI-TOF-MS, the 

supernatant containing crude metabolites were diluted to 2 mL with 0.1% formic acid in deionized 

water. 

3.5.3 | Labelling of Bacterial Cell Walls with 3-1@Rhd and STED Microscopy 

 

Overnight broth cultures were grown in 4 mL fresh culture broth in 1:100 dilution, such that the 

bacteria are able to enter the logarithmic growth phase after 4 hours of incubation at 37 ℃ in a 

shaking incubator (set at 225 rpm). The bacteria cells were then collected by centrifugation at 

1,500 X g for 5 minutes and resuspended in respective culture media (MRSA is grown in TSB, B. 

subtilis and E. faecalis are grown in BHI, while P. aeruginosa and E. coli are grown in MHB) at 

a concentration of 108 CFU ml-1 and incubated with 100 µg/mL of 3-1@Rhd for 1 hour in absence 

of light at 37 ℃ with agitation (225 rpm). The bacteria were collected by centrifugation at 1,500 

X g for 5 minutes, resuspended in PBS, and the process was repeated thrice to wash off excess 

substrates that were not taken up by the cells.  

The bacteria cells were then incubated with cell staining dye FM 1-43fx according to the protocol 

by the manufacturer at a final concentration of 5 µg/mL for 5 minutes. The bacteria were collected 

again by centrifugation at 3,000 X g for 5 minutes, and the process was repeated three times to 

wash off excess staining dye. Thereafter, the bacteria pellets were treated with a fixative solution 

of 4% paraformaldehyde in PBS (pH = 7.0) for 30 minutes at 37 ℃ in a shaking incubator (225 

rpm), The bacteria were then collected by centrifugation at 3,000 X g for 5 minutes, and the process 

was repeated three times to fully wash off excess paraformaldehyde.  

The concentrated bacteria solutions were then applied on to a sterile glass bottom collagen coated 

dish (MatTek Corporation), and glycerol was added as a thickening agent to minimize cell 

suspensions from floating around. STED super resolution microscopy was performed on a Leica 
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TCS SP8 STED-3X microscope (Leica Microsystems, Wetzlar, Germany) at SingHealth 

Advanced Biomaging Core. 479 nm and 556 nm lasers were used for fluorescence excitation, 

while 660 nm STED laser was used for depletion. In order to achieve maximum lateral resolution, 

all images were acquired in 2D STED mode. Further image processing required deconvolution, 

which was done using Huygens Professional software (Scientific Volume Imaging, Hilversum, 

Netherlands). Fiji ImageJ was utilized for further image processing and quantification of the 

intensity of the fluorescence signals. 

In the case of brief SAR study, 100 µg/mL of different substrates (see Scheme 3.4) were incubated 

with E. faecalis, following the same method as described above. 

3.5.4 | Quantifying Intensity of Fluorescence Signals  

 

Quantification of the intensity of fluorescence signals were computed and calculated according to 

the procedure reported by Burgess et al.37-38 The laser power and STED power (660 nm) were kept 

constant throughout the experiments for acquisition of the images for calculation purposes. 

Excitation wavelength of the red channel (for exciting rhodamine) was set at 570 nm and the 

emission photons collected from 580 nm to 620 nm, so as to minimize crosstalk. Only cells that 

were in focus were taken into account for calculation. The channels of the raw STED images (not 

processed by deconvolution) obtained were split, and only the intensities from red channel were 

read and computed. The area with fluorescence on each bacterial surface was drawn (see Figure 

3.13) and the total intensity was normalized by the number of pixels found in the area (mean). A 

total of hundred or more cells per bacterial strain were tabulated and computed to obtain the 

average relative intensity for comparison. The values recorded and subsequently calculated are 

shown in Appendix III. 
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Figure 3.13 | Schematic illustration on the quantification of fluorescence intensity using Fiji 

ImageJ, in which the raw STED microscopic image was used, and the channels were first split 

before any quantifications in the red channel. 

 

3.5.5 | Chemical Synthesis of PGO Derivatives 

 

General Experimental Details 

All reactions were carried out in oven-dried glasswares and under nitrogen atmosphere, unless 

otherwise stated. Reactions were monitored by thin-layer chromatography (TLC) silica gel plates 

60-F254 using UV light at 254 nm to visualise and KMO4 as a staining agent, together with Liquid 

Chromatography Mass Spectrometer (LCMS) to monitor the change in molecular weights. 

Solvents used were either purified according to standard procedures in literature or as purchased 

from Merck. Product purification was done by flash chromatography using silica gel 60 (0.010-

0.063 mm), with reagent grade solvents and distilled technical grade solvents, unless otherwise 

stated. Final polymeric substrates were purified by dialysis using dialysis tubing cellulose 

membrane (1 kDa MWCO) for 3 days. 

Chitosan reaction with succinic anhydride was carried out in accordance to reported protocol by 

Yan et al. with slight modification.40 Chitosan protection was carried out according to protocol 

reported by Ifuku et al.41 Reactions involving peptide coupling, and key steps in synthesis of Lipid 

II such as attachment of the pyrophosphate lipid tail and deprotection, were carried out following 

reported protocols by Kahne et al. and Wong et al., with slight modification.24,30-31 Calculations 

were based on repeating monosaccharide units on the oligomers. 
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PGO Modified with Pentapeptide at C2 position (PP@C2/PGO) 

Synthesis of (3-2): Chitosan (3.00 g, 18.6 mmol) was dissolved in DMF (60 mL). Succinic 

anhydride (0.931 g, 9.30 mmol) was added portion-wise with stirring, and the resultant mixture 

was stirred at 60 ℃ for 24 hours. Thereafter, upon cooling, pH of the mixture was tuned to 5.0 by 

careful addition of NaOH (5% wt) solution. Precipitates formed were collected by Buchner 

filtration and washed with NaOH (5% wt) solution, ethanol and diethyl ether to give 3-2 (3.57 g, 

91%) as an off-white solid. 

Synthesis of (3-3): Boc deprotection of pentapeptide Boc-L-Ala-D-iso-Glu(OBn)-L-Lys(Fmoc)-D-

Ala-D-Ala-OMe was carried out prior to coupling reaction. Boc-protected pentapeptide (156 mg, 

0.171 mmol) was first dissolved in MeOH/DCM (2 mL, v/v = 1:1), and 4.0 M HCl in dioxane (0.9 

mL) was added dropwise to the mixture at room temperature. Reaction was monitored by TLC, 

till Boc-protected pentapeptide was consumed. The solvent was removed under reduced pressure 

and the crude H-L-Ala-D-iso-Glu(OBn)-L-Lys(Fmoc)-D-Ala-D-Ala-OMe was then dissolved in 

DMF (5 mL) and used without further purification. 3-2 (72.2 mg, 0.342 mmol), HATU (97.5 mg, 

0.257 mmol), HOAt (34.8 mg, 0.257 mmol) and DIPEA (66.3 mg, 0.513 mmol) were added to a 

round bottom flask containing DMF (20 mL) and stirred at room temperature. H-L-Ala-D-iso-

Glu(OBn)-L-Lys(Fmoc)-D-Ala-D-Ala-OMe (0.171 mmol) in DMF was then added to the reaction 

mixture and left to stir overnight. The solvents are then removed under pressure, and the crude 

mixture was carried on to the next step without further purification. 

Synthesis of (3-4): 3-3 (0.342 mmol) and pyridine (4 mL) was charge to a round bottom flask at 

0 ℃. Acetic anhydride (174 mg, 1.71 mmol) was added dropwise with stirring. The resultant 

mixture was warmed to room temperature and stirred for 24 hours. Thereafter, the solvent was 

removed under reduced pressure, and the residue was dissolved in dichloromethane (DCM), and 

extracted twice with saturated ammonium chloride solution followed by water. DCM was then 

removed in vacuo to give 3-4 (0.199 g, 84%) as brown solids 
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Synthesis of (3-5): 3-4 (199 mg, 0.288 mmol) was dissolved in MeOH (5 mL) and cooled to 0 ℃. 

2.0 M methylamine in THF (0.22 mL, 0.432 mmol) was added dropwise to the mixture. The 

resultant mixture was then warmed up to room temperature and stirred overnight. The solvent was 

then removed in vacuo and the crude mixture was used without further purification.  

Synthesis of (3-6): DCM (15 mL) was added to dissolve the dried residue of 3-5, and the mixture 

was allowed to cool to 0 ℃. 1H-tetrazole (0.13 mL, 0.058 mmol) and dibenzyl N,N-

diisopropylphosphoramidite (0.05 mL, 0.043 mmol) was then added, and the resulting mixture 

was slowly allowed to warm to room temperature, and left to stir for 5 hours, before cooling to -

50 ℃. Then tert-butyl hydroperoxide (70%, 0.5 mL) was added and the mixture was left to stir 

overnight. The volatiles were then removed under reduced pressure, and the residue was washed 

with saturated ammonium chloride solution, followed by saturated sodium bicarbonate solution, 

and finally water to give 3-5 as a yellow oil which was used directly in the next step without further 

purification. 

Synthesis of (3-7): Tetradecyl monophosphate (102 mg, 0.345 mmol) was dissolved in DMF/THF 

(20 mL, v/v = 1:1). CDI (280 mg, 1.73 mmol) was then added to the mixture, and the resultant 

mixture was stirred at room temperature for 2 hours, before quenching with methanol (1 mL). The 

mixture was left to stir for another hour at room temperature, to yield activated tetradecyl 

phosphoroimidazolidate (C14PIm). Crude 3-5 was dissolved in methanol (20 mL), and Pd on 

activated charcoal (8 mg) was added, and the suspension mixture was stirred under hydrogen 

atmosphere at room temperature overnight. The suspension mixture was then filtered through a 

pad of celite, and the solvent was removed under reduced pressure, and thereafter, resuspending 

in DMF (and transferred to the round bottom flask containing 0.087 mmol of activated tetradecyl 

phosphoroimidazolidate (C14PIm). Next, 0.45 M tertrazole in ACN (0.19 mL, 0.087 mmol) was 

added to the reaction mixture, and the resultant mixture was stirred at room temperature overnight. 

The solvents were removed in vacuo, and the residue was re-dispersed in MeOH/water (15 mL, 

v/v = 1:1), and 1 M LiOH in water (0.58 mL) was added, and the reaction mixture was stirred for 
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3 hours before dialysis and lyophilisation to give the final product, 3-7 (10 mg, 7% overall yield) 

as a beige-colored powder. 

PGO Modified with Pentapeptide at C6 position (PP@C6/PGO) 

Synthesis of (3-8): Chitosan (1.00 g, 6.21 mmol) was dissolved in AcOH/water (50 mL, v/v = 1:9) 

mixture, and phthalic acid (2.76 g,18.6 mmol) was added portion-wise. The reaction mixture was 

stirred at 120 ℃ for 24 hours. Thereafter, the mixture was cooled to room temperature and the 

solvent was removed under reduced pressure. The residue was then washed with ethanol and 

diethyl ether to give 3-8 (1.448 g, 80%) as an off-white solid. 

Synthesis of (3-9): 3-8 (600 mg, 2.06 mmol) was first dissolved in DMF (90 mL) and cooled to 

0 ℃. Sodium hydride (412 mg, 8.24 mmol) was added portion-wise, followed by dropwise 

addition of (S)-(-)-2-Bromopropionic acid (158 mg, 1.03 mmol). The reaction mixture was then 

allowed to warm to room temperature and stirred for 24 hours, before quenching with methanol. 

The solvents were removed under reduced pressure, and the residue was washed with water and 

ethanol to give 3-9 (0.37 g, 55 %) as yellow solid. 

Synthesis of (3-10): Attachment of peptide onto the polymer was carried out as described in the 

synthesis of 3-3. Boc deprotection of pentapeptide Boc-L-Ala-D-iso-Glu(OBn)-L-Lys(Fmoc)-D-

Ala-D-Ala-OMe was carried out prior to coupling reaction. Boc-protected pentapeptide (250 mg, 

0.273 mmol) was first dissolved in MeOH/DCM (2 mL, v/v = 1:1), and 4.0 M HCl in dioxane 

(1.37 mL) was added dropwise to the mixture at room temperature. Reaction was monitored by 

TLC, till Boc-protected pentapeptide was consumed. The solvent was removed under reduced 

pressure and the crude H-L-Ala-D-iso-Glu(OBn)-L-Lys(Fmoc)-D-Ala-D-Ala-OMe was then 

dissolved in DMF (5 mL) and used without further purification. 3-9 (179 mg, 0.546 mmol), HATU 

(156 mg, 0.410 mmol), HOAt (55.0 mg, 0.410 mmol) and DIPEA (106 mg, 0.820 mmol) were 

added to a round bottom flask containing DMF (25 mL) and stirred at room temperature. H-L-Ala-

D-iso-Glu(OBn)-L-Lys(Fmoc)-D-Ala-D-Ala-OMe (0.273 mmol) in DMF was then added to the 
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reaction mixture and left to stir overnight. The solvents are then removed under pressure, and the 

crude mixture was carried on to the next step without further purification. 

