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pHEAn-Fl (1 – 10 mg.mL-1, 1 h) and (B) imaged using confocal 

microscopy. Scale bar = 50 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI 
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Figure 2.8.   (A) A549 cells treated with Ac4ManNAz (50 µM, 72 h) were incubated 

with DBCO-pHEAn-Fl (1 – 10 mg.mL-1, 1 h) and (B) imaged using 

confocal microscopy. Scale bar = 50 μm. Green = DBCO-pHEAn-Fl. Blue 

= DAPI (nuclear) stain. 

Figure 2.9.  Magnified images of Figure 2.8. A549 cells treated with Ac4ManNAz (50 

µM, 72 h) and incubated with DBCO-pHEAn-Fl (1 – 10 mg.mL-1, 1 h). 

Scale bar = 50 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) 

stain. 

Figure 2.10.   Timelapse confocal images of A549 cells treated with Ac4ManNAz (50 

µM, 72 h) and incubated with DBCO-pHEA50-Fl (1 – 10 mg.mL-1, 1 h, 

DP50) over a 24 h time period. Scale bar = 50 μm. Green = DBCO-pHEAn-

Fl. Blue = DAPI (nuclear) stain. 

Figure 2.11.  Timelapse confocal images of A549 cells treated with Ac4ManNAz (50 

µM, 72 h) and incubated with DBCO-pHEA100-Fl (1 – 10 mg.mL-1, 1 h, 
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DP100) over a 24 h time period. Scale bar = 50 μm. Green = DBCO-

pHEAn-Fl. Blue = DAPI (nuclear) stain. 

Figure 2.12.  Synthesis route of DBCO-pHEAn-Biotin from DBCO-pHEAn. 

Figure 2.13.   The cell viability of A549 cells following incubation with DBCO-pHEAn-

Biotin (1 – 10 mg.mL-1, 1 h). Cell viability was monitored relative to 

untreated control cells with a resazurin assay and reported as mean 

percentage cell viability ± SEM of 3 biological repeats (ANOVA, Tukey 

PostHoc; ns: p ≥ 0.05). 

Figure 2.14.  Biomolecule capture. (A) A549 cells were treated with Ac4ManNAz (50 

µM, 72 h), DBCO-pHEA50/100-Biotin (1 – 10 mg.mL-1, 1 h) and 

streptavidin-Cy3 (50 µM, 1 h) either immediately or 24 h post-grafting of 

pHEA polymers. (B) Cells were confocal imaged to visualise recruitment 

of streptavidin-cy3. Scale bar = 50 μm. Red = streptavidin-cy3. Blue = 

DAPI (nuclear) stain. 
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Figure 3.1.  Metabolic glycan labelling viability studies. A resazurin reduction cell 

viability assay was performed on A549 cells incubated with either (A) 

Ac4ManNAz (10 – 150 µM, n = 3) or (B) DMSO (0.1 – 1.5%, n = 5) for 96 

h. Data is represented by mean cell viability relative to control untreated 

cells ± SEM of n biological repeats (ANOVA, Tukey PostHoc; ***: p ≤ 

0.001). 

Figure 3.2.  Confocal images of A549 cells treated with Ac4ManNAz (10 – 100 µM, 96 

h) and DBCO-Cy3 (50 µM, 2.5 h). Scale bar = 20 μm. Red = DBCO-Cy3. 

Blue = DAPI (nuclear) stain. 
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Figure 3.3.  (A) Flow cytometry of A549 cells treated with Ac4ManNAz (0 – 100 µM, 

96 h) and DBCO-Cy3 (50 µM, 2.5 h). (B) The mean fluorescence intensity 

from the fluorescence distribution curves was plotted ± SEM of 3 biological 

repeats (unpaired t-test; ns: p ≥ 0.05, **: p ≤ 0.001 ***: p ≤ 0.001). 

Figure 3.4.  Resazurin reduction cell viability assay of DBCO-pHEAn. The cell viability 

of A549 cells was measured 24 h following incubation with Ac4ManNAz 

(40 µM, 96 h) and DBCO-pHEAn polymers (1 – 10 mg.mL-1, 2.5 h) of 

different chain lengths. Data is represented by mean cell viability relative 

to control untreated cells ± SEM of 3 biological repeats (ANOVA, Tukey 

PostHoc; ns: p ≥ 0.05). 

Figure 3.5.  (A) Grafting DBCO-pHEA50 – 150-Fl onto A549 cells with metabolic glycan 

labelling. (B) Confocal images of A549 cells treated with Ac4ManNAz (40 

µM, 96 h) and DBCO-pHEA50 – 150-Fl polymers (10 mg.mL-1, 2.5 h) 

varying in length. Scale bar = 20 μm. Green = DBCO-pHEAn-Fl. Blue = 

DAPI stain. 

Figure 3.6.  (A) Flow cytometry of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA50 – 150-Fl (0 – 10 mg.mL-1, 2.5 h) varying in chain length. 

(B) Mean cell fluorescence intensity values were extracted from flow 

cytometry data and reported ± SEM of 3 biological repeats (ANOVA, 

Tukey PostHoc; ns: p ≥ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Mean fluorescence 

readings were normalised and reported (± SEM of 3 biological repeats) 

against (C) log10[DBCO-DMAEMA] with dose-response fitting or (D) 

against [DBCO-DMAEMA] with simple linear regression. 

Figure 3.7.  Non-specific binding/uptake of DBCO-pHEA50 – 150-Fl. Confocal images of 

A549 cells treated with DBCO-pHEA50 – 150-Fl polymers alone (10 mg.mL-
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1, 2.5 h) varying in length. Scale bar = 20 μm. Green = DBCO-pHEAn-Fl. 

Blue = DAPI (nuclear) stain. 

Figure 3.8.  Quantitative assessment of non-specific binding. Flow cytometry results of 

A549 cells treated with (+, red) or without (-, blue) Ac4ManNAz (40 µM, 

96 h) and subsequently with either (A) 5 mg.mL-1 (above blue dashed line) 

or (D) 10 mg.mL-1 (below blue dashed line) of DBCO-pHEA50 – 150-Fl (2.5 

h). (A, D) Untreated control cells were also analysed using flow cytometry 

(grey). (B, E) Mean cell fluorescence intensity was calculated ± SEM of 5 

biological repeats from the flow cytometry data (ANOVA, Tukey PostHoc; 

***: p ≤ 0.001. (C, F) The percentage of cells treated with both 

Ac4ManNAz and DBCO-pHEA50 – 150-Fl (5 mg.mL-1, 10 mg.mL-1; 2.5 h) 

with fluorescence intensity gated higher than 99% of untreated cells or 

above either 95% or 99% of cells treated with DBCO-pHEA50 – 150-Fl alone 

was determined ± SEM of 5 biological repeats. 

Figure 3.9.  Imaging DBCO-pHEA50 – 150-Fl loss over time. Confocal images of A549 

cells were taken following treatment with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA50 – 150-Fl polymers (10 mg.mL-1, 2.5 h) at multiple time 

points (0 – 72 h). Scale bar = 20 μm. Green = DBCO-pHEAn-Fl. Blue = 

DAPI (nuclear) stain. 