Synthesis of (3-11): 3-10 (~0.546 mmol) was dissolved in methanol (15 mL), followed by addition 

of acetic acid (0.10 mL, 1.73 mmol) and hydrazine (0.05 mL, 1.73 mmol). The mixture was stirred 

at room temperature for 24 hours before the removal of solvents under reduced pressure. The crude 

product was used directly in the next step without further purification. 

Synthesis of (3-12): 3-11 (~0.546 mmol) and pyridine (4 mL) was charge to a round bottom flask 

at 0 ℃. Acetic anhydride (278 mg, 2.73 mmol) was added dropwise with stirring. The resultant 

mixture was warmed to room temperature and stirred for 24 hours. Thereafter, the solvent was 

removed under reduced pressure, and the residue was dissolved in dichloromethane (DCM), and 

extracted twice with saturated ammonium chloride solution followed by water. DCM was then 

removed in vacuo to give 3-12 (0.593 g, 77% over three steps) as brown solids. 

Synthesis of (3-13): 3-12 (593 mg, 0.0423 mmol) was dissolved in MeOH (5 mL) and cooled to 

0 ℃. 2.0 M methylamine in THF (0.13 mL, 0.259 mmol) was added dropwise to the mixture. The 

resultant mixture was then warmed up to room temperature and stirred overnight. The solvent was 

then removed in vacuo and the crude mixture was used without further purification. DCM (15 mL) 

was added to dissolve the dried residue obtained, and the mixture was cooled to 0 ℃. 1H-tetrazole 

(0.38 mL, 0.173 mmol) and dibenzyl N,N-diisopropylphosphoramidite (0.14 mL, 0.130 mmol) 

was then added, and the resulting mixture was slowly allowed to warm to room temperature, and 

left to stir for 5 hours, before cooling to -50 ℃. Then tert-butyl hydroperoxide (70%, 1 mL) was 

added and the mixture was left to stir overnight. The volatiles were then removed under reduced 

pressure, and the residue was washed with saturated ammonium chloride solution, followed by 

saturated sodium bicarbonate solution, and finally water to give 3-13 as a yellow oil which was 

used directly in the next step without further purification. 

Synthesis of (3-14): Crude 3-13 was dissolved in methanol (20 mL), and Pd on activated charcoal 

(8 mg) was added, and the suspension mixture was stirred under hydrogen atmosphere at room 
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temperature overnight. The suspension mixture was then filtered through a pad of celite, and the 

solvent was removed under reduced pressure. Activated tetradecyl phosphoroimidazolidate 

(C14PIm) crude was obtained in the synthesis of 3-7. The residue was resuspended in DMF (2.5 

mL) and transferred to the round bottom flask containing 0.258 mmol activated tetradecyl 

phosphoroimidazolidate (C14PIm). Next, 0.45 M tetrazole in ACN (0.57 mL, 0.258 mmol) was 

added to the reaction mixture, and the resultant mixture was stirred at room temperature overnight. 

The solvents were removed in vacuo, and the residue was re-dispersed in MeOH/water (25 mL, 

v/v = 1:1), and 1 M LiOH in water (0.86 mL) was added, and the reaction mixture was stirred for 

3 hours before dialysis and lyophilisation to give the final product, 3-14 (20.6 mg, 5% overall yield) 

as a beige-colored powder. 
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Chapter 4 | Conclusion and Future Directions 

 

4.1 | Conclusion 

 

In conclusion, the key parameters of chitosan as well as it pharmaceutical and biomedical 

applications that were relevant to the content of this thesis have been described and discussed in 

the first chapter. Of which, its ability as a delivery agent, as well as its inherent antimicrobial 

properties caught our attention.  

In the second chapter, a viable delivery system for the delivery of a biomacromolecule had 

been designed, in which the system has high specificity towards breast cancer cells, MDA-MB-

231. That is due to overexpression of sialic acids on the surface of the breast cancer cells as 

compared to the negative control (NIH3T3). Presence of targeting ligand acts as a ‘key’ in which 

by targeting the ‘lock’ the whole system is then able to enter the desired cells. A disulfide motif 

was added in the design, which links the protein, rSML-A to the chitosan delivery agent. This will 

act as a second barrier in preventing the released of the bioactive proteins in its native form when 

the required conditions are not met. As such, in this study, the viability of this targeted system had 

been demonstrated through straightforward synthetic routes and uptake of the final conjugate (2-

30B@A) into the sialic-acid overexpressed cells (MDA-MB-342) selectively against the control 

(NIH3T3), in which cytosolic delivery of rSML-A was achieved. Obtaining a good delivery 

system at first go is almost not possible, and many trials and errors were required to fine-tune the 

delivery system into a viable one.  

The ability of the final conjugate, 2-30B@A, in escaping the endosome before lysosomes 

fusion had been demonstrated, thereby killing the cancerous cells when the cargo safely reached 

the cytosol. In addition, the carrier, 2-29, has shown excellent biocompatibility, even in the breast 

cancer cells. Thus, this design of a combination of highly specific components was substantiated 

by promising biological activities observed in this study and provides an excellent platform for 

future applications in protein delivery.  
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Chitosan is a very interesting biopolymer, which exhibits a plethora of inherent 

pharmaceutical properties, as well as its adaptability in undergoing different kinds of modifications. 

Interestingly enough, its parent polymer, chitin greatly resembles the peptidoglycan (PG) core 

structure of the sugar component. However, chitin is not as versatile as chitosan in undergoing 

modifications, and hence we have decided to utilise it in our attempt of obtaining peptidoglycan 

oligosaccharides (PGOs) substrates.  

Over the past decades, there is a spike interest of studying the biosynthesis of bacterial cell 

wall, namely which it is one of the key sites in which well-established antibiotics such as penicillin 

and vancomycin targets. Another reason is that majority of the formation of this three-dimensional 

mesh-like network, that gives bacterial its stability as well as protection against osmotic pressure, 

occurs mainly in the periplasmic space, which is not within the bacteria’s membrane (inner 

membrane for G-ve bacteria). Hence such drugs are able to avoid one of the most commonly 

occurred defensive mechanism adopted by the bacteria is the introduction of efflux pumps to pump 

out whatever antibiotics that managed to enter beyond the inner membrane. Although targeting the 

cell wall biosynthetic pathway seems like a gold-mine, but progress have been limited due to high 

difficulties in obtaining a library of PGOs derivatives for SAR studies of PGT domains in PBPs.  

To combat this, an unconventional ‘top-down’ approach of obtaining PGO substrates have 

been developed in our group. The PGO obtained via this methodology greatly resembles the 

natural PGs, such that bacteria’s enzymes are able to recognize them and incorporate our substrates 

into their cell wall. An analysis of the metabolites obtained from lysozyme degradation of the PGO 

showed presence of NAM-NAG(+pentapeptide) instead of other combination such as NAM-NAM 

or NAG-NAG. In addition, the cell wall labelling ability of the synthesized PGO substrate was 

tested against different bacteria strains. Although all strains were able to uptake the PGO, but upon 

closer inspection, there was a difference in the amount of PGO substrate being take up by the 

bacteria. Moreover, a brief SAR study was also conducted between PGO, chitosan-peptide and 

pentapeptide, and it was observed that only PGO were significantly uptake by the bacteria, while 
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the other two were not as effective. Thereafter, the practicability of our approach was demonstrated 

in an attempt to obtain PGO derivatives that were not reported before to the best of our knowledge.  

4.2 | Future Directions 

 

4.2.1 | Turning Our Delivery System into a Nanotheranostic System 

 

In recent years, nanotheranostic – a combination of therapy and diagnostic in the nano system 

– has been emerging as a powerful tool in combating against diseases.1,2 Since we have achieved 

active targeting of delivering our biomacromolecular therapeutic agent, rSML-A, our next goal is 

to turn this delivery system into a theranostic system that allows us to study biological processes 

such as cellular uptake, as well as intracellular trafficking in real time using live confocal 

microscopic imaging. From here, we can trace the distribution and also demonstrate ligand-

receptor interaction. Furthermore, adding an imaging handle makes studying the biological 

processes in preclinical and clinical stages possible and more convenient. 

 

Figure 4.1 | Schematic diagram showing the three key components of a nanotheranostic system, 

which comprises of an active targeting moiety, a therapeutic agent to be delivered, as well as an 

imaging handle for diagnostic purposes.  

Targeting Imaging 

Therapeutics 
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Hence, by making use of boron’s inherent properties, adding a tailored fluorescence tag to 

our system will result in a drastic change in fluorescence intensity will be observed upon binding 

(see Scheme 4.1). Before binding to the sialic acid, the fluorophore’s fluorescence will be 

quenched by photoinduced electron transfer (PET) via the nitrogen’s lone pair of electrons.3 Upon 

binding to the cis-diol of the sialic acid of the antigen (Lewisa, Lewisx, etc), the formation of the 

boron ester adduct increases the electron deficiency of the boron’s p-orbital,4 hence, the nitrogen 

atom will be able to donate its lone pair of electrons into it. Thus, this donation will result in its 

inability to quench the fluorescence by PET, and we can observe the fluorescence signal as well 

as trace it as it internalizes into the cell. 

 

Scheme 4.1 | Schematic diagram showing how fluorescence can be observed upon binding to sialic 

acid due to inability of the nitrogen’s lone pair of electrons to quench the fluorescence by PET. 

 

4.2.2 | A Customizable Targeted Delivery System  

 

The true versatility of the design of our delivery system, 2-30B@A, is that both the targeting 

ligand and cargo can be customised according to the needs required, in which the latter will be 

discussed in the next section (4.2.3). In our delivery system, the boronic acid targeting moiety (4-

ethynylphenylboronic acid) is attached to the azide end of the PEG spacer via click chemistry. As 

such, a wider variety of targeting ligands can be synthesized and attached to the delivery system 

to target respective receptors for different bioapplications. It would be a straight-forward synthesis 

to include an alkyne moiety for click reaction. In the case that the targeting ligand is less stable to 

withstand multiple types of reactions, one could attach a strained octyne to the targeting moiety 

such that the metal-free click reaction can be carried out under relatively mild conditions at the 

final step.  
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Carbohydrates are good choices as targeting ligands since the glycoproteins on the surfaces 

of different cell types are unique and responses to specific types of sugars. Our group has 

previously reported the use of galactose (Gal) as an efficient targeting moiety which is highly 

recognised by asialoglycoprotein receptor (ASGPR) on HepG2, a human hepatic carcinoma, as 

well as aiding the system in internalising into the cells.5 ASGPR are often found in highest amount 

on the cells of hepatic region, and HepG2 has a density much higher density of ASGPR as 

compared to healthy hepatic cells, with density reaching greater than 76,000 receptors per cell.6-7 

Mannose, on the other hand, is recognised by mannose receptor expressed on the surfaces of 

dendritic cells and macrophages, in which, the receptor is involved in regulating our innate 

immunity.8  

Short-chain peptides, such as RGD (arginine-glycine-aspartic acid) peptides have often been 

used as targeting moieties as well. RGD was found to be highly selectively towards αvβ3, αvβ1, and 

α5β1 integrins, in which overexpression were observed in angiogenic epithelial cells.9-12 Further 

studies demonstrated that the anti-tumor efficacy of cyclic RGD peptides much higher than their 

linear analogues.13  

4.2.3 | Delivery of A Wide-Variety of Biomacromolecules 

 

Recombinant techniques for protein expression have been a game-changing invention that 

allows facile access to complex structures found in nature, in which many have displayed 

intriguing biological and/or therapeutic effects. Desired DNA vector can be constructed on 

commercially available expression vector using specific PCR (polymerase chain reaction) 

machines. Additional codes for cysteine can be included at the terminal (for proteins that does not 

have terminal cysteine available for binding onto our delivery system), and subsequently transcribe 

and translate into the desired therapeutic proteins of interest. 

Studies have shown that Concanavalin A (ConA) and Polygonatum cyrtonema lectin (PCL) 

can result in autophagy after internalisation into the cancer cells or binding onto sugar-containing 

receptors on the surfaces.14-15 In addition, studies have also shown that in the case of A375 cells 
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(melanoma) and HepG2 cells (hepatocellular carcinoma), internalisation of ConA can result in the 

potential collapse of mitochondrial membrane, thereby releasing cytochrome c and causing 

caspase activation, which will then trigger mitochondria-mediated apoptosis.16-17 Therefore, it 

would be interesting to further study and establish the mechanism using live-imaging to track the 

whole process. 

Another popular approach for anticancer treatment is through the use of immunotherapy. 

Passive immunotherapies are able to induce and enhance anti-tumor effects through the delivery 

of monoclonal antibodies and cytokines. It is more general and convenient compared to active 

immunotherapy, in which the patient’s immune system is being directed to target the cancer cells 

(personalized treatment). 

Cytokines are a class of small proteins (5-20 kDa) that are capable of modulating the activity 

of the immune system. In addition, cytokine-based products typically do not exhibit a direct 

toxicity to clearance-related organs and to the bone marrow, thus making them ideally suited for 

synergistic therapy with conventional anticancer cytotoxic agents. Of particular interest is 

interleukin-13 (IL13), which is mainly produced by activated T helper (Th) 2 cells, and it has been 

proposed that induction of an apoptotic pathway in cancer cells is made possible by direct IL13-

mediated cell killing.18 A study conducted by Hess and Neri demonstrated this activity via 

recombinant antibody‑mediated delivery of interleukin‑13 to syngeneic murine tumours.19  

4.2.4 | Investigation of the Mechanisms of Bacterial Cell Wall Biosynthesis  

 

With regards to PGs (peptidoglycans), several studies have been conducted on the effect of 

different amino acids or peptides, and the effect of different lipid tail structure on the activity of 

glycosyltransferase. In a study by Wong et al., they demonstrated that the oligosaccharide 

backbone and pentapeptide chains in PGOs are necessary for effective binding to active site of 

PGT (peptidoglycan glycosyltransferase).20 It would be interesting to study the bare minimum 

requirements of PGO for enzymatic binding as well upon obtaining other derivatives. To the best 

of our knowledge, there are no reports on the effect of different the different position of the 
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pentapeptide positions on the NAM-NAG backbone on the activity of PGTs. Hence this 

unconventional ‘top-down’ approach has opened up the accessibility of PGO derivatives, in which 

can help us to better understand the bacteria intrinsic mechanism, and this can ultimately provide 

a crucial pillar in combating against the rising trend of ARB. 
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APPENDIX I – MALDI-TOF MS Analysis 

 

A1.1 | Brief Introduction 

 

MALDI-TOF MS stands for matrix-assisted laser desorption/ionization time-of-flight mass 

spectroscopy.1 MS is an analytical technique that measures the mass to charge (m/z) ratio of the 

ionised compound.2 MALDI is a “soft” method of ionising samples in solid state, which is capable 

of generating singly charge ions, and is usually preferable for ionising samples of large molecular 

weight (MW).2-3 In comparison to another “soft” ionisation method, electron spray ionisation (ESI) 

ionises samples in solution phase, and it tends to produce ions with multiple charges.4 Another 

advantage of MALDI-TOF MS is that it has rapid turnover time with a very high accuracy.1 The 

crucial step in this analysis is the sample preparation method, and there are several key parameters 

that need to be considered, such as matrices in which the samples will co-crystallise, deposition 

methods on the MALDI plate, and whether additives such as cationising agents and derivatising 

agents are needed. 

A1.2 | MALDI Results and Discussion 

 

 Due to several advantages posed by MALDI, we attempted to use this method to determine 

the molecular weights of the chitosan starting materials used in this thesis (< 3 kDa chitosan from 

Carbosynth and high MW glycol chitosan from Sigma Aldrich), PGO substrate obtained in chapter 

3, and different pullulan standards (6.2 kDa, 45 kDa and 119 kDa) as standards for calibration. 

The conditions tried are listed in Tables A1.1 and A1.2.  

 Initial trials started with a few commonly used matrices for biopolymers, such as sinapinic 

acid (SA) and 2,5-dihydroxybenzoic acid (DHB).5-6 Non-volatile solvents are often avoided as 

they have to be evaporated for crystallisation to occur. Polar solvents with low boiling point such 

as deionised water (H2O), acetone, methanol (MeOH), ethanol (EtOH), acetonitrile (ACN) or a 

mixture of these are preferred for both dissolving matrices and samples. Cationizing agents were 
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also used to help in ionising the samples for better detection purposes.7-9 A few commonly used 

depositions methods such as dried droplet method (DD) and thin-layer method (TL) were utilised 

in the experiments. Other matrices such as 9-aminoacridine (9-AA) and 6-hydrazinonicotinic acid 

(6-HNA) were also experimented.10-11  

However, the attempts were not successful, with only noise signals observed in the 

background. Another study conducted by Xiong et al., showed that second crystallisation with 

ethanol (will be abbreviated as 2nd-Co. in the tables), instead of the matrix, greatly enhanced 

crystal formation.12 3-Aminoquinoline (3-AQ) can act as both the matrix and derivatising agent 

for oligosaccharides samples in MALDI-MS analysis, as it reacts with the reducing ends of 

glycans.13,16-17 Tanaka et al. reported the use of 3-AQ in combination with p-coumaric acid (CA) 

instead of α-cyano-4-hydroxycinnamic acid (CHCA) as it more hydrophilic and thus has higher 

affinity for hydrophilic compounds such as unprotected glycans.13 Also, they observed that by 

using ammonium dihydrogen phosphate (ADP) solution as the solvent for dissolving both 3-AQ 

and CA, sensitivity was improved by 10-fold. Another agent that caught our attention is 2-

hydrazinopyrimidine (2-HPM), which can act as a co-matrix and derivative agent, as reported in a 

study by Wang et al. in 2016.14 The hydrazine group is attached to C2 of the pyrimidine ring, 

which is in-between two high electron-withdrawing imine-like nitrogen atoms. As a result, 

hydrazine’s reactivity is increased greatly, and thus enabling it to react with the reducing ends of 

the glycans more easily. In addition, they observed that the presence of pyrimidine ring greatly 

enhances MALDI-MS signal of the sample. Novotny et al. reported another method of derivatising, 

known as permethylation, in which they are able to obtain relatively good signal-to-noise ratios 

for sugars.13,18  

Hence, we proceeded with experimenting different conditions reported, as well as a few 

combinations of the reported methods, and the results are shown in Tables A1.3. A1.4 and A1.5. 

Signal-to-noise (S/N) ratios were recorded for reference, while MALDI-TOF-MS spectra obtained 

are shown in Figures A1.1, A1.2 and A1.3. 
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Scheme A1.1 | Schematic illustrations of the chemical structures of the matrices (top row) as well 

as derivatising agent (bottom row) mentioned. 

 

 

Table A1.1 | List of conditions tried, part 1. Derivatising solution A comprises of 2 mg of 3-AQ 

dissolved in 1 mL of 2 mM ADP solution. Derivatising solution B is a mixture of 4 mg/mL 2-

HPM solution and 4 mM ADP solution (v/v = 1:1), such that upon mixing, the final concentrations 

of 2-HPM and ADP are halved. Derivatising solution C is a mixture of 10 mg/mL 2-HPM solution 

and 4 mM ADP solution (v/v = 1:1). Derivatising solution D is a mixture of 20 mg/mL 2-HPM 

solution and 4 mM ADP solution (v/v = 1:1). ADP solution is a mixture of ADP dissolved in 

H2O/ACN (v/v = 1:1), and 2-HPM solution is a mixture of 2-HPM dissolved in MeOH/AcOH (v/v 

= 9:1). $ Matrix was purchased and used without further purification. # MALDI-TOF-MS analysis 

was carried out in negative mode. * Matrix was added till saturation point, in which the solid 

particles were settled at the bottom and the supernatant was remove for usage.  

 

Matrix compounds

Matrix 

concentration Matrix solvent

Solvents used 

for samples Additivies

Matrix (vol.) : 

Sample (vol.) : 

Additives (vol.) 

Methods of 

deposition

Adapted 

from ref. Entry No.

Saturated * (0.1% TFA in 

H2O)/ACN, v/v = 7:3

ACN, H2O - 1:1:0 DD, TL 5 a

Saturated * EtOH ACN, H2O - 1:1:0 DD, TL 5 b

9-aminoacridine (9AA) 
# 15 mg/mL Acetone ACN, H2O - 1:1:0 DD, TL 10 n

6-Hydrazinonicotinic acid (6-HNA) 2 mg/mL 2% HAc in MeOH ACN, H2O - 1:1:0 DD, TL 11 o

p -Coumaric acid (CA)                       

(Recrystallised from reagent grade)

1 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution A 2:1:1 DD, 2nd-Co 12-14 t

50 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution B          2:1:1 DD, 2nd-Co 12-14 aa

50 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution C        2:1:1 DD, 2nd-Co 12-14 ab

50 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution D       2:1:1 DD, 2nd-Co 12-14 ac

100 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution B          2:1:1 DD, 2nd-Co 12-14 ad

100 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution C        2:1:1 DD, 2nd-Co 12-14 ae

100 mg/mL 2 mM ADP soluition 

(dissolved in H2O/ACN, 

v/v = 1:1)

ACN, H2O Derivatising solution D       2:1:1 DD, 2nd-Co 12-14 af

Sinapinic acid (SA) 
$
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Table A1.2 | List of conditions tried, part 2. Derivatising solutions B, C and D were the same as 

described in Table A.1. $ Matrix was purchased and used without further purification. * Matrix 

was added till saturation point, in which the solid particles were settled at the bottom and the 

supernatant was remove for usage.  

 

Matrix compounds

Matrix 

concentration Matrix solvent

Solvents used 

for samples Additivies

Matrix (vol.) : 

Sample (vol.) : 

Additives (vol.) 

Methods of 

deposition

Adapted 

from ref. Entry No.

2,5-Dihydroxybenzoic acid (DHB) 
$ 20 mg/mL (0.1% TFA in 

H2O)/ACN, v/v = 7:3

ACN, H2O - 1:1:0 DD 5 c

10 mg/mL (0.1% TFA in 

H2O)/ACN, v/v = 7:3

ACN, H2O - 1:1:0 DD 5 d

10 mg/mL H2O/EtOH, v/v = 9:1 ACN, H2O - 1:1:0 DD 6 e

Saturated * H2O/EtOH, v/v = 9:1 ACN, H2O - 1:1:0 DD 6 f

15.4 mg/mL H2O ACN, H2O NaI (1 mM in H2O) 1:1:5 DD 7-8 j

15.4 mg/mL H2O ACN, H2O AgOTf (10 mg/mL in 

MeOH/DCM, v/v = 1:3)

1:1:5 DD 7, 9 k

Saturated * (0.1% TFA in 

H2O)/ACN, v/v = 1:1

ACN, H2O NaI (1 mM in H2O) 1:1:5 DD, TL 6-8 l

Saturated * (0.1% TFA in 

H2O)/ACN, v/v = 1:1

ACN, H2O AgOTf (10 mg/mL in 

MeOH/DCM, v/v = 1:3)

1:1:5 DD, TL 6-7, 9 m

Saturated * H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution C        2:1:1 DD 13-14 p

Saturated * H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution D       2:1:1 DD 13-14 q

2,5-Dihydroxybenzoic acid (DHB) 

(Recrystallised from reagent grade)

Saturated * (0.1% TFA in 

H2O)/ACN, v/v = 1:1

ACN, H2O - 1:1:0 DD, TL - g

Saturated * (0.1% TFA in 

H2O)/ACN, v/v = 3:7

ACN, H2O - 1:1:0 DD, TL - h

Saturated * (0.1% TFA in 

H2O)/ACN, v/v = 7:3

ACN, H2O - 1:1:0 DD, TL - i

Saturated * H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution C        2:1:1 DD 13-14 r

Saturated * H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution D       2:1:1 DD 13-14 s

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution B          2:1:1 DD, 2nd-Co 12-14 u

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution C        2:1:1 DD, 2nd-Co 12-14 v

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution D       2:1:1 DD, 2nd-Co 12-14 w

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution B          2:1:1 DD, 2nd-Co 12-14 x

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution C        2:1:1 DD, 2nd-Co 12-14 y

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solution D       2:1:1 DD, 2nd-Co 12-14 z

25 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O MeI 2:1:1 DD, 2nd-Co 12-15 ag

25 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O MeI + NaOAc 2:1:1 DD, 2nd-Co 12-15 ah

25 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solition D + MeI 2:1:1 DD, 2nd-Co 12-15 ai

25 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solition D + MeI + 

NaOAc

2:1:1 DD, 2nd-Co 12-15 aj

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O MeI 2:1:1 DD, 2nd-Co 12-15 ak

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O MeI + NaOAc 2:1:1 DD, 2nd-Co 12-15 al

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solition D + MeI 2:1:1 DD, 2nd-Co 12-15 am

50 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solition D + MeI + 

NaOAc

2:1:1 DD, 2nd-Co 12-15 an

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O MeI 2:1:1 DD 13-15 ao

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O MeI + NaOAc 2:1:1 DD 13-15 ap

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solition D + MeI 2:1:1 DD 13-15 aq

100 mg/mL H2O/ACN, v/v = 1:1 ACN, H2O Derivatising solition D + MeI + 

NaOAc

2:1:1 DD 13-15 ar
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Table A1.3 | Results obtained from MALDI-TOF-MS analysis of entries a to s, were ‘X’ = only 

noise observed, ‘S/N’ = signal to noise ratio, and ‘N.D.’ = not determined.  