Figure 3.10.  Monitoring cell fluorescence following polymer treatment. Flow cytometry 

at multiple time points of A549 cells treated with Ac4ManNAz (40 µM, 96 

h) and either (A) 5 mg.mL-1 or (B) 10 mg.mL-1 of DBCO-pHEA50 – 150-Fl 

(2.5 h). Ac4ManNAz untreated A549 cells treated with either (C) 5 mg.mL-

1 or (D) 10 mg.mL-1 of DBCO-pHEA50 – 150-Fl (2.5 h) were also analysed at 

0 and 8 h time points. 
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Figure 3.11.  Polymer loss over time. (A, B) The mean fluorescence intensity of A549 

cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pHEA50 – 150-Fl 

(A, 5 mg.mL-1; B, 10 mg.mL-1; 2.5 h) were taken from the flow cytometry 

distribution graphs at different time points (0 – 72 h) and the values were 

reported ± SEM of 4 biological repeats. (C, D) Normalised fluorescence 

intensity over 72 h relative to t = 0 h value for each polymer chain length. 

(E, F) Percentage decrease in fluorescence intensity ± SEM of 4 biological 

repeats of cell treated with both Ac4ManNAz (40 µM, 96 h) and DBCO-

pHEA50 – 150-Fl over 24, 48 and 72 h. (G, H) The mean fluorescence 

intensity of A549 cells treated with DBCO-pHEA50 – 150-Fl alone ± SEM of 

3 biological repeats at 0 and 8 h timepoints taken from the flow cytometry 

distribution graphs above (Fig. 3.11C and 3.11D) with percentage decrease 

values indicated in red. All graphs on the left of the blue line are associated 

with 5 mg.mL-1 DBCO-pHEA50 – 150-Fl and on the right 10 mg.mL-1. 

(ANOVA, Tukey PostHoc; ns: p > 0.05, **p ≤ 0.01, ***p ≤ 0.001). 

Figure 3.12.  Neuraminidase cleavage. (A) Ac4ManNAz treated A549 cells (40 µM, 96 

h), were incubated with neuraminidase (25 U.mL-1, 1.5 h) either before or 

after DBCO-pHEA50 – 150-Fl treatment (10 mg.mL-1, 2.5 h) and (B) flow 

cytometry was used to monitor changes in cellular fluorescence intensity. 

(C) The average fluorescence intensities of cells from the flow cytometry 

distribution graphs were plotted ± SEM of 4 biological repeats (ANOVA, 

Tukey PostHoc; ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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Chapter 4 

Figure 4.1.  Examples of chemotherapeutic macromolecules developed through 

macromolecular engineering. (A) Methacrylate co-polymers with 

hydrophilic and hydrophobic domains for cancer selectivity and membrane 

disruption. (B) Self-assembled micelles consisting of mPEG-polycarbonate 

diblock co-polymers with a pH-sensitive linker (acetal) to release charged 

species at tumour sites for membrane disruption. (C) Cellular uptake of 

self-assembled micelles consisting of triblock copolymers of mPEG, 

guanidinium functionalised cationic polycarbonates and polylactide 

promotes membrane damage and vacuolisation. Figures adapted from.20–22 

Figure 4.2.  The proposed hypothesis to enhance the activity of chemotherapeutic 

polycations. Metabolic oligosaccharide engineering introduces azides to 

the cell surface for enhanced recruitment of strain-alkyne terminated 

polycations, thus improving therapeutic efficacy towards target cells. 

Figure 4.3.  NMR polymer characterisation. 1H and 19F NMR spectra of pDMAEMAn 

before (black) and after (red) functionalisation with DBCO. As no 

distinguishable end groups were identified within the NMR spectra, all 

peaks were integrated relative to the COO-CH2 from the polymer repeat 

units (purple circle) to aid in peak assignment; however, this also reflects 

the minor discrepancies in expected integration values. 

Figure 4.4.  IR and SEC polymer characterisation. (A) IR spectroscopy of pDMAEMAn 

before (black) and after (red) functionalisation with DBCO. (B) SEC 

measurements of PFP-DMAEMAn, DBCO-DMAEMAn and DBCO-

DMAEMAn-Fl polymers were recorded using an RI detector (solid line), 
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for size determination, and a UV detector (dashed line), to illustrate 

overlap with absorbance readings at 494 nm. 

Figure 4.5.  Azido glycan incorporation to the glycocalyx. (A) A549, (B) SW480 and 

(C) MCF7 cells were treated with (+) or without (-) Ac4ManNAz (40 µM, 

96 h) and DBCO-Cy3 (50 µM, 2.5 h) and imaged to visualise surface azido 

glycans. Flow cytometry of each cell type (A549, (D); SW480, (E); MCF7, 

(F)) was completed following incubation with supplemented media (grey), 

DBCO-Cy3 alone (blue, 2.5 h) or both Ac4ManNAz (40 µM, 96 h) and 

DBCO-Cy3 (2.5 h) (red). Red stain = Cy3. Scale bar = 50 µm. 

Figure 4.6.  Chemotherapeutic enhancement of DBCO-pDMAEMAn with MOE. The 

cell viability of A549, SW480 and MCF-7 cells was monitored by resazurin 

reduction following treatment with (+) or without (-) Ac4ManNAz (40 µM, 

96 h) and DBCO-pDMAEMAn (0 – 250 µg.ml-1, 2.5 h). Percentage cell 

viability was calculated relative to an untreated control sample ± SEM from 

five independent repeats. Statistical analysis was performed comparing % 

cell viability of Ac4ManNAz untreated and treated cells at equal DBCO-

pDMAEMAn concentrations (above bars) and to illustrate the lowest 

DBCO-pDMAEMAn concentration required to induce significant cell 

death (below bars) (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 0.05, **p 

≤ 0.01, *** p ≤ 0.001). 

Figure 4.7.  DMAEMAn cell viability dose-response curves. Dose-response curves 

were generated from resazurin reduction cell viability assays of A549, 

SW480 and MCF-7 cells treated with (dashed line) or without (solid line) 

Ac4ManNAz followed by either (A) DBCO-DMAEMAn (n = 5) or (B) 

propyl-DMAEMAn (n = 3) (1.95 – 250 µg.ml-1, 2.5 h). Percentage cell 
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viability was calculated relative to an untreated control sample ± SEM from 

n independent repeats. DP50, black; DP100, red; DP150, blue. 

Figure 4.8.  Conventional chemotherapeutic comparison. Percentage cell viability of 

A549, SW480 and MCF-7 cells untreated (dark grey) or treated (light 

grey) with Ac4ManNAz (40 µM, 96 h) and incubated with doxorubicin (0 

– 250 µg.ml-1) for 2.5 h, 24 h and 48 h. Cell viability was determined by 

resazurin assays and the data is presented as mean % cell viability relative 

to viable control cells ± SEM from four independent repeats. Statistical 

analysis was performed comparing the % cell viability of Ac4ManNAz 

untreated and treated cells at equal doxorubicin concentrations. ns: p ≥ 0.05. 

Figure 4.9.  Haemolysis studies of DBCO-pDMAEMAn against ovine blood. Ovine 

blood was incubated with DBCO-pDMAEMAn (0 – 500 µg.ml-1, 3 h) and 

haemolysis was assessed using the alkaline haematin detergent (AHD575) 

method.65 A negative control of ovine blood incubated in DPBS and a 

positive control of ovine blood incubated in lysis buffer (3 h) have been 

provided. The data is presented as average % haemolysis relative to a lysis 

control ± SEM from four independent repeats. Statistical analysis was 

performed comparing polymer treatments against blood incubated in DPBS 

alone (3 h). ns: p ≥ 0.05. Carried out by Alex Murray. 

Figure 4.10.  Haemagglutination assay of DBCO-pDMAEMAn. Ovine blood was 

incubated with DBCO-pDMAEMAn (3.9 – 250 µg.ml-1, 3 h) and imaged. 

A negative control of ovine blood incubated in DPBS and a positive control 

of ovine blood incubated in polyethyleneimine (100 mg.mL-1, 3 h) have 

been provided. Carried out by Alex Murray. 