 

 

Table A1.4 | Results obtained from MALDI-TOF-MS analysis of entries t to af, were ‘X’ = only 

noise observed, ‘S/N’ = signal to noise ratio, and ‘N.D.’ = not determined.  

DD TL DD TL DD TL DD TL DD TL DD TL

X X X X X X X X X X X X

X X X X X X X X X X X X

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

S/N = 7 N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

S/N = 23 N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

S/N = 25 N.D. X N.D. X N.D. X N.D. X N.D. X N.D.

p

q

r

s

k

l

m

n

o

e

f

g

h

i

j

Entry No.

a

b

c

d

Pulluan standard, 

6.2 kDa

Chitosan, < 3 kDa 

(Carbosynth)

PGO final 

substrate

Pullulan standard, 

45 kDa

Pullulan standard, 

119 kDa

Glycol Chitosan 

(Sigma Alrdich)

DD 2nd-Co DD 2nd-Co DD 2nd-Co DD 2nd-Co DD 2nd-Co DD 2nd-Co

- heat X X S/N = 1 S/N = 2 X X X X X X X X

+ heat X X X X X X X X X X X X

- heat X S/N = 12 X X X X X X X X X X

+ heat S/N = 8 S/N = 4 X X X X X X X X X X

- heat S/N = 23 S/N = 7 X X X X X X X X X X

+ heat S/N = 21 S/N = 13 X X X X X X X X X X

- heat S/N = 25 S/N = 15 X S/N = 9 X X X X X X X X

+ heat S/N = 21 S/N = 13 S/N = 1-2 S/N = 7 X X X X X X X X

- heat S/N = 7-11 S/N = 11-12 S/N = 4 X X X X X X X X X

+ heat S/N = 11-12 S/N = 7-10 S/N = 5 S/N = 1-2 X X X X X X X X

- heat S/N = 4-9 S/N = 3-5 S/N = 4 S/N = 4 X X X X X X X X

+ heat S/N = 8-13 S/N = 7-14 X X X X X X X X X X

- heat S/N = 9 S/N = 9-12 S/N = 8 S/N = 1-2 X X X X X X X X

+ heat S/N = 12 S/N = 11 S/N = 7-8 S/N = 6 X X X X X X X X

- heat X X X X X X X X X X X X

+ heat X X X X X X X X X X X X

- heat X X X X X X X X X X X X

+ heat X X X X X X X X X X X X

- heat X X X X X X X X X X X X

+ heat X X X X X X X X X X X X

- heat X X X X X X X X X X X X

+ heat X S/N = 1-2 X X X X X X X X X X

- heat X X X X X X X X X X X X

+ heat X X X X X X X X X X X X

- heat X X X X X X X X X X X X

+ heat X X X X X X X X X X X X

ad

ae

af

x

y

z

aa

ab

ac

t

u

v

w

Pulluan standard, 

6.2 kDa

Chitosan, < 3 kDa 

(Carbosynth)

PGO final 

substrate

Pullulan standard, 

45 kDa

Pullulan standard, 

119 kDa

Glycol Chitosan 

(Sigma Alrdich)

Entry No.
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Figure A1.1 | Image scan of selected MALDI-TOF-MS spectra of the pullulan standard (6.2 kDa), 

for entries u (DD, +heat), v (DD, +heat), w (2nd-Co., +heat), w (DD, +heat).  

 

 

Figure A1.2 | Image scan of selected MALDI-TOF-MS spectra of the chitosan (< 3 kDa, 

Carbosynth), for entries t (2nd-Co., -heat), t (DD, -heat), u (2nd-Co., +heat), z (DD, -heat), w 

(2nd-Co., +heat). 
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Table A1.5 | Results obtained from MALDI-TOF-MS analysis of entries ag to ar, were ‘X’ = only 

noise observed, ‘S/N’ = signal to noise ratio, and ‘N.D.’ = not determined. 

 

 

Figure A1.3 | Successful MS spectrums pullulan 6.2 kDa (left) chitosan purchased from 

Carbosynth (right) obtained from different conditions. 

 

DD 2nd-Co DD 2nd-Co

- heat S/N = 13-17 N.D. X N.D.

+ heat N.D. S/N = 11-16 N.D. X

- heat S/N = 14-17 N.D. X N.D.

+ heat N.D. S/N = 17-21 N.D. X

- heat X N.D. X N.D.

+ heat N.D. X N.D. X

- heat X N.D. X N.D.

+ heat N.D. X N.D. N.D.

- heat N.D. S/N = 16 N.D. N.D.

+ heat N.D. N.D. N.D. N.D.

- heat N.D. S/N = 13 N.D. N.D.

+ heat N.D. N.D. N.D. N.D.

- heat N.D. X N.D. N.D.

+ heat N.D. N.D. N.D. N.D.

- heat N.D. X N.D. N.D.

+ heat N.D. N.D. N.D. N.D.

- heat S/N = 1-2 N.D. N.D. N.D.

+ heat N.D. N.D. N.D. X

- heat X N.D. N.D. N.D.

+ heat N.D. N.D. N.D. X

- heat X N.D. N.D. N.D.

+ heat N.D. N.D. N.D. X

- heat X N.D. N.D. N.D.

+ heat N.D. N.D. N.D. X

X

S/N = 7-8

S/N = 1-2

N.D.

N.D.

N.D.

S/N = 10

X

X

X

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

DD

S/N = 1-2

N.D.

N.D.

N.D.

N.D.

N.D. N.D. N.D.

N.D.N.D.N.D.

N.D. N.D. N.D.

X X X

N.D. N.D. N.D.

X X X

X X X

N.D. N.D. N.D.

X X X

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

N.D. N.D. N.D.

X X X

N.D. N.D. N.D.

X X X

N.D. N.D.

X X X

DD DD DD

X X X

N.D.

ak

al

aq

an

ao

ap

ar

ah

ai

aj

am

PGO final 

substrate

Pullulan standard, 

45 kDa

Pullulan standard, 

119 kDa

Glycol Chitosan 

(Sigma Alrdich)

Entry No.

Pulluan standard, 

6.2 kDa

Chitosan, < 3 kDa 

(Carbosynth)

ag
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A.3 | Summary and Conclusion 

 

 In summary, for chitosan starting material used in chapter 3, the MW peak detected was 

1615.7 kDa (see Figure A1.4 below), which roughly corresponds to 10 repeating units of 

glucosamine (exact mass = 161.06 Da). Samples first derivatised with 2-HPM works best together 

with utilising 25 mg/mL of recrystallised DHB as matrix using dried deposition method followed 

by second co-crystallisation with ethanol. Another condition that works too is to derivatise the 

reducing end of chitosan with 2-HPM and using 50 mg/mL of recrystallised DHB as matrix, using 

the dried deposition method. 

 

Figure A1.4 | MALDI-TOF-MS spectrum depicting a distribution of different MW of chitosan, 

with the peak height corresponding to 1615.7 kDa. 

 

 As for Pullulan standard (6.2 kDa), derivative agent such as 2-HPM or permethylation does 

not affect the outcome as much. Dried droplet method with DHB matrix (25 mg/mL to 100 mg/mL) 

gives better S/N ratios. Adding cationizing agent such as NaOAc prior to deposition does not seem 

to have a significant impact on the S/N ratio.  
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APPENDIX II – Supplementary Data for Chapter 2 

 

AII.1 | NMR Spectra 

 

 

Figure A2.1 | 1H NMR spectrum of 2-9 in D2O (water-suppressed).  

 

 

Figure A2.2 | 1H NMR spectrum of 2-10 in D2O (water-suppressed). 

 

The appearance of the peaks at regions 7.3, 3.0, and 1.5-1.0 signified the presence of LC-SPDP 

chain in the polymer. 
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Figure A2.3 | 1H NMR spectrum of 2-20 in CDCl3 (400 MHz). 

 

 

Figure A2.4 | 13C NMR spectrum of 2-20 in CDCl3 (101 MHz) 
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Figure A2.5 | 1H NMR spectrum of 2-21 in CDCl3 (400 MHz). Reaction was successful as 

confirmed by the appearance of acetyl peak at 2.2 ppm. 

 

 

Figure A2.6 | 13C NMR spectrum of 2-21 in CDCl3 (101 MHz). 
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Figure A2.7 | 1H NMR spectrum of 2-22 in CDCl3 (400 MHz). Formation of disulfide bridge was 

successful as can be seen by disappearance of acetyl peak at 2.2 ppm and appearance of aromatic 

peaks at region 8.4–6.6 ppm. 

 

 

Figure A2.8 | 13C NMR spectrum of 2-22 in CDCl3 (101 MHz). 
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Figure A2.9 | 1H NMR spectrum of 2-23 in CDCl3 (400 MHz). Esterification reaction was 

successful as can be seen by downfield movement of protons peak from 3.5 to 4.2 ppm. 

Appearance of peaks at 2.6 ppm and 2.1 ppm corresponds to ethyl groups and acetyl groups in 

CDM. 

 

 

Figure A2.10 | 13C NMR spectrum of 2-23 in CDCl3 (101 MHz). 
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Figure A2.11 | 1H NMR spectrum of 2-24 in DMSO-d6 (400 MHz). 

 

 

 

Figure A2.12 | 1H NMR spectrum of 2-25 in DMSO-d6 (500 MHz). 
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Figure A2.11 | 1H NMR spectrum of 2-26 in DMSO-d6 (500 MHz). 

 

 

 

Figure A2.13 | 1H NMR spectrum of 2-28 in DMSO-d6 (400 MHz). 
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Figure A2.14 | 1H NMR spectrum of 2-29 in D2O (500 MHz). 

 

 

AII.2 | Zeta Potential and Dynamic Light Scattering (DLS) Measurement of 2-30 

 

 

Figure A2.15 | Zeta potential and size distribution of 19.5 nM of 2-30 (0.56 µg/mL of rSML-A) 

were carried out in PBS using Malvern zetasizer (Malvern Instruments Ltd, Malvern, UK).  
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AII.3 | Preliminary Confirmation Study of Formation of Maleamate Linkage Via IR 

Spectroscopy  

 

A shorter chain of targeting ligand 1, with a tetraethylene glycol spacer, was first used in our 

preliminary study. The formation of maleamate bond was confirmed during our preliminary 

studies via IR spectroscopy, in addition to NMR analysis. An azide peak can be observed at 2101 

cm-1 in the IR spectrum, for the compound CDM-TEG-N3 (see Figure A2.16). After reacting with 

glycol chitosan according to Scheme A2.1, IR spectrum of the product was recorded (see Figure 

A2.17) after purification by dialysis. 

 

Figure A2.16 | IR spectrum of CDM-TEG-N3. 

 

 

Scheme A2.1 | Amide formation between glycol chitosan (GC) and modified linker, CDM-TEG-

N3. 
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Figure A2.17 | IR spectrum of GC-(CDM-TEG-N3). 

 

After obtaining the azide-modified glycol chitosan, it was further subjected to click reaction with 

4-ethynylphenylboronic acid pinacolato ester (see Scheme A2.2), which is the moiety responsible 

for targeting the cancer cells. Thereafter, the product (GC-BE) was purified by dialysis according 

to procedure described in Chapter 2.  

 

Scheme A2.2 | Subsequent click reaction between GC-(CDM-TEG-N3) and the targeting moiety, 

4-ethynylphenylboronic acid pinacolato ester, to obtain the product, GC-BE. 

 

IR spectrum of GC-BE was recorded (see Figure A2.18) and compared against the IR spectrum 

of GC-BA (see Figure A2.19) which was obtained according to the original synthetic route. Both 
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spectra showed similar absence of the azide stretch at 2110 cm-1, which signifies that both the click 

reaction, as well as the amide formation reaction was successful.  

 

Figure A2.18 | IR spectrum of GC-BE obtained from click reaction described in Scheme A2.2. 

 

 

Figure A2.19 | IR spectrum of GC-BA obtained from amide formation between GC and targeting 

ligand, CDM-TEG-BA. 
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APPENDIX III – Supplementary Data for Chapter 3 

 

AIII.1 | Fluorescence Intensity Calculation 

 

The images used for fluorescence intensity calculation in chapter 3 are listed below: 
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E. faecalis V583 
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Table used for computation is shown as follows: 

Pseudomonas aeruginosa 

PA01 Red Channel 

 

PA01 Red Channel 

Series01  Area Mean IntDen RawIntDen Series02  Area Mean IntDen RawIntDen 

Cell 

1 0.1 17.618 1.758 2537 

Cell 

1 0.175 17.793 3.11 3861 

2 0.207 17.759 3.68 5310 2 0.228 16.76 3.82 4743 

3 0.203 20.034 4.068 5870 3 0.198 17.467 3.461 4297 

4 0.215 15.823 3.399 4905 4 0.255 16.237 4.146 5147 

5 0.247 23.298 5.748 8294 5 0.23 20.561 4.72 5860 

6 0.104 31.387 3.263 4708 6 0.242 24.711 5.991 7438 

7 0.204 18.337 3.736 5391 7 0.228 14.314 3.263 4051 

8 0.211 20.489 4.331 6249 8 0.176 19.128 3.359 4170 

9 0.108 22.481 2.43 3507 9 0.231 23.118 5.344 6635 

10 0.109 17.57 1.924 2776 10 0.215 20.449 4.398 5460 

11 0.101 24.644 2.493 3598 11 0.193 18.803 3.62 4494 

12 0.111 18.594 2.062 2975 12 0.147 26.098 3.847 4776 

13 0.216 37.01 8.002 11547 13 0.201 26.333 5.282 6557 

14 0.259 19.021 4.93 7114 14 0.203 19.175 3.892 4832 

15 0.261 19.78 5.168 7457 15 0.165 25.776 4.256 5284 

16 0.26 20.237 5.259 7589 16 0.437 15.994 6.996 8685 

17 0.198 16.839 3.326 4799 17 0.255 15.64 3.994 4958 

18 0.291 20.343 5.921 8544 18 0.238 14.24 3.395 4215 

19 0.1 18.278 1.824 2632 19 0.159 23.645 3.752 4658 

20 0.179 18.236 3.261 4705 20 0.264 19.009 5.022 6235 

21 0.169 18.697 3.161 4562 21 0.222 22.764 5.061 6283 

22 0.264 15.302 4.04 5830 22 0.238 16.537 3.943 4895 

23 0.268 21.398 5.739 8281 23 0.263 21.483 5.659 7025 

Avg (-background): 14.63372609 Avg (-background): 15.7658087 

Std Dev: 4.917777026 Std Dev: 3.801236171 

Std Error: 1.025427395 Std Error: 0.792612533 

BG 

1 0.115 5.446 0.626 904 

BG 

1 0.184 4.259 0.782 971 

2 0.15 6.088 0.911 1315 2 0.184 4.158 0.764 948 

3 0.15 5.958 0.892 1287 3 0.184 4.224 0.776 963 

4 0.15 5.875 0.879 1269 4 0.184 3.833 0.704 874 

5 0.15 5.764 0.863 1245 5 0.184 4.096 0.752 934 

6 0.15 6.144 0.92 1327 6 0.184 3.706 0.681 845 

7 0.15 6.736 1.008 1455 7 0.184 3.75 0.689 855 

8 0.15 5.472 0.819 1182 8 0.184 3.895 0.715 888 

9 0.15 6.491 0.972 1402 9 0.184 4.368 0.802 996 

10 0.15 5.417 0.811 1170 10 0.184 4.329 0.795 987 

Avg: 5.9391 Avg: 4.0618 

 

PA01 Red Channel 

 

PA01 Red Channel 

Series03  Area Mean IntDen RawIntDen Series04  Area Mean IntDen RawIntDen 

Cell 

1 0.234 13.341 3.116 3869 

Cell 

1 0.21 17.18 3.612 4484 

2 0.202 12.554 2.538 3151 2 0.304 16.889 5.142 6384 

3 0.244 16.089 3.927 4875 3 0.219 16.757 3.671 4558 

4 0.284 15.127 4.301 5340 4 0.221 16.011 3.534 4387 

5 0.303 17.019 5.154 6399 5 0.241 16.803 4.047 5024 
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6 0.241 17 4.094 5083 6 0.258 17.328 4.467 5545 

7 0.266 20.185 5.365 6661 7 0.239 20.502 4.905 6089 

8 0.183 17.916 3.276 4067 8 0.221 23.026 5.082 6309 

9 0.184 14.43 2.65 3290 9 0.259 20.131 5.205 6462 

10 0.174 14.685 2.555 3172 10 0.241 18.97 4.569 5672 

11 0.138 17.409 2.398 2977 11 0.226 14.256 3.227 4006 

12 0.22 17.597 3.87 4804 12 0.126 21.75 2.733 3393 

13 0.214 18.729 4.013 4982 13 0.255 14.633 3.725 4624 

14 0.286 18.563 5.308 6590 14 0.257 12.856 3.303 4101 

15 0.177 24.923 4.417 5483 15 0.244 15.31 3.737 4639 

16 0.291 16.277 4.733 5876 16 0.184 15.576 2.873 3567 

17 0.208 18.229 3.788 4703 17 0.214 19.733 4.228 5249 

18 0.215 15.569 3.348 4157 18 0.158 22.209 3.506 4353 

19 0.268 14.694 3.941 4893 19 0.271 21.507 5.838 7248 

20 0.18 20.359 3.657 4540 20 0.198 17.089 3.386 4204 

21 0.205 22.392 4.599 5710 21 0.277 23.608 6.541 8121 

22 0.16 18 2.885 3582 22 0.143 21.921 3.143 3902 

23 0.172 15.014 2.588 3213 23 0.18 20.987 3.787 4701 

24 0.171 13.778 2.353 2921 24 0.207 21.381 4.426 5495 

Avg (-background): 14.65429167 25 0.121 14.053 1.698 2108 

Std Dev: 2.905052009 26 0.168 14.76 2.473 3070 

Std Error: 0.592991258 27 0.11 17.577 1.94 2408 

BG 

1 0.155 2.651 0.41 509 28 0.166 19.223 3.19 3960 

2 0.155 2.812 0.435 540 29 0.178 20.113 3.58 4445 

3 0.155 2.516 0.389 483 30 0.184 19.332 3.566 4427 

4 0.155 1.917 0.296 368 Avg (-background): 15.23216667 

5 0.155 2.609 0.404 501 Std Dev: 2.970623231 

6 0.155 2.365 0.366 454 Std Error: 0.542359118 

7 0.155 1.958 0.303 376 

BG 

1 0.143 2.74 0.391 485 

8 0.155 2.448 0.379 470 2 0.143 3.056 0.436 541 

9 0.155 2.25 0.348 432 3 0.143 3.531 0.503 625 

10 0.155 2.714 0.42 521 4 0.143 3.209 0.458 568 

Avg: 2.424 5 0.143 3.215 0.458 569 

 

6 0.143 3.395 0.484 601 

7 0.143 3.316 0.473 587 

8 0.143 2.944 0.42 521 

9 0.143 2.825 0.403 500 

10 0.143 3.271 0.466 579 

Avg: 3.1502 

 

Escherichia coli 

E. coli K12 Red Channel  E. coli K12 Red Channel 

Series01  Area Mean IntDen RawIntDen 

 

Series02  Area Mean IntDen RawIntDen 

Cell 

1 0.25 23.108 5.781 8342 

Cell 

1 0.283 21.721 6.141 8862 

2 0.103 28.311 2.904 4190 2 0.207 22.505 4.663 6729 

3 0.244 25.435 6.204 8953 3 0.247 24.272 5.988 8641 

4 0.201 25.569 5.139 7415 4 0.243 23.66 5.739 8281 

5 0.286 24.421 6.99 10086 5 0.285 24.998 7.12 10274 

6 0.225 23.96 5.396 7787 6 0.241 24.71 5.959 8599 
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7 0.255 23.965 6.111 8819 7 0.259 25.083 6.501 9381 

8 0.207 25.768 5.321 7679 8 0.236 25.188 5.935 8564 

9 0.24 23.087 5.536 7988 9 0.249 20.953 5.227 7543 

10 0.257 26.949 6.929 9998 10 0.225 24.731 5.553 8013 

11 0.22 26.16 5.765 8319 11 0.168 23.44 3.947 5696 

12 0.143 24.869 3.55 5123 12 0.291 28.076 8.172 11792 

13 0.256 27.293 6.979 10071 13 0.304 26.872 8.157 11770 

14 0.201 46.862 9.418 13590 14 0.162 21.607 3.504 5056 

15 0.175 44.866 7.866 11351 15 0.095 25.029 2.376 3429 

16 0.185 28.869 5.342 7708 16 0.169 25.779 4.359 6290 

17 0.209 27.056 5.662 8171 17 0.238 26.933 6.421 9265 

18 0.103 31.642 3.245 4683 18 0.148 30.582 4.514 6514 

19 0.244 28.727 7.008 10112 19 0.104 23.12 2.403 3468 

20 0.236 23.094 5.441 7852 20 0.231 28.018 6.466 9330 

21 0.091 21.076 1.913 2761 21 0.213 24.655 5.245 7569 

22 0.27 20.139 5.429 7834 22 0.252 21.333 5.367 7744 

23 0.26 21.984 5.713 8244 23 0.245 27.59 6.768 9767 

Avg (-background): 16.77838696 Avg (-background): 14.20218261 

Std Dev: 6.511262508 Std Dev: 2.435198311 

Std Error: 1.357692087 Std Error: 0.507773949 

BG 

1 0.906 9.528 8.636 12462 

BG 

1 0.291 11.631 3.385 4885 

2 0.906 10.346 9.378 13533 2 0.291 10.895 3.171 4576 

3 0.906 10.338 9.371 13522 3 0.291 9.94 2.893 4175 

4 0.906 10.718 9.715 14019 4 0.291 10.529 3.064 4422 

5 0.906 10.489 9.507 13719 5 0.291 10.286 2.994 4320 

6 0.906 10.056 9.115 13153 6 0.291 10.764 3.133 4521 

7 0.906 10.037 9.098 13129 7 0.291 10.5 3.056 4410 

8 0.906 10.644 9.649 13923 8 0.291 10.593 3.083 4449 

9 0.906 10.161 9.21 13290 9 0.291 10.586 3.081 4446 

10 0.906 10.86 9.844 14205 10 0.291 10.452 3.042 4390 

Avg: 10.3177  Avg: 10.6176  

 

E. coli K12 Red Channel 

 

E. coli K12 Red Channel 

Series03  Area Mean IntDen RawIntDen Series04  Area Mean IntDen RawIntDen 

Cell 

1 0.25 25.895 6.478 9348 

Cell 

1 0.213 23.642 5.03 7258 

2 0.214 23.793 5.095 7352 2 0.193 25.273 4.869 7026 

3 0.169 24.082 4.072 5876 3 0.15 26.602 3.982 5746 

4 0.126 29.571 3.73 5382 4 0.252 27.755 7.001 10103 

5 0.272 26.407 7.192 10378 5 0.199 28.296 5.628 8121 

6 0.253 26.753 6.767 9765 6 0.252 54.959 13.825 19950 

7 0.258 28.199 7.269 10490 7 0.21 27.554 5.786 8349 

8 0.216 25.763 5.57 8038 8 0.227 27.341 6.215 8968 

9 0.22 25.899 5.707 8236 9 0.262 29.235 7.658 11051 

10 0.235 26.785 6.292 9080 10 0.172 25.419 4.369 6304 

11 0.195 31.655 6.164 8895 11 0.188 26.812 5.035 7266 

12 0.179 24.209 4.328 6246 12 0.239 24.435 5.842 8430 

13 0.245 26.89 6.597 9519 13 0.191 24.58 4.701 6784 

14 0.2 23.436 4.694 6773 14 0.191 29.855 5.71 8240 

15 0.192 25.56 4.906 7080 15 0.281 26.202 7.354 10612 
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16 0.222 26.75 5.932 8560 16 0.108 32.455 3.509 5063 