Figure 4.11.  Cytosolic enzyme release. Percentage lactate dehydrogenase (% LDH) 

release of cells (A549, SW480 and MCF-7) either untreated (black) or 
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treated (red) with Ac4ManNAz (40 µM, 96 h) and subsequently treated 

with DBCO-pDMAEMAn (2 – 250 µg.ml-1, 2.5 h). Mean % LDH release 

was reported relative to a positive lysis control ± SEM from three 

independent repeats. Statistical analysis was performed comparing % LDH 

release of Ac4ManNAz untreated and treated cells at equal DBCO-

pDMAEMAn concentrations. ns: p ≥ 0.05, *** p ≤ 0.001. 

Figure 4.12.  Live/dead imaging with polymer DBCO-100. Sample merged images of 

A549, SW480 and MCF-7 cells stained with calcein (green, intact 

membrane) and EI (red, damaged membrane) following treatment with (+) 

or without (-) Ac4ManNAz (40 µM, 96 h) and DBCO-100 (1 – 250 µg.ml-

1, 2.5 h). Scale bar = 100 µm. 

Figure 4.13.  Live/dead imaging with polymer DBCO-150. Sample merged images of 

A549, SW480 and MCF-7 cells stained with calcein (green, intact 

membrane) and EI (red, damaged membrane) following treatment with (+) 

or without (-) Ac4ManNAz (40 µM, 96 h) and DBCO-100 (1 – 250 µg.ml-

1, 2.5 h). Scale bar = 100 µm. 

Figure 4.14. Effect of DBCO-pDMAEMAn on membrane permeability. Percentage live 

cells were determined from images of A549, SW480 and MCF-7 cells 

stained with calcein and EI following treatment with (+) or without (-) 

Ac4ManNAz (40 µM, 96 h) and DBCO-pDMAEMAn (0 – 250 µg.ml-1, 2.5 

h). Data is presented as mean % live cells ± SEM from four independent 

repeats. Graphs were plotted as (A) bar graphs to display statistical 

significance and (B) dose-response curves for EC50 value determination. 

Statistical analysis compares % live cells of Ac4ManNAz untreated and 

treated cells at equal DBCO-pDMAEMAn concentrations (above bars) and 

to illustrate the lowest DBCO-pDMAEMAn concentration required to 
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induce significant cell death (below bars) (ANOVA, Tukey PostHoc; ns: 

p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001). 

Figure 4.15.  Annexin/PI staining. A549, SW480 and MCF-7 cells untreated (-) and 

treated (+) with Ac4ManNAz (40 µM, 96 h) were treated with DBCO-

pDMAEMA100/150 (2.5 h), stained with FITC Annexin V and PI and 

imaged. The DBCO-pDMAEMA100/150 concentration applied was the 

minimum required to induce 90% cell death (to probe apoptosis) 

determined by the resazurin assays. Scale bar = 100 µm. Green = FITC 

Annexin V. Red = propidium iodide (PI). 

Figure 4.16.  Apoptosis kinetics assay. Caspase activation of A549 and SW480 cells 

treated with (+, solid line) and without (-, dashed line) Ac4ManNAz (40 

µM, 96 h) and DBCO-pDMAEMAn (0 – 125 µg.mL-1, 0.5 – 4 h) was 

imaged in real-time and the average percentage of caspase positive cells ± 

SEM of 4 biological repeats was determined (ANOVA, Tukey PostHoc; ns: 

p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001). The increase in % caspase 

positive cells for cells treated with DBCO-100 (black) and DBCO-150 

(red) following azido glycan incorporation have been noted. 

Figure 4.17.  Imaging apoptotic features. Confocal images of A549 and SW480 cells 

treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pDMAEMA100/150-Fl 

(125 µg.mL-1, 2.5 h, green) or treated with Ac4ManNAz (40 µM, 96 h), 

DBCO-pDMAEMA100/150 (125 µg.mL-1, 2.5 h), a nuclear stain 

(NucBlueTM, blue) and CellMask™ membrane stain (red). 

Blebbing/vacuoles (white arrows), apoptotic bodies and cell debris (red 

arrows) have been identified. Untreated negative control cells stained with 

membrane and nuclear stains have been provided for comparison. Scale bar 

= 10 µm 
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Figure 4.18.  Schematic of spheroids formed in Ac4ManNAz and treated with DBCO-

polycation (chemotherapeutic spheroid strategy #1). 

Figure 4.19.  Formation of spheroids in Ac4ManNAz, proof of azido glycan spheroid 

labelling. Maximum intensity confocal images of A549 spheroids formed 

in the presence (+) and absence (-) of Ac4ManNAz (40 µM, 96 h) and 

treated with DBCO-Cy3 (50 µM, 2 h, red) and NucBlueTM nuclear stain 

(blue). Scale bar = 100 µm. 

Figure 4.20.  Chemotherapeutic macromolecules against a 3-D tumour model labelled 

during spheroid formation. (A) A549 spheroids were grown in the presence 

(+) or absence (-) of Ac4ManNAz (40 µM, 96 h), treated with a single dose 

of DBCO-pDMAEMA100/150 (3 h), and dead cells were stained with 

CellToxTM (red) and imaged. (B) Negative (DPBS) controls and lysis 

positive controls have been provided for comparison. (C) The number of 

dead cells per average spheroid area (0.235 mm2) was calculated from the 

confocal images. Scale bar = 100 µm. 

Figure 4.21.  Total cell viability of spheroids formed in Ac4ManNAz. Spheroids formed 

in the presence (+) and absence (-) of Ac4ManNAz (40 µM, 96 h) were 

treated with either (A) DBCO-100 (3 h), (B) DBCO-150 (3 h) or (C) 

Doxorubicin (24 h) and viability was measured using a CellTiter-Glo® 3D 

cell viability assay. The data is represented by mean ± SEM of 6 biological 

repeats (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01). 

Figure 4.22.  Schematic of pre-formed spheroids treated with Ac4ManNAz and DBCO-

modified polycations (chemotherapeutic spheroid strategy #2). 

Figure 4.23.  Spheroids treated with Ac4ManNAz post-formation, proof azido glycan 

spheroid labelling. Maximum intensity projection confocal images of pre-

formed A549 spheroids (72 h) treated with (+) or without (-) Ac4ManNAz 
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(40 µM, 96 h) and with DBCO-Cy3 (50 µM, 2 h, red) and NucBlueTM 

nuclear stain (blue). Scale bar = 100 µm. 

Figure 4.24.  Application of chemotherapeutic macromolecules to a 3-D tumour model, 

labelled after spheroid formation. Pre-formed spheroids were spheroids 

treated with (+) and (-) without Ac4ManNAz (40 µM, 96 h), followed by a 

single dose of either (A) DBCO-100 (3 h), (B) DBCO-150 (3 h) or (C) 

doxorubicin (24 h) (0 – 500 µg.mL-1) and viability was measured using a 

CellTiter-Glo® 3D cell viability assay. The data is represented by mean ± 

SEM of 6 biological repeats (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 

0.05, **p ≤ 0.01). Scale bar = 100 µm. 

 

Appendix A 

Figure A2.1. 1H NMR (300 MHz, CDCl3) spectrum of DMP. 

Figure A2.2. 1H NMR (300 MHz, CDCl3) spectrum of PFP-DMP. 

Figure A2.3. 1H NMR (300 MHz, CD3OD) spectrum of PFP-pHEA50. 

Figure A2.4. 13C NMR (300 MHz, CD3OD) spectrum of PFP-pHEA50. 

Figure A2.5. 1H NMR (300 MHz, CD3OD) spectrum of PFP-pHEA100. 