Avg (-background): 12.9667375 17 0.157 25.257 3.956 5708 

Std Dev: 2.14288679 Avg (-background): 17.16754118 

Std Error: 0.535721698 Std Dev: 7.152348718 

BG 

1 0.292 13.176 3.844 5547 Std Error: 1.734699367 

2 0.292 13.102 3.823 5516 

BG 

1 0.277 11.14 3.088 4456 

3 0.292 13.622 3.974 5735 2 0.277 11.307 3.134 4523 

4 0.292 13.822 4.033 5819 3 0.277 11.812 3.274 4725 

5 0.292 14.107 4.116 5939 4 0.277 11.273 3.125 4509 

6 0.292 12.9 3.764 5431 5 0.277 11.322 3.139 4529 

7 0.292 13.031 3.802 5486 6 0.277 11.39 3.157 4556 

8 0.292 13.249 3.866 5578 7 0.277 11.367 3.151 4547 

9 0.292 13.43 3.918 5654 8 0.277 11.393 3.158 4557 

10 0.292 13.423 3.916 5651 9 0.277 11.758 3.259 4703 

Avg: 13.3862 10 0.277 11.252 3.119 4501 

 Avg: 11.4014 

 

E. coli K12 Red Channel 

Series05  Area Mean IntDen RawIntDen 

Cell 

1 0.216 31.788 6.873 9918 

2 0.229 25.109 5.759 8311 

3 0.261 23.691 6.173 8908 

4 0.243 23.889 5.811 8385 

5 0.23 35.084 8.072 11648 

6 0.213 22.623 4.829 6968 

7 0.168 25.252 4.235 6111 

8 0.164 24.92 4.093 5906 

9 0.306 30.893 9.441 13624 

10 0.277 28.018 7.747 11179 

11 0.139 27.463 3.825 5520 

12 0.168 26.453 4.455 6428 

13 0.294 28.854 8.478 12234 

14 0.164 25.844 4.245 6125 

15 0.109 24.49 2.665 3845 

16 0.157 27.132 4.268 6159 

17 0.201 26.121 5.249 7575 

18 0.161 27.515 4.443 6411 

19 0.35 26.794 9.377 13531 

20 0.175 26.818 4.702 6785 

21 0.202 24.712 5.001 7216 

22 0.091 20.364 1.863 2688 

23 0.158 25.009 3.951 5702 

24 0.233 29.622 6.897 9953 

25 0.087 24.736 2.143 3092 

26 0.335 26.377 8.829 12740 

27 0.169 26.287 4.445 6414 

Avg (-background): 13.29215926 

Std Dev: 2.95911578 

Std Error: 0.569482097 



Page | 153 

 

BG 

1 0.265 11.527 3.06 4415 

2 0.265 13.337 3.54 5108 

3 0.265 13.358 3.545 5116 

4 0.265 14.713 3.905 5635 

5 0.265 13.389 3.554 5128 

6 0.265 14.616 3.879 5598 

7 0.265 13.984 3.712 5356 

8 0.265 11.911 3.161 4562 

9 0.265 12.433 3.3 4762 

10 0.265 12.943 3.435 4957 

Avg: 13.2211 

 

Bacillus subtilis 
B. subtilis 6633 Red Channel 

 

B. subtilis 6633 Red Channel 

Series01  Area Mean IntDen RawIntDen Series02  Area Mean IntDen RawIntDen 

Cell 

1 0.267 12.033 3.208 3983 

Cell 

1 0.34 13.239 4.495 6487 

2 0.493 11.538 5.688 7061 2 0.336 14.682 4.935 7121 

3 0.383 12.412 4.759 5908 3 0.363 14.635 5.315 7669 

4 0.243 11.358 2.763 3430 4 0.387 13.806 5.339 7704 

5 0.352 14.471 5.094 6324 5 0.301 12.938 3.9 5628 

6 0.268 11.282 3.026 3757 6 0.277 14.148 3.922 5659 

7 0.282 16.123 4.545 5643 7 0.27 13.841 3.741 5398 

8 0.242 12.814 3.107 3857 8 0.282 18.002 5.078 7327 

9 0.425 20.4 8.676 10771 9 0.305 13.152 4.01 5787 

10 0.43 14.455 6.218 7719 10 0.29 14.048 4.079 5886 

11 0.424 14.072 5.974 7416 11 0.271 13.169 3.568 5149 

12 0.415 16.355 6.785 8423 12 0.76 12.55 9.54 13767 

13 0.292 15.096 4.414 5480 13 0.483 14.861 7.178 10358 

14 0.435 12.622 5.49 6816 14 0.431 13.638 5.879 8483 

Avg (-background): 7.091285714 15 0.306 12.548 3.843 5546 

Std Dev: 2.522312681 Avg (-background): 9.938566667 

Std Error: 0.674116419 Std Dev: 1.339895351 

BG 

1 0.184 7.855 1.443 1791 Std Error: 0.345959492 

2 0.184 6.908 1.269 1575 

BG 

1 0.496 3.486 1.73 2496 

3 0.184 6.864 1.261 1565 2 0.399 4.082 1.629 2351 

4 0.184 6.553 1.203 1494 3 0.496 4.043 2.006 2895 

5 0.184 6.009 1.104 1370 4 0.496 3.722 1.847 2665 

6 0.184 6.842 1.257 1560 5 0.496 3.966 1.968 2840 

7 0.184 7.004 1.286 1597 6 0.496 3.711 1.841 2657 

8 0.184 7.044 1.294 1606 7 0.496 4.383 2.175 3138 

9 0.184 6.702 1.231 1528 8 0.496 4.413 2.19 3160 

10 0.184 6.614 1.215 1508 9 0.496 4.439 2.202 3178 

Avg: 6.8395 10 0.496 3.874 1.922 2774 

 Avg: 4.0119 

 
B. subtilis 6633 Red Channel 

 

B. subtilis 6633 Red Channel 

Series03  Area Mean IntDen RawIntDen Series04  Area Mean IntDen RawIntDen 

Cell 

1 0.325 10.631 3.455 4986 

Cell 

1 0.371 11.35 4.208 6072 

2 0.292 11.423 3.333 4809 2 0.36 10.398 3.747 5407 

3 0.247 11.317 2.8 4040 3 0.358 12.198 4.362 6294 

4 0.34 13.573 4.609 6651 4 0.34 11.996 4.082 5890 

5 0.356 11.207 3.984 5749 5 0.346 15.006 5.189 7488 

6 0.367 13.885 5.1 7359 6 0.362 13.125 4.748 6851 

7 0.311 13.488 4.197 6056 7 0.444 13.752 6.099 8801 

8 0.347 14.467 5.023 7248 8 0.405 15.259 6.175 8911 

9 0.331 16.207 5.369 7747 9 0.696 11.228 7.812 11273 

10 0.318 13.322 4.238 6115 10 0.615 11.717 7.202 10393 

11 0.39 14.943 5.83 8413 11 0.322 14.049 4.527 6533 
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12 0.394 15.023 5.924 8548 12 0.369 15.146 5.595 8073 

13 0.568 13.532 7.68 11083 13 0.358 17.872 6.391 9222 

14 0.325 12.141 3.946 5694 14 0.359 17.11 6.142 8863 

15 0.358 12.01 4.294 6197 15 0.313 13.721 4.298 6202 

16 0.339 12.951 4.389 6333 16 0.408 14.217 5.803 8374 

17 0.344 14.546 5 7215 17 0.369 14.403 5.32 7677 

18 0.352 20.398 7.181 10362 18 0.312 12.738 3.972 5732 

Avg (-background): 8.160666667 19 0.332 14.781 4.906 7080 

Std Dev: 2.278128489 20 0.383 14.043 5.372 7752 

Std Error: 0.536960034 21 0.368 11.842 4.358 6288 

BG 

1 0.277 5.505 1.526 2202 22 0.311 12.038 3.746 5405 

2 0.277 5.555 1.54 2222 23 0.321 11.227 3.602 5198 

3 0.277 5.598 1.552 2239 24 0.321 14.205 4.558 6577 

4 0.139 5.285 0.732 1057 25 0.332 13.843 4.595 6631 

5 0.182 5.198 0.947 1367 Avg (-background): 7.91946 

6 0.08 5.207 0.419 604 Std Dev: 1.846469832 

7 0.277 5.218 1.446 2087 Std Error: 0.369293966 

8 0.277 5.65 1.566 2260 

BG 

1 0.4 5.53 2.211 3191 

9 0.277 5.695 1.579 2278 2 0.4 5.558 2.222 3207 

10 0.153 5.629 0.862 1244 3 0.4 5.575 2.229 3217 

Avg: 5.454 4 0.4 5.47 2.187 3156 

 

5 0.4 5.53 2.211 3191 

6 0.4 5.66 2.263 3266 

7 0.4 5.636 2.254 3252 

8 0.4 5.461 2.184 3151 

9 0.4 5.65 2.259 3260 

10 0.4 5.641 2.256 3255 

Avg: 5.5711 

 
B. subtilis 6633 Red Channel 

Series05  Area Mean IntDen RawIntDen 

Cell 

1 0.485 10.52 5.103 7364 

2 0.451 10.625 4.793 6917 

3 0.353 12.006 4.243 6123 

4 0.421 9.758 4.112 5933 

5 0.109 15.614 1.71 2467 

6 0.623 10.046 6.258 9031 

7 0.446 11.616 5.176 7469 

8 0.45 10.963 4.938 7126 

9 0.57 12.062 6.871 9915 

10 0.407 13.032 5.31 7663 

11 0.397 14.262 5.663 8172 

12 0.398 13.471 5.368 7746 

13 0.477 12.168 5.81 8384 

14 0.536 15.658 8.388 12104 

15 0.388 11.421 4.432 6396 

16 0.374 13.978 5.221 7534 

17 0.369 14.133 5.22 7533 

18 0.332 12.432 4.127 5955 

19 0.344 11.133 3.834 5533 

20 0.374 11.223 4.192 6049 

21 0.383 12.031 4.602 6641 

22 0.346 11.94 4.137 5970 

23 0.374 14.409 5.392 7781 

24 0.488 12.224 5.964 8606 

25 0.34 12.163 4.13 5960 

26 0.36 13.452 4.847 6995 

27 0.441 12.625 5.573 8042 

28 0.36 11.046 3.973 5733 

29 0.376 12.853 4.836 6979 

30 0.537 12.406 6.663 9615 
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31 0.509 23.74 12.075 17425 

32 0.214 10.084 2.159 3116 

33 0.183 10.583 1.936 2794 

Avg (-background): 7.444172727 

Std Dev: 2.507908258 

Std Error: 0.436570791 

BG 

1 0.218 5.362 1.17 1689 

2 0.218 4.978 1.087 1568 

3 0.218 5.117 1.117 1612 

4 0.218 5.292 1.155 1667 

5 0.179 5.043 0.902 1301 

6 0.218 5.184 1.132 1633 

7 0.218 5.076 1.108 1599 

8 0.218 5.13 1.12 1616 

9 0.218 5.044 1.101 1589 

10 0.218 5.295 1.156 1668 

Avg: 5.1521 

 

Enterococcus faecalis 

E. faecalis V583 Red Channel 

 

E. faecalis V583 Red Channel 

Series01  Area Mean IntDen RawIntDen Series02  Area Mean IntDen RawIntDen 

Cell 

1 0.311 28.245 8.789 12682 

Cell 

1 0.104 34.413 3.577 5162 

2 0.268 52.106 13.974 20165 2 0.192 32.657 6.269 9046 

3 0.156 45.653 7.118 10272 3 0.182 30.825 5.618 8107 

4 0.113 48.73 5.504 7943 4 0.123 33.864 4.154 5994 

5 0.193 37.627 7.275 10498 5 0.125 39.667 4.948 7140 

6 0.199 27.537 5.477 7903 6 0.223 22.22 4.958 7155 

7 0.19 36.369 6.906 9965 7 0.142 18.888 2.683 3872 

8 0.203 31.597 6.416 9258 8 0.249 30.287 7.535 10873 

9 0.258 37.016 9.568 13807 9 0.203 29.898 6.071 8760 

10 0.119 28.715 3.423 4939 10 0.157 27.379 4.307 6215 

11 0.277 23.609 6.528 9420 11 0.149 25.307 3.771 5441 

12 0.204 39.241 7.995 11537 12 0.211 34.397 7.27 10491 

13 0.29 39.038 11.335 16357 13 0.203 37.075 7.528 10863 

14 0.19 27.894 5.297 7643 14 0.125 35.21 4.416 6373 

15 0.177 47.762 8.473 12227 15 0.13 30.75 4.006 5781 

16 0.305 56.468 17.218 24846 16 0.155 24.567 3.814 5503 

17 0.178 32.008 5.701 8226 17 0.15 23.189 3.487 5032 

18 0.171 31.486 5.389 7777 18 0.144 23.091 3.328 4803 

19 0.185 30.165 5.581 8054 19 0.125 34.95 4.36 6291 

20 0.179 49.838 8.945 12908 20 0.139 33.194 4.624 6672 

21 0.105 28 2.949 4256 21 0.131 20.873 2.734 3945 

22 0.142 36.439 5.177 7470 22 0.143 35.246 5.056 7296 

23 0.281 26.569 7.475 10787 23 0.151 39.904 6.028 8699 

24 0.161 27.082 4.354 6283 24 0.108 31.981 3.457 4989 

25 0.151 29.202 4.412 6366 25 0.102 21.898 2.231 3219 

26 0.195 34.408 6.724 9703 26 0.119 37.07 4.393 6339 

27 0.278 29.741 8.265 11926 27 0.15 30.281 4.554 6571 

28 0.221 31.614 6.989 10085 28 0.257 36.779 9.456 13645 

29 0.245 46.824 11.454 16529 29 0.184 19.545 3.603 5199 

30 0.261 28.215 7.352 10609 30 0.172 17.395 2.99 4314 

31 0.264 34.625 9.142 13192 31 0.164 27.161 4.442 6410 

32 0.266 26.557 7.067 10198 32 0.269 33.75 9.075 13095 
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Avg (-background): 26.066875 33 0.17 38.398 6.546 9446 

Std Dev: 8.75256418 34 0.166 34.658 5.764 8318 

Std Error: 1.547249371 Avg (-background): 23.11712941 

BG 

1 0.123 8.847 1.085 1566 Std Dev: 6.419002639 

2 0.123 9.514 1.167 1684 Std Error: 1.100849871 

3 0.123 9.723 1.193 1721 

BG 

1 0.218 7.359 1.606 2318 

4 0.123 9.35 1.147 1655 2 0.218 7.238 1.58 2280 

5 0.123 8.932 1.096 1581 3 0.218 6.721 1.467 2117 

6 0.123 9.475 1.162 1677 4 0.218 6.781 1.48 2136 

7 0.123 8.542 1.048 1512 5 0.218 7.349 1.604 2315 

8 0.123 9.305 1.141 1647 6 0.218 8.273 1.806 2606 

9 0.123 9.175 1.125 1624 7 0.218 7.679 1.676 2419 

10 0.123 9.712 1.191 1719 8 0.218 6.159 1.344 1940 

Avg: 9.2575 9 0.218 6.949 1.517 2189 

 

10 0.218 6.311 1.378 1988 

Avg: 7.0819 

 

 

E. faecalis V583 Red Channel 

Series03  Area Mean IntDen RawIntDen 

Cell 

1 0.146 29.474 4.31 6219 

2 0.155 33.272 5.165 7453 

3 0.182 32.416 5.886 8493 

4 0.103 37.765 3.899 5627 

5 0.1 39.965 3.988 5755 

6 0.174 75.45 13.124 18938 

7 0.122 42.705 5.209 7516 

8 0.119 43.907 5.233 7552 

9 0.123 33.904 4.159 6001 

10 0.141 39.642 5.604 8087 

11 0.1 30.959 3.111 4489 

12 0.098 31.606 3.11 4488 

13 0.128 36.027 4.619 6665 

14 0.177 24.867 4.394 6341 

15 0.172 37.161 6.387 9216 

16 0.118 28.782 3.391 4893 

17 0.092 41.797 3.852 5559 

18 0.097 40.643 3.943 5690 

19 0.137 37.707 5.174 7466 

20 0.105 30.311 3.172 4577 

21 0.144 34.106 4.916 7094 

22 0.135 43.631 5.896 8508 

23 0.114 34.878 3.964 5720 

24 0.114 23.994 2.727 3935 

25 0.101 34.466 3.487 5032 

26 0.125 37.171 4.662 6728 

27 0.187 39.963 7.477 10790 

28 0.141 26.814 3.791 5470 

29 0.146 36.281 5.28 7619 
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30 0.139 34.91 4.863 7017 

31 0.152 34.909 5.298 7645 

32 0.139 24.285 3.366 4857 

33 0.146 24.576 3.577 5161 

34 0.13 32.25 4.202 6063 

35 0.112 29.571 3.299 4761 

36 0.128 29.076 3.708 5350 

37 0.127 22.568 2.862 4130 

38 0.106 22.471 2.383 3438 

39 0.104 39.353 4.091 5903 

Avg (-background): 27.35383846 

Std Dev: 8.988189762 

Std Error: 1.439262233 

BG 

1 0.132 7.479 0.985 1421 

2 0.132 6.795 0.895 1291 

3 0.132 7.737 1.019 1470 

4 0.132 7.205 0.949 1369 

5 0.132 7.205 0.949 1369 

6 0.132 7.753 1.021 1473 

7 0.132 7.805 1.028 1483 

8 0.132 6.937 0.913 1318 

9 0.1 7.347 0.733 1058 

10 0.132 7.284 0.959 1384 

Avg: 7.3547 

 

Staphylococcus aureus 
MRSA-BAA40 Red Channel 

 

MRSA-BAA40 Red Channel 

Series01  Area Mean IntDen RawIntDen Series02  Area Mean IntDen RawIntDen 

Cell 

1 0.452 16.765 7.576 9405 

Cell 

1 0.115 22.933 2.648 5137 

2 0.349 23.573 8.222 10207 2 0.211 22.954 4.84 9388 

3 0.349 35.206 12.279 15244 3 0.106 22.834 2.413 4681 

4 0.349 28.739 10.024 12444 4 0.081 21.108 1.708 3314 

5 0.349 27.746 9.677 12014 5 0.132 23.191 3.061 5937 

6 0.349 22.506 7.85 9745 6 0.171 25.885 4.417 8568 

7 0.349 32.478 11.328 14063 7 0.125 28.124 3.509 6806 

8 0.349 26.956 9.402 11672 8 0.126 21.657 2.735 5306 

9 0.349 18.501 6.453 8011 9 0.101 27.658 2.795 5421 

10 0.349 30.166 10.521 13062 10 0.125 24.252 3.026 5869 

11 0.349 23.882 8.33 10341 11 0.206 37.902 7.796 15123 

12 0.349 18.975 6.618 8216 12 0.084 36.871 3.098 6010 

13 0.349 24.134 8.417 10450 13 0.174 31.855 5.551 10767 

14 0.349 23.781 8.294 10297 14 0.115 24.621 2.843 5515 

15 0.349 33.704 11.755 14594 15 0.123 37.017 4.542 8810 

16 0.349 26.575 9.269 11507 16 0.113 24.068 2.73 5295 

17 0.349 39.744 13.862 17209 17 0.087 22.13 1.928 3740 

18 0.349 36.081 12.584 15623 18 0.117 21.894 2.551 4948 

19 0.349 37.727 13.159 16336 19 0.104 21.289 2.206 4279 

20 0.349 57.497 20.054 24896 20 0.126 28.739 3.63 7041 

21 0.362 32.029 11.584 14381 21 0.164 29.028 4.759 9231 

22 0.362 16.88 6.105 7579 22 0.119 24.9 2.952 5727 

23 0.362 32.107 11.612 14416 23 0.113 25.918 2.926 5676 

24 0.362 31.857 11.522 14304 24 0.123 20.854 2.569 4984 

25 0.362 38.67 13.986 17363 25 0.123 22.454 2.755 5344 

26 0.362 25.739 9.309 11557 26 0.11 19.315 2.121 4114 

27 0.362 25.842 9.346 11603 27 0.116 23.929 2.776 5384 

28 0.362 26.078 9.432 11709 28 0.18 32.157 5.802 11255 
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29 0.362 15.43 5.581 6928 29 0.119 31.515 3.753 7280 

30 0.362 19.027 6.881 8543 30 0.1 30.263 3.027 5871 

31 0.421 36.201 15.251 18933 31 0.137 26.272 3.589 6962 

Avg (-background): 26.63205484 32 0.114 22.611 2.576 4997 

Std Dev: 8.706465933 33 0.148 32.618 4.843 9394 

Std Error: 1.563727443 Avg (-background): 21.58455758 

BG 

1 0.421 1.677 0.706 877 Std Dev: 5.028379082 

2 0.421 2.193 0.924 1147 Std Error: 0.875328444 

3 0.421 2.447 1.031 1280 

BG 

1 0.107 4.937 0.527 1022 

4 0.421 2.034 0.857 1064 2 0.107 4.986 0.532 1032 

5 0.421 1.792 0.755 937 3 0.104 4.297 0.447 868 

6 0.421 1.57 0.661 821 4 0.107 4.213 0.45 872 

7 0.421 2.096 0.883 1096 5 0.107 4.357 0.465 902 

8 0.421 1.95 0.822 1020 6 0.107 4.961 0.529 1027 

9 0.421 1.553 0.654 812 7 0.107 4.836 0.516 1001 

10 0.421 1.721 0.725 900 8 0.107 4.7 0.502 973 

Avg: 1.9033 9 0.107 4.952 0.528 1025 

 

10 0.107 5.193 0.554 1075 

Avg: 4.7432 

 
MRSA-BAA40 Red Channel 

 

MRSA-BAA40 Red Channel 

Series03  Area Mean IntDen RawIntDen Series04  Area Mean IntDen RawIntDen 

Cell 

1 0.144 36.804 5.312 10305 

Cell 

1 0.103 25.575 2.637 5115 

2 0.139 21.637 3.012 5842 2 0.123 29.444 3.628 7037 

3 0.213 21.075 4.498 8725 3 0.116 39.582 4.591 8906 

4 0.241 30.45 7.331 14220 4 0.127 30.502 3.884 7534 

5 0.163 27.82 4.532 8791 5 0.131 40.193 5.263 10209 

6 0.139 46.226 6.434 12481 6 0.113 25.836 2.93 5684 

7 0.229 30.649 7.031 13639 7 0.112 18.064 2.03 8015 

8 0.16 24.379 3.909 7582 8 0.128 32.189 4.132 5158 

9 0.239 30.054 7.189 13945 9 0.105 25.409 2.659 9320 

10 0.111 18.386 2.038 3953 10 0.124 38.672 4.805 5856 

11 0.178 19.272 3.428 6649 11 0.129 23.424 3.019 9530 

12 0.126 28.498 3.599 6982 12 0.156 31.452 4.913 3595 

13 0.131 22.752 2.979 5779 13 0.107 17.367 1.853 5733 

14 0.212 30.167 6.407 12429 14 0.13 22.75 2.955 3591 

15 0.141 21.157 2.988 5797 15 0.12 15.478 1.851 3938 

16 0.112 16.76 1.875 3637 Avg (-background): 22.65013333 

Avg (-background): 23.108175 Std Dev: 7.872994247 

Std Dev: 7.62787086 Std Error: 2.032798373 

Std Error: 1.906967715 

BG 

1 0.123 5.412 0.664 1288 

BG 

1 0.123 3.416 0.419 813 2 0.123 5.13 0.629 1221 

2 0.123 3.218 0.395 766 3 0.123 5.525 0.678 1315 

3 0.123 3.324 0.408 791 4 0.123 5.601 0.687 1333 

4 0.123 3.651 0.448 869 5 0.123 4.866 0.597 1158 

5 0.123 4.008 0.492 954 6 0.123 4.298 0.527 1023 

6 0.123 3.962 0.486 943 7 0.123 4.483 0.55 1067 

7 0.123 3.399 0.417 809 8 0.123 4.975 0.61 1184 

8 0.123 4.038 0.495 961 9 0.123 5.143 0.631 1224 

9 0.123 2.748 0.337 654 10 0.123 5.357 0.657 1275 

10 0.123 3.458 0.424 823 Avg: 5.079 

Avg: 3.5222  

 
MRSA-BAA40 Red Channel 

Series05  Area Mean IntDen RawIntDen 

Cell 

1 0.114 34.095 3.902 7569 

2 0.144 60.039 8.635 16751 

3 0.119 32.333 3.85 7469 

4 0.121 35.615 4.296 8334 

5 0.105 34.235 3.6 6984 

6 0.134 23.112 3.086 5986 
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7 0.13 29.306 3.807 7385 

8 0.131 32.638 4.274 8290 

9 0.188 45 8.444 16380 

10 0.121 36.628 4.419 8571 

11 0.114 34.045 3.896 7558 

12 0.126 31.074 3.909 7582 

13 0.106 28.597 3.037 5891 

14 0.148 34.436 5.095 9883 

Avg (-background): 26.40105714 

Std Dev: 8.661895073 

Std Error: 2.314988834 

BG 

1 0.132 9.332 1.232 2389 

2 0.132 9.777 1.29 2503 

3 0.132 8.188 1.081 2096 

4 0.132 8.516 1.124 2180 

5 0.132 7.301 0.964 1869 

6 0.132 7.824 1.033 2003 

7 0.132 8.484 1.12 2172 

8 0.132 9.102 1.201 2330 

9 0.132 9.488 1.252 2429 

10 0.132 8.801 1.161 2253 

Avg: 8.6813 

 
MRSA-USA300 Red Channel 

 