Figure A2.6. 13C NMR (300 MHz, CD3OD) spectrum of PFP-pHEA100. 

Figure A2.7. 1H NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA50. 

Figure A2.8. 13C NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA50. 

Figure A2.9. 1H NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA100. 

Figure A2.10. 13C NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA100. 

Figure A2.11. Full IR spectrum of DBCO-pHEAn. 

Figure A2.12. Full SEC spectrum of PFP-pHEAn. 
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Figure A2.13. A549 cells (40k) untreated with Ac4ManNaz were incubated with DBCO-

Cy5 (50 µM, 1 h) to demonstrate minimal non-specific binding and 

uptake. Red = DBCO-Cy5. Blue = DAPI (nuclear) stain. Scale bar = 50 

µm. Three biological repeats. 

Figure A2.14. A549 cells (40k) were treated with Ac4ManNaz (50 µM, 72 h) and 

incubated with DBCO-Cy5 (50 µM, 1 h) to demonstrate minimal non-

specific binding and uptake. Red = DBCO-Cy5. Blue = DAPI (nuclear) 

stain. Scale bar = 50 µm. Three biological repeats. 

Figure A2.15. A549 cells (40k) were treated with Ac4ManNaz (50 µM, 72 h), incubated 

with DBCO-Cy5 (50 µM, 1 h) and imaged 24 h post conjugation. Red = 

DBCO-Cy5. Blue = DAPI (nuclear) stain. Scale bar = 50 µm. Three 

biological repeats. 

Figure A2.16.  Live cell imaging of A549 (40k) untreated with Ac4ManNaz (50 µM, 72 

h) and DBCO-pHEA50-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-

pHEA50-Fl. Scale bar = 100 µm. Three biological repeats. 

Figure A2.16. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA50-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-pHEA50-

Fl. Scale bar = 100 µm. Three biological repeats. 

Figure A2.18. Live cell imaging of A549 (40k) untreated with Ac4ManNaz (50 µM, 72 

h) and DBCO-pHEA100-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-

pHEA100-Fl. Scale bar = 100 µm. Three biological repeats. 

Figure A2.19. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-

pHEA100-Fl. Scale bar = 100 µm. Three biological repeats. 
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Figure A2.20. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA50-Fl (10 mg.mL-1, 1 h) taken at different time intervals. 

Green = DBCO-pHEA50-Fl. Scale bar = 100 µm. Three biological repeats. 

Figure A2.21.  Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (5 mg.mL-1, 1 h) taken at different time intervals. 

Green = DBCO-pHEA100-Fl. Scale bar = 100 µm. Three biological 

repeats. 

Figure A2.22. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (10 mg.mL-1, 1 h) taken at different time intervals. 

Green = DBCO-pHEA100-Fl. Scale bar = 100 µm. Three biological 

repeats. 

Figure A2.23. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (5 mg.mL-1, 1 h) taken at different time intervals. 

Green = DBCO-pHEA100-Fl. Scale bar = 100 µm. Three biological 

repeats. 

Figure A2.24. Confocal images of A549 cells (40k) untreated with Ac4ManNaz (50 µM, 

72 h) but still treated with DBCO-pHEA50-Biotin (DP50, 50 µM, 1 h) and 

streptavidin-Cy3 (50 µM, 1 h). Red – streptavidin-cy3. Blue – DAPI 

(nuclear) stain. Scale bar = 50 µm. Three biological repeats. 

Figure A2.25. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA50-Biotin (DP50, 50 µM, 1 h) and streptavidin-Cy3 (50 

µM, 1 h). Red – streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar 

= 50 µm. Three biological repeats. 

Figure A2.26. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA50-Biotin (DP50, 50 µM, 1 h) and, after 24 h, 
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streptavidin-Cy3 (50 µM, 1 h). Red – streptavidin-cy3. Blue – DAPI 

(nuclear) stain. Scale bar = 50 µm. Three biological repeats. 

Figure A2.27. Confocal images of A549 cells (40k) untreated with Ac4ManNaz (50 µM, 

72 h) but still treated with DBCO-pHEA100-Biotin (DP100, 50 µM, 1 h) 

and streptavidin-Cy3 (50 µM, 1 h). Red – streptavidin-cy3. Blue – DAPI 

(nuclear) stain. Scale bar = 50 µm. Three biological repeats. 

Figure A2.28. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA100-Biotin (DP100, 50 µM, 1 h) and streptavidin-Cy3 (50 

µM, 1 h). Red – streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar 

= 50 µm. Three biological repeats. 

Figure A2.29. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA100-Biotin (DP100, 50 µM, 1 h) and, after 24 h, 

streptavidin-Cy3 (50 µM, 1 h). Red – streptavidin-cy3. Blue – DAPI 

(nuclear) stain. Scale bar = 50 µm. Three biological repeats. 

 

Figure A3.1.   1H NMR (300 MHz, CDCl3/MeOD) spectrum of pHEA50 – 150 before 

(black) and after (blue) DBCO functionalisation. Changes have been 

highlighted by red asterisks. 

Figure A3.2.  19F NMR (300 MHz, CDCl3/MeOD) spectrum of pHEA50 – 150 before 

(black) and after (blue) DBCO functionalisation. 

Figure A3.3.   IR spectra of pHEA50 – 150 before (black) and after (blue) DBCO 

functionalisation. Unchanged functional groups (red), DBCO specific 

(blue) and PFP specific (black) functional groups have been highlighted. 

Figure A3.4.  DMF SEC of pHEAn before (solid line) and after (dashed line) DBCO 

functionalisation. 



  

xxvii 

Figure A3.5.  DMF SEC results of DBCO-p(HEA)n-Fl with an RI (Black) and 

photodiode array detector set at 494 nm (green). 

Figure A3.6.  Fluorescence spectra of DBCO-p(HEA)n before (black) and after (green) 

functionalisation with fluorescein. 

Figure A3.7.   (A) UV-Vis spectrum of DBCO-pHEAn-Fl polymers and (B) the 

calibration graph of Fluorescein-5-maleimide used to calculate polymer: 

dye ratios in Table A3.2. 

Figure A3.8.   Maximum intensity projection confocal images of A549 cells treated with 

Ac4ManNAz (10 µM, 96 h) and DBCO-Cy3 (20 – 100 µM, 2.5 h). Scale 

bar = 20 μm. Red = DBCO-Cy3. Blue = DAPI (nuclear) stain. 

Figure A3.9.  Maximum intensity projection confocal images of A549 cells treated with 

Ac4ManNAz (50 µM, 96 h) and DBCO-Cy3 (20 – 100 µM, 2.5 h). Scale 

bar = 20 μm. Red = DBCO-Cy3. Blue = DAPI (nuclear) stain. 

Figure A3.10. Maximum intensity projection confocal images of A549 cells treated with 

Ac4ManNAz (100 µM, 96 h) and DBCO-Cy3 (20 – 100 µM, 2.5 h). Scale 

bar = 20 μm. Red = DBCO-Cy3. Blue = DAPI (nuclear) stain. 

Figure A3.11. A549 cells treated with Ac4ManNAz (10 – 50 µM, 96 h) and DBCO-Cy3 

(50 µM, 2.5 h) prior to flow cytometry. Scale bar = 100 μm. Red = DBCO-

Cy3. 

Figure A3.12. A549 cells treated with Ac4ManNAz (75 – 150 µM, 96 h) and DBCO-Cy3 

(50 µM, 2.5 h) prior to flow cytometry. Scale bar = 100 μm. Red = DBCO-

Cy3. 

Figure A3.13. Untreated A549 cells (no Ac4ManNAz and DBCO-pHEAn-Fl) were 

imaged to visualise background fluorescence. Scale bar = 100 µm. Green 

= Fluorescein. 
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Figure A3.14. A549 cells not treated with Ac4ManNAz but still treated with DBCO-

pHEA50 – 100-Fl polymers varying in chain length (10 mg.mL-1, 2.5 h) to 

determine the extent of non-specific binding. Images were taken 

immediately before flow cytometry. Scale bar = 100 µm. Green = 

Fluorescein. 

Figure A3.15. A549 cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pHEA50 – 

100-Fl polymers varying in chain length (10 mg.mL-1, 2.5 h). Images were 

taken immediately before flow cytometry. Scale bar = 100 µm. Green = 

Fluorescein. 

Figure A3.16. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA50-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. 

Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 

Figure A3.17. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA75-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. 

Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 

Figure A3.18. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA100-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. 

Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 

Figure A3.19. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA125-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. 

Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 

Figure A3.20. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA150-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. 

Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 

Figure A3.21. Images taken of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA50 –75-Fl (DP50 and DP75, 10 mg.mL-1, 2.5 h) at multiple 
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timepoints post-conjugation (0 – 72 h). Images were taken immediately 

before flow cytometry. Scale bar = 100 µm. Green = Fluorescein. 

Figure A3.22. Images taken of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA100 –125-Fl (DP100 and DP125, 10 mg.mL-1, 2.5 h) at 

multiple timepoints post-conjugation (0 – 72 h). Images were taken 

immediately before flow cytometry. Scale bar = 100 µm. Green = 

Fluorescein. 

Figure A3.23. Images taken of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA150-Fl (DP150, 10 mg.mL-1, 2.5 h) at multiple timepoints 

post-conjugation (0 – 72 h). Images were taken immediately before flow 

cytometry. Scale bar = 100 µm. Green = Fluorescein. 

Figure A4.1.  13C NMR (400 MHz, CDCl3) of pDMAEMA50 before (black) and after 

(red) functionalisation with DBCO. 

Figure A4.2.  13C NMR (400 MHz, CDCl3) of pDMAEMA100 before (black) and after 

(red) functionalisation with DBCO. 

Figure A4.3.  13C NMR (400 MHz, CDCl3) of pDMAEMA150 before (black) and after 

(red) functionalisation with DBCO. 

Figure A4.4.   1H NMR (300 MHz, CDCl3) of propyl-pDMAEMA50. 

Figure A4.5.   1H NMR (300 MHz, CDCl3) of propyl-pDMAEMA100. 

Figure A4.6.   1H NMR (300 MHz, CDCl3) of propyl-pDMAEMA150. 

Figure A4.7.   19F NMR (300 MHz, CDCl3) of propyl-pDMAEMA50. 

Figure A4.8.   19F NMR (300 MHz, CDCl3) of propyl-pDMAEMA100. 

Figure A4.9.   19F NMR (300 MHz, CDCl3) of propyl-pDMAEMA150. 

Figure A4.10. A549 chemotherapeutic imaging. Maximum intensity projection confocal 

images of A549 cells treated with (+) or without (-) Ac4ManNAz (40 µM, 

96 h) and treated with either (A) DBCO-pDMAEMA100-Fl (FL-100) or 
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(B) DBCO-pDMAEMA150-Fl (FL-150) (31.3 – 125 µg.ml-1, 2.5 h). Scale 

bar = 20 µm. Green = DBCO-pDMAEMAn-Fl. 

Figure A4.11. SW480 chemotherapeutic imaging. Maximum intensity projection 

confocal images of SW480 cells treated with (+) or without (-) 

Ac4ManNAz (40 µM, 96 h) and treated with either (A) DBCO-

pDMAEMA100-Fl (Fl-100) or (B) DBCO-pDMAEMA150-Fl (Fl-150) 

(31.3 – 125 µg.ml-1, 2.5 h). Scale bar = 20 µm. Green = DBCO-

pDMAEMAn-Fl. 

Figure A4.12. Control membrane undamaged cells. Maximum intensity projection 

confocal images of A549 and SW480 cells treated with (+) and without (-

) Ac4ManNAz (40 µM, 96 h), stained with CellMaskTM membrane stain 

(red) and NucBlueTM nuclear stain (blue). Control viable cell images were 

provided for comparison to demonstrate the extent of membrane damage 

in polymer treated cells. Scale bar = 20 µm. 

Figure A4.13. Membrane damaged A549 cells by DBCO-100. Maximum intensity 

projection confocal images of A549 cells treated with (+) and without (-) 

Ac4ManNAz (40 µM, 96 h) and stained with CellMaskTM membrane stain 

(red) and NucBlueTM nuclear stain (blue) following treatment with 

DBCO-pDMAEMA100 (DBCO-100, 31.3 – 125 µg.ml-1, 2.5 h). Scale bar 

= 20 µm. 

Figure A4.14. Membrane damaged A549 cells by DBCO-150. Maximum intensity 

projection confocal images of A549 cells treated with (+) and without (-) 

Ac4ManNAz (40 µM, 96 h) and stained with CellMaskTM membrane stain 

(red) and NucBlueTM nuclear stain (blue) following treatment with 

DBCO-pDMAEMA150 (DBCO-150, 31.3 – 125 µg.ml-1, 2.5 h). Scale bar 

= 20 µm. 
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Figure A4.15. Membrane damaged SW480 cells by DBCO-100.  Maximum intensity 

projection confocal images of SW480 cells treated with (+) and without (-

) Ac4ManNAz (40 µM, 96 h) and stained with CellMaskTM membrane 

stain (red) and NucBlueTM nuclear stain (blue) following treatment with 

DBCO-pDMAEMA100 (DBCO-100, 31.3 – 125 µg.ml-1, 2.5 h). Scale bar 

= 20 µm. 

Figure A4.16. Membrane damaged SW480 cells by DBCO-150. Maximum intensity 

projection confocal images of SW480 cells treated with (+) and without (-

) Ac4ManNAz (40 µM, 96 h) and stained with CellMaskTM membrane 

stain (red) and NucBlueTM nuclear stain (blue) following treatment with 

DBCO-pDMAEMA150 (DBCO-150, 31.3 – 125 µg.ml-1, 2.5 h). Scale bar 

= 20 µm. 

Figure A4.17. Annexin/PI A549 imaging. Ac4ManNAz untreated (-) and treated (+) 

A549 cells were treated with DBCO-pDMAEMA100/150 (DBCO-100 or 

DBCO-150, 2.5 h) and stained with FITC Annexin V and PI. EC90 

polymer concentrations were used. Scale bar = 100 µm. Green = FITC 

Annexin V. Red = propidium iodide (PI). 

Figure A4.18. Annexin/PI SW480 imaging. Ac4ManNAz untreated (-) and treated (+) 

SW480 cells were treated with DBCO-pDMAEMA100/150 (DBCO-100 or 

DBCO-150, 2.5 h) and stained with FITC Annexin V and PI. EC90 

polymer concentrations were used. Scale bar = 100 µm. Green = FITC 

Annexin V. Red = propidium iodide (PI). 

Figure A4.19. Annexin/PI MCF-7 imaging. Ac4ManNAz untreated (-) and treated (+) 

MCF-7 cells were treated with DBCO-pDMAEMA100/150 (DBCO-100 or 

DBCO-150, 2.5 h) and stained with FITC Annexin V and PI. EC90 
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polymer concentrations were used. Scale bar = 100 µm. Green = FITC 

Annexin V. Red = propidium iodide (PI). 