MRSA-USA300 Red Channel 

Series01  Area Mean IntDen RawIntDen Series02  Area Mean IntDen RawIntDen 

Cell 

1 0.188 23.433 4.398 5460 

Cell 

1 0.342 35.141 12.03 14935 

2 0.171 26.208 4.475 5556 2 0.141 30.697 4.327 5372 

3 0.155 20.663 3.212 3988 3 0.172 23.953 4.11 5102 

4 0.28 29.107 8.136 10100 4 0.176 23.009 4.04 5016 

5 0.242 24.697 5.968 7409 5 0.184 28.465 5.228 6490 

6 0.248 21.448 5.321 6606 6 0.17 36.18 6.149 7634 

7 0.268 35.559 9.538 11841 7 0.176 22.886 4.037 5012 

8 0.293 20.044 5.877 7296 8 0.176 18.699 3.299 4095 

9 0.138 23.088 3.18 3948 9 0.278 19.426 5.398 6702 

10 0.151 17.481 2.633 3269 10 0.146 22.89 3.337 4143 

11 0.242 18.127 4.38 5438 11 0.226 20.411 4.603 5715 

12 0.249 16.32 4.062 5043 12 0.236 32.635 7.702 9562 

13 0.262 27.557 7.214 8956 13 0.271 20.582 5.587 6936 

14 0.227 23.674 5.378 6676 14 0.147 21.76 3.208 3982 

15 0.159 22.409 3.574 4437 15 0.162 27.239 4.41 5475 

16 0.179 19.396 3.468 4306 16 0.144 25.944 3.741 4644 

17 0.19 16.775 3.189 3959 17 0.132 26.915 3.555 4414 

18 0.331 21.275 7.043 8744 18 0.147 26.219 3.865 4798 

19 0.377 43.235 16.299 20234 19 0.182 21.204 3.86 4792 

20 0.212 19.084 4.043 5019 20 0.209 17.723 3.712 4608 

21 0.319 28.321 9.034 11215 21 0.194 18.734 3.637 4515 

22 0.183 15.868 2.901 3602 22 0.143 20.472 2.935 3644 

23 0.136 17.746 2.416 2999 23 0.136 31.361 4.269 5300 

24 0.173 26.484 4.587 5694 24 0.178 23.729 4.224 5244 

25 0.191 16.245 3.101 3850 25 0.28 19.635 5.504 6833 

26 0.163 19.01 3.093 3840 26 0.19 35.441 6.737 8364 

Avg (-background): 20.87866154 27 0.176 24.516 4.325 5369 

Std Dev: 6.338790176 28 0.171 22.708 3.878 4814 

Std Error: 1.243139031 Avg (-background): 22.63727143 

BG 

1 0.35 2.558 0.894 1110 Std Dev: 5.408819752 

2 0.35 1.544 0.54 670 Std Error: 1.022170854 

3 0.35 0.226 0.079 98 
BG 

1 0.514 2.13 1.095 1359 

4 0.35 0.15 0.052 65 2 0.514 2.053 1.055 1310 
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5 0.35 2.804 0.98 1217 3 0.514 2.082 1.07 1328 

6 0.35 2.749 0.961 1193 4 0.514 2.649 1.361 1690 

7 0.35 0.316 0.11 137 5 0.514 2.741 1.409 1749 

8 0.35 2.926 1.023 1270 6 0.514 2.188 1.124 1396 

9 0.35 2.878 1.006 1249 7 0.514 2.375 1.22 1515 

10 0.35 3.237 1.132 1405 8 0.514 2.335 1.2 1490 

Avg: 1.9388 9 0.514 1.994 1.025 1272 

 

10 0.514 2.571 1.321 1640 

Avg: 2.3118 

 
MRSA-USA300 Red Channel 

 

MRSA-USA300 Red Channel 

Series03  Area Mean IntDen RawIntDen Series04  Area Mean IntDen RawIntDen 

Cell 

1 0.122 27.349 3.348 4157 

Cell 

1 0.191 16.482 3.152 6115 

2 0.124 22.273 2.763 3430 2 0.276 26.062 7.188 13943 

3 0.118 27.212 3.2 3973 3 0.172 14.895 2.565 4975 

4 0.101 24.392 2.456 3049 4 0.149 23.536 3.507 6802 

5 0.13 31.441 4.077 5062 5 0.168 23.843 3.995 7749 

6 0.113 23.443 2.644 3282 6 0.215 27.368 5.898 11440 

7 0.111 23.63 2.627 3261 7 0.276 22.297 6.15 11929 

8 0.1 22.887 2.286 2838 8 0.221 16.801 3.707 7191 

9 0.121 17.78 2.148 2667 9 0.163 22.823 3.718 7212 

10 0.104 22.465 2.334 2898 10 0.219 25.519 5.578 10820 

11 0.118 21.644 2.545 3160 11 0.165 18.442 3.052 5920 

12 0.133 22.103 2.938 3647 12 0.201 23.138 4.652 9024 

13 0.121 20.427 2.468 3064 Avg (-background): 19.78246667 

14 0.114 19.475 2.212 2746 Std Dev: 4.106346902 

15 0.116 24.5 2.842 3528 Std Error: 1.185400245 

16 0.109 24.711 2.687 3336 

BG 

1 0.386 1.981 0.765 1484 

17 0.128 27.264 3.492 4335 2 0.386 1.629 0.629 1220 

18 0.118 20.075 2.377 2951 3 0.386 2.007 0.775 1503 

19 0.108 20.022 2.161 2683 4 0.386 1.825 0.705 1367 

Avg (-background): 21.26998421 5 0.386 2.053 0.793 1538 

Std Dev: 3.325245673 6 0.386 2.152 0.831 1612 

Std Error: 0.762863676 7 0.386 1.802 0.696 1350 

BG 

1 0.11 1.838 0.201 250 8 0.386 2.166 0.836 1622 

2 0.11 2.316 0.254 315 9 0.386 2.053 0.793 1538 

3 0.11 1.706 0.187 232 10 0.386 2.179 0.841 1632 

4 0.11 1.713 0.188 233 Avg: 1.9847 

5 0.11 2.096 0.23 285 

 

6 0.11 1.721 0.188 234 

7 0.11 2.243 0.246 305 

8 0.11 2.544 0.279 346 

9 0.11 2.279 0.25 310 

10 0.11 2.051 0.225 279 

Avg: 2.0507  

 
MRSA-USA300 Red Channel 

 

MRSA-USA300 Red Channel 

Series05  Area Mean IntDen RawIntDen Series06  Area Mean IntDen RawIntDen 

Cell 

1 0.219 38.856 8.493 16475 

Cell 

1 0.156 23.139 3.614 7011 

2 0.211 19.443 4.099 7952 2 0.125 25.634 3.211 6229 

3 0.203 23.567 4.775 9262 3 0.206 25.325 5.222 10130 

4 0.216 39.095 8.445 16381 4 0.168 28.485 4.787 9286 

5 0.196 38.969 7.654 14847 5 0.195 34.639 6.768 13128 

6 0.176 31.692 5.571 10807 6 0.152 19.2 2.92 5664 

7 0.199 41.391 8.236 15977 7 0.125 17.407 2.181 4230 

8 0.192 21.614 4.156 8062 8 0.125 16.819 2.107 4087 



Page | 161 

 

9 0.224 20.278 4.547 8821 Avg (-background): 21.7166 

10 0.234 19.725 4.616 8955 Std Dev: 6.051167184 

11 0.175 20.558 3.593 6969 Std Error: 2.139410675 

Avg (-background): 26.70185455 

BG 

1 0.232 2.355 0.547 1062 

Std Dev: 9.30949216 2 0.232 2.716 0.632 1225 

Std Error: 2.806917498 3 0.232 1.659 0.386 748 

BG 

1 0.727 2.172 1.579 3062 4 0.232 2.82 0.656 1272 

2 0.727 1.825 1.326 2573 5 0.232 2.16 0.502 974 

3 0.727 2.323 1.688 3275 6 0.232 2.614 0.608 1179 

4 0.727 1.862 1.354 2626 7 0.232 1.437 0.334 648 

5 0.727 1.987 1.444 2802 8 0.232 2.106 0.49 950 

6 0.727 1.733 1.259 2443 9 0.232 1.539 0.358 694 

7 0.19 2.084 0.395 767 10 0.232 1.738 0.404 784 

8 0.727 1.733 1.26 2444 Avg: 2.1144 

9 0.727 1.547 1.124 2181 

 

10 0.716 2.25 1.61 3123 

Avg: 1.9516 

 

Overall values used for chart:  

 

MRSA-

BAA40 

MRSA-

USA300 

E. faecalis 

V583 

B. subtilis 

6633 E. coli Kf12 

P. aeruginosa 

PA01 

26.63205484 20.87866154 26.066875 7.091285714 16.778387 14.63372609 

21.58455758 22.63727143 23.11712941 9.938566667 14.202183 15.7658087 

23.108175 21.26998421 27.35383846 8.160666667 12.966738 14.65429167 

22.65013333 19.78246667  7.91946 17.167541 15.23216667 

26.40105714 21.7166  7.444172727 13.292159  

  26.70185455         

Average 24.07519558 22.16447306 25.51261429 8.110830355 14.881402 15.07149828 

No of cells 109 104 105 105 106 100 

Std. Dev 7.654065019 5.960115982 8.286341025 2.316132294 4.8666858 3.652046134 

Std. Error (±) 0.366563233 0.292218728 0.404332041 0.113015684 0.2363472 0.182602307 
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AIII.2 | NMR Spectra  

 

 

Figure A3.1 | 1H NMR spectrum of 3-2 in DMSO-d6 (500 MHz).  

 

 

Figure A3.2 | 1H NMR spectrum of 3-5 in CDCl3 (500 MHz) 
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Figure A3.3 | 1H NMR spectrum of 3-7 in D2O (400 MHz). 

 

 

Figure A3.4 | 1H NMR spectrum of 3-9 in DMSO-d6 (500 MHz) 
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Figure A3.5 | 1H NMR spectrum of 3-12 in CDCl3 (500 MHz). 

 

 

Figure A3.6 | 1H NMR spectrum of 3-14 in D2O (500 MHz). 
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AIII.3 – Additional Information on the System, 3-1 and 3-1@Rhd 

 

The data recorded herein were obtained from Mr. He Jingxi with regards to the systems 3-1 and 

3-1@Rhd studied. Data included are 1H NMR spectrum of 3-1@Rhd and protected pentapeptide 

(Boc-L-Ala-D-iso-Glu(OBn)-L-Lys(Fmoc)-D-Ala-D-Ala-OMe), 13C NMR of the protected peptide 

(Boc-L-Ala-D-iso-Glu(OBn)-L-Lys(Fmoc)-D-Ala-D-Ala-OMe), as well as charts recorded from gel 

permeation chromatography (GPC) and dynamic light-scattering (DLS) of 3-1. 

 

 

Figure A3.9 | 1H NMR spectrum of 3-1@Rhd in D2O (500 MHz) 

 

Proton ratio between f (aromatic, 5H), d (acetyl, 3H) and a (terminal methyl, 3H) suggested 

average 4.4 rhodamine labeled peptide moieties and 9 acetylated glucosamine units connecting to 

1 lipid aglycone. 
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Figure A3.10 | 1H NMR spectrum of protected pentapeptide in DMSO (400 MHz). 

 

 

Figure A3.11 | 13C NMR spectrum of protected pentapeptide in DMSO (101 MHz). 
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Figure A3.12 | GPC chromatogram of 3-1 eluted with 0.05 M NaCl in deionized water. Shodex 

SB-803 HQ and SB-805 HQ columns (Showa Denko, Tokyo, Japan) were connected in series for 

GPC in Agilent 1260 infinity system (Agilent, CA, USA). Samples were eluted at 0.5 mL/s 

through columns. Peak broadening observed was from various self-assemblies of the polymer 

molecules. 

 

 

Figure A3.13 | Size distribution of 3-1 in deionized water with the concentration of 100 µg/mL 

was obtained from DLS analysis using Malvern zetasizer (Malvern Instruments Ltd, Malvern, UK). 

Results indicated spontaneous self-assembly of PGOs, probably due to the amphiphilic nature 

from co-existence of sugar, peptide and lipid moieties in the substrate. 
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