Figure A4.20. Real-time A549 caspase activation imaging following DBCO-100 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and 

untreated (-) A549 cells incubated with DBCO-pDMAEMA100 (DBCO-

100, 0 – 125 µg.ml-1) and CellEvent Caspase-3/7 Detection Reagent for 

4h. Images were taken at 0.5, 1, 2.5 and 4 h time points. Images of cells 

incubated with CellEvent Caspase-3/7 Detection Reagent alone in cell 

media were provided as control viable cells. Scale bar = 100 µm. Green 

= caspase positive cells. 

Figure A4.21. Real-time A549 caspase activation imaging following DBCO-150 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and 

untreated (-) A549 cells incubated with DBCO-pDMAEMA150 (DBCO-

150, 0 – 125 µg.ml-1) and CellEvent Caspase-3/7 Detection Reagent for 

4h. Images were taken at 0.5, 1, 2.5 and 4 h time points. Images of cells 

incubated with CellEvent Caspase-3/7 Detection Reagent alone in cell 

media were provided as control viable cells. Scale bar = 100 µm. Green 

= caspase positive cells. 

Figure A4.22. Real-time SW480 caspase activation imaging following DBCO-100 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and 

untreated (-) SW480 cells incubated with DBCO-pDMAEMA100 (DBCO-

100, 0 – 125 µg.ml-1) and CellEvent Caspase-3/7 Detection Reagent for 

4h. Images were taken at 0.5, 1, 2.5 and 4 h time points. Images of cells 

incubated with CellEvent Caspase-3/7 Detection Reagent alone in cell 

media were provided as control viable cells. Scale bar = 100 µm. Green 

= caspase positive cells. 
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Figure A4.23. Real-time SW480 caspase activation imaging following DBCO-150 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and 

untreated (-) SW480 cells incubated with DBCO-pDMAEMA150 (DBCO-

150, 0 – 125 µg.ml-1) and CellEvent Caspase-3/7 Detection Reagent for 

4h. Images were taken at 0.5, 1, 2.5 and 4 h time points. Images of cells 

incubated with CellEvent Caspase-3/7 Detection Reagent alone in cell 

media were provided as control viable cells. Scale bar = 100 µm. Green 

= caspase positive cells. 

Figure A4.24. Polymer degrafting from A549 cell surface. Fluorescence measurements 

of A549 cells either untreated (solid line) or treated (dashed line) with 

Ac4ManNAz (40 µM, 96 h) and treated with DBCO-pDMAEMA100/150-Fl 

(7.8 – 250 µg.ml-1, 2.5 h) were recorded 0 – 4 h post-treatment (black). 

The supernatant was removed at each time point and the cumulative 

fluorescence intensity (red) was plotted. Data is reported as mean 

fluorescence intensity ± SEM (n = 4). 

Figure A4.25. Polymer degrafting from SW480 cell surface. Fluorescence measurements 

of SW480 cells either untreated (solid line) or treated (dashed line) with 

Ac4ManNAz (40 µM, 96 h) and treated with DBCO-pDMAEMA100/150-Fl 

(7.8 – 250 µg.ml-1, 2.5 h) were recorded 0 – 4 h post-treatment (black). 

The supernatant was removed at each time point and the cumulative 

fluorescence intensity (red) was plotted. Data is reported as mean 

fluorescence intensity ± SEM (n = 4). 

Figure A4.26. Preliminary spheroid screening Part 1. Spheroids were treated with (+) and 

without (-) Ac4ManNAz (40 µM, 96 h) and treated with DBCO-

pDMAEMA100/150 (0.078 – 2.5 mg.ml-1, 3 h). CellToxTM green was used 

to stain membrane permeable cells. 
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Figure A4.27. Preliminary spheroid screening Part 2. Spheroids were treated with (+) and 

without (-) Ac4ManNAz (40 µM, 96 h) and treated with DBCO-

pDMAEMA100/150 (0 – 0.039 mg.ml-1, 3 h) were stained with CellToxTM 

green to test for toxicity. A lysis control has also been provided for 

comparison. 

Figure A4.28. Ac4ManNAz spheroid toxicity controls. Maximum intensity projection 

confocal images of spheroids treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h) were incubated with media (negative control) or lysis buffer 

(positive control) for 2.5 h and subsequently stained with CellToxTM 

green. 

 

Figure A4.29. Unmodified spheroid confocal images. Maximum intensity projection 

confocal images of spheroids treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h) and treated with DBCO-pDMAEMA100/150 (25 – 250 µg.ml-

1, 3 h). CellToxTM green was used to stain dead cells. 

 

Appendix B 

Figure B1.1.  Identifying bactericidal concentration of DBCO-pDMAEMAn with 

resazurin assay. M. Smegmatis was cultured in (A) complete Middlebrook 

7H9 media alone or supplemented with (B) trehalose (100 µM) or (B) 

azido trehalose (100 µM) and subsequently treated with DBCO-

pDMAEMA50-150 (0 – 250  µg.mL-1, 2.5 h). Cells were washed and 

resazurin was added 24 h later. Images were taken 24 h later. Red boxes 

indicate concentrations where resazurin was not converted to resorufin. 
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Figure B1.2.  Growth curves of M. Smegmatis following treatment with no sugar, 

trehalose (100 µM) or azido trehalose (100 µM) and subsequently treated 

with DBCO-pDMAEMA50-150 (0 – 250  µg.mL-1, 2.5 h). 
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Abstract 

Re-engineering cellular interfaces with natural and synthetic polymers to endogenous 

membrane components can alter cell fate by regulating cellular signalling pathways, 

masking surface antigens, controlling cell-substrate and cell-cell interactions, and/or 

installing non-native functionality. However, current polymer grafting-to and grafting-

from cell surface strategies suffer from several caveats limiting potential use in the study 

of fundamental biological processes and applications in cell-based therapies, including 

non-specific targetting, lack of cytocompatibility, short surface retention times, non-

native conjugation conditions and heterogeneous and inefficient labelling.  

Metabolic oligosaccharide engineering allows the installation of exogenous glycans into 

the cellular glycocalyx through chemically modified versions of native sugars, providing 

a potential new strategy for cell surface recruitment of polymeric materials. These 

unnatural sugars ‘hijack’ the promiscuous biosynthetic or salvage pathways of 

endogenous glycans allowing the installation of biorthogonal functional groups onto the 

cell surface. Although metabolic oligosaccharide engineering has been studied for the 

capture and internalisation of nanoparticles, in vitro and in vivo, limited research is 

present on the ability to recruit synthetic polymers.   

Herein, this thesis reports on a series of studies, intended to demonstrate that metabolic 

oligosaccharide engineering can expand cell surface polymer grafting strategies for the 

development of cell-polymer hybrids and to enhance the recruitment, and activity, of 

polycationic chemotherapeutic polymers. Chapter 1 provides a comprehensive literature 

study of the pre-existing field covering current applications of conventional polymer 

grafting-to and grafting-from cell surface strategies, along with their limitations, and 

current uses of metabolic oligosaccharide engineering for the recruitment of polymeric 
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materials. Chapter 2 follows with the first reported instance where metabolic 

oligosaccharide engineering is used to recruit reversible addition-fragmentation transfer 

synthesised polymers, to generate cell-polymer hybrids with fluorescent coatings and 

simple biomolecule capture functionality. Chapter 3 expands on this work, providing 

quantitative insight into the newly engineered cell-polymer hybrids. Various parameters 

that govern the successfulness of this ‘grafting to’ process were assessed, to compare 

against conventional strategies and provide a guide for controllable polymer re-

engineering of cell surfaces with metabolic oligosaccharide engineering. Finally, 

Chapter 4 reports the first use of metabolic oligosaccharide engineering to improve the 

activity of chemotherapeutic polycationic macromolecules towards target cells, through 

the enhancement of multi-mechanistic cell death pathways, also demonstrating 

improvements against 3-D tumour models. 
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CHAPTER 1 

Introduction: Polymer Re-engineering of Cell 

Surfaces 

 

1.1 – Overview: Re-engineering Cell Surfaces  

Cell-based therapies that rely on unmodified living cells are limited to native cell 

function, which can influence the therapeutic efficacy of advancing treatments. Genetic 

tools enable control over protein-based functionality but are limited by variable 

transfection efficiency, manufacturing practicalities and the inability to modify glycans 

with precision control or introduce non-native functionality. Synthetic polymers provide 

an alternative means to re-engineer cell surfaces by attaching therapeutic or imaging 

payloads, modulating signalling pathways, altering adhesion properties, introducing 

artificial receptors and more. In this Chapter, polymer re-engineering of cell surfaces for 

cell-based therapies is discussed, along with the various challenges of using non-specific 

approaches that target endogenous membrane components, such as hydrophobic 

membrane insertion, protein coupling and electrostatic deposition, as well as enzymatic 

strategies. Metabolic oligosaccharide engineering allows the ‘hijacking’ of glycan 

biosynthesis pathways for surface installation of exogenous bio-orthogonal receptor sites 

and will be explored as a potential tool for the recruitment of polymeric materials, the 

fundamental concept of this project. Finally, polymerisation techniques used throughout 

this project are described along with project aims and thesis summary.  
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1.2 – Background 

1.2.1 Living Cell Candidates as Biomedical Tools 

Living cells are indispensable biomedical tools for the treatment of diseases previously 

thought to be incurable including metabolic disorders,1 cancer,2 and tissue defects,3 which 

are difficult to treat with existing surgical techniques and drugs. For example, patients 

with type 1 diabetes mellitus (T1DM) suffer from targeted autoimmune-directed 

destruction of β cells and rely on periodic insulin injections to regulate blood glucose 

levels. However, mimicking the complex and dynamic nature of insulin release from 

native β cells is challenging and subcutaneous injection complications, such as 

lipoatrophy and lipohypertrophy, can influence insulin absorption kinetics.4,5 Allogeneic 

islet cell transplantation, via intraportal infusion, allows endogenous secretion of insulin, 

with 44% of patients becoming insulin independent and 28% obtaining partial function;6 

a prime example where cells provide suitable alternatives to conventional medication.  

Cell therapy is a rapidly emerging field in translational medicine, with hematopoietic 

stem cell transplants becoming the ‘gold standard’ for the treatment of leukaemia (nearly 

40,000 procedures per year worldwide)7 and is being trialled for the treatment of 

neurological disorders.8–11 Bone-marrow and/or adipose derived mesenchymal stem cells 

(MSCs) have also emerged as cornerstones in regenerative medicine, due to their multiple 

therapeutic properties including multilineage differentiation and transdifferentiation 

capability (osteocytes, chondrocytes, adipocytes, cardiomyocytes, hepatocytes and 

neurons),12 ‘paracrine effects’ (i.e. secretion of cytokine, chemokines, growth factors and 

exosomes),13 immunomodulation,14 and targeted migration towards injured tissue.15 Over 

490 clinical trials exist using MSCs to treat neurological disorders, “joint” diseases, non-

healing wounds, cardiovascular diseases, tissue repair and regeneration, and more.16,17 

MSC treatment for cardiovascular diseases, especially induced by myocardial infarction, 
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is particularly interesting as existing tools can only delay the progression of chronic heart 

disease.9,18 MSCs can differentiate into functional cardiomyocytes to replace damaged 

cardiac tissue,19,20 release therapeutic molecules to enhance cardiomyocyte autophagy 

(miR-125–5p exosomes transfer and AMPK/mTOR pathways),21,22 modulate immune 

responses to reduce inflammatory responses and fibrosis (via toll-like receptors),23–25 

induce cardiomyocyte angiogenesis (i.e. neovascularisation),20,26,27 and promote 

protection and repair (via microRNAs).28–30 MSCs ability to suppress lymphocyte 

proliferation has also been exploited for the potential treatment of many T cell-dependent 

pathologies.31–33 To critically expand the armamentarium of cell therapy, induced 

pluripotent stem cells (iPSCs) have also received recent interest as potential candidates 

for regenerative medicine and genetic repair.34–39 

Differentiated functional cells, in addition to islets, are also being clinically explored 

particularly for cancer immunotherapy.2,40 Adoptive T-cell transfer of ex vivo cultured 

and activated autologous tumour infiltrating lymphocytes (TILs) has received decades of 

attention as personalised cancer immunotherapy for the treatment of metastatic 

melanoma.2,40 CD8+ T cells expressing supraphysiologic SL9-specific T-cell antigen 

receptors have been isolated and expanded to combat the spread of HIV-1.41 In addition, 

autologous ex vivo maturation of dendritic cells by tumour antigen loading has been used 

to provide anti-tumour immunity, via endogenous T-cell activation, for the treatment of 

metastatic prostate cancer (Provenge®).42 Even red blood cells (RBCs) can be used to 

treat vascular diseases, such as sickle cell anaemia, and are a vital requirement for blood 

transfusions in patients with depleting RBC counts.43 Thus, the ever-growing field of cell 

therapy can exploit the properties of cells ranging from early progenitor cells to 

differentiated functional cells.   
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1.2.2 Are Native Cells for Cell-Based Therapies Enough? 

Although native cells possess intrinsic functionality for cell-based therapies, sole reliance 

on this limits therapeutic efficacy. For example, MSC treatment is safe and can improve 

cardiac perfusion but persistence, engraftment and retention is problematic9 with only 

0.44% retained after 4 days post-injection into the myocardium19 and minimal 

improvements through systemic injections (1% retained in ischemic myocardium)44 due 

to inflammatory responses, loss within vasculature and/or death by ischaemia.45 

Therapeutic cells that are successfully delivered to injured or diseased tissue can lose 

viability and activity by hostile extracellular microenvironments. Islet cell transplants 

suffer from rapid early destruction as the hepatic engraftment site promotes a hypoxic 

environment, surrounding tissue release inflammatory cytokines and islets are exposed to 

liver filtered toxins.46–48 Islet allograft destruction persists even with multiple transplants 

and immunosuppressants (high-dose sirolimus and low-dose tacrolimus), with 28% of 

patients experiencing complete graft loss 1 year after the final transplantation;6,46 side 

effect are also common.49 Even red blood cells possess the limitation that cell surface 

antigen compatibility is required for blood transfusions, rather than there being a supply 

of universal blood to meet the increasing demands of healthcare systems.  

The cell surface is a powerful enabling mechanism for signal transduction that can 

modulate therapeutic cells via cell-cell contact and/or secretor molecules. 

Transmembrane and carrier proteins act as channels, transporters and signal transduction 

mediators for adhesion, cellular communication, and connect the extracellular 

environment with the cellular cytoskeleton. These factors position membranes as prime 

engineering targets to expand cell-based therapies or minimise the limitations 

encountered by using native unmodified cells. As an example, MSCs genetically 

engineered to overexpress CXC chemokine receptor 4 (CXCR4), a receptor for stromal-

derived factor-1 (SDF-1), show significantly enhanced target homing effect and retention 
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in the ischemic myocardium.50,51 Extensive characterisation of cell surface receptors, their 

ligands (including neurotransmitters, peptide hormones, and growth factors) and 

signalling pathways provides knowledge on cell survival,52 proliferation53 and 

differentiation54 and the rationale for exploiting cell surface bio-engineering for cell 

therapy. Various cell-based therapies already require the isolation and ex vivo selection 

of cells with specific surface phenotypes (TILs) and/or altering these phenotypes (ex vivo 

maturation of dendritic cells).2,42 Thus, we ask the question, for future enhancement of 

cell-based therapies could re-engineering of cell surfaces be the answer?  

1.2.3 ‘The Future’: Gene-Editing in Cell-Based Therapies 

Historically, ex vivo reconditioning was used to re-program cells and control cellular 

interactions with the use of pharmacological agents, cytokines, stimulatory ligands and 

microenvironments to enhance cell survival, induce differentiation and improve 

specificity, potency and selectivity.55–57 However, genetic engineering provides a state-

of-the-art tool for cells to acquire specific therapeutic functions with the most widely 

known and celebrated example being Chimeric Antigen Receptor (CAR)-T cells. CAR-

T cell therapy has dominated the healthcare industry as a potential treatment for multiple 

haematological malignancies through the introduction of cancer-targeting receptors onto 

patients’ T-cells.58,59 The United States Food and Drug Administration (FDA) has 

approved two CAR-T cells, Kymriah™ and Yescarta™, for the treatment of B cell 

precursor acute lymphoblastic leukaemia (BCP-ALL) and large B cell lymphoma.58,60,61 

Briefly, a patient’s T-cells are isolated, transfected with the CAR transgene, grown and 

then transfused back into the patient. Recent CAR-T cell therapy clinical trials rely on 

multiplex TALEN or CRISPR gene editing approaches to (1) knockout endogenous genes 

to produce allogeneic universal CAR-T cells (such as TCRs, MHCs, or self-antigens),62–

65 (2) disrupt inhibitory receptors (such as PD-1 or CTLA-4)64,65 and (3) integrate the 

CAR cassette into the endogenous TCR α constant locus (TRAC)62,64,66,67 or the C-C 
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chemokine receptor type 5 (CCR5) locus.62,68 Patient response rate towards CAR-T cell 

therapy is ~ 80% and the remission rate is ~ 60% (12 months) for juvenile B-cell acute 

lymphoblastic leukaemia.69 Thus, the future of cell-based therapies coincides with the 

development of technologies that allow alterations of cells surfaces. 

1.2.4 Challenges of Re-engineering Cell Surfaces using Genetic Approaches. 

Although gene editing is a powerful tool, a variety of issues limit its use. Lentiviral and 

γ-retroviral vectors dominate the majority of studies to stably insert a CAR expression 

cassette into the T cell genome; however, this can result in variable copy number, semi-

random integration, heterogenous expression and insertional mutagenesis with unknown 

long-term effects.70–73 Advances in electroporation approaches for vector transduction 

diminish some of these caveats allowing highly efficient gene editing (usually very low), 

but cell yield is reduced by growth inhibition and induction of apoptosis and necrosis 

pathways.74,75 In addition, multiplex gene editing can lead to unpredicted translocations 

between double-strand break sites.76 Several reports indicate that CRISPR/Cas9-mediated 

gene-editing may induce growth retardation and apoptosis in engineered T-cells, partially 

attributed to p53-mediated DNA damage, type I interferon responses and off-target 

effects.77,78 TALEN and HDR mediated gene editing approaches can minimise off-target 

effects, however, at the cost of reduced efficiency rates.79,80 Thus, manufacturing 

practicality concerns arise due to laborious purification and separation procedures 

required for production and quality control; with autologous CD19 CAR-T cell therapy 

costing $350,000–$500,000.74 Patients with aggressive diseases may be unable to 

withstand the laborious nature of the treatment. These caveats are universal amongst 

gene-editing tools, so the success of genetic engineering is influenced by the 

transduction/transfection efficiency, leading to modified cells with inconsistent and 

unpredictable therapeutic efficacy. Some cell types, such as neurons, are difficult to 

modify with CRISPR/CAS9 techniques so gene editing is also cell-type dependent.81  
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Genetic techniques are non-reversible, which produces an inevitable security risk. The 

first case of ‘successful’ gene cell therapy engineering was used to treat X-linked severe 

combined immunodeficient patients. Patient CD34+ hSCs were transduced ex vivo with a 

replication-deficient γC Moloney retrovirus containing the γC cytokine common receptor 

subunit gene to restore patient capacity to form mature T and natural killer (NK) cells.82 

Although positive patient results were observed, five patients developed leukaemia due 

to insertional oncogenesis and oncogene activation.73 Finally, gene editing is not easily 

adaptable to introduce non-biotic components, such as drugs, tracking modalities, and 

non-natural amino acids.83 Precise molecular alterations of surface glycans are also not 

possible. Therefore, alternative approaches of engineering cell surfaces, by chemical and 

physical means, are required to further expand cell-based therapies. 

1.2.5 Chapter Aims 

In this Chapter, re-engineering cellular interfaces with polymeric materials is discussed 

and the conventional approaches used critically evaluated, with examples provided of 

potential applications in fundamental studies and cell-based therapies. Metabolic 

oligosaccharide engineering (MOE) is subsequently introduced with emphasise on the in 

vitro and in vivo recruitment of synthetic polymers and nanoparticles, along with areas 

requiring further advancement to solidify MOE as a strategy to generate cell-polymer 

hybrids; the fundamental concept of this project. 
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1.3 – Recruitment of Natural and/or Synthetic Polymers 

to Endogenous Membrane Components   

1.3.1 Chemical and Physical Re-engineering of Cell Surfaces  

The cell surface is a highly heterogeneous environment presenting distinct groups of 

proteins, lipids, and glycans that govern cell fate by regulating cell-cell interactions, cell–

niche communication, and intracellular signalling pathways. Re-engineering cellular 

interfaces with natural and synthetic polymers provides an alternative platform to gene-

editing approaches for the advancement of fields, including cell-based therapies, by 

altering cellular signalling pathways, masking surface antigens, and/or installing 

unnatural functionality through recruitment of bioactive macromolecules,84–86 drug 

cargoes,87,88 and/or imaging agents.89,90 Exogenous cell surface modifications are possible 

through chemical and physical means due to the assortment of reactive functional groups 

including carbonyls, amines, and thiols, that decorate the cell surface along with the 

presence of many charged species (sialic acids, heparan sulphate, etc.) and the 

phospholipid bilayer itself. Indeed, polymer conjugation to endogenous cell membrane 

components can modulate biological responses through four main approaches, illustrated 

in Fig. 1.1: (1) covalent grafting to membrane proteins via nucleophilic amino acid side 

groups with e.g. N-hydroxysuccinimide (NHS) or maleimide (mal) functional groups, (2) 

electrostatic deposition of polyelectrolytes to the intrinsically negatively charged cell 

membrane, to produce ultra-thin polyelectrolyte multilayer (PEM) films through layer-

by-layer (LbL) assembly; (3) passive insertion into the peripheral cellular membrane 

through hydrophobic chains; and (4) enzyme-mediated ligation with sequence motifs. 

Surface recruitment of polymeric materials through these physical and chemical means 

allows the rapid and simple introduction of non-native functionality without the caveats 

associated with gene transfection procedures and permanent genomic alterations. In 
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addition, gene-editing is limited to altering endogenous protein expression, whereas 

polymer architecture and cargo can be easily adapted for desired applications. 

 

Figure 1.1. Conventional strategies for cell surface re-engineering with natural and 

synthetic polymers.  

In the following sections, the potential applications of synthetic and natural polymer 

remodelling of cell surfaces are discussed using these conventional conjugation 

approaches.  
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1.3.2 Development of Encapsulation Systems 

Red Blood Cell Encapsulation. Polymer re-engineering of cell surfaces has been 

extensively explored as potential encapsulation systems to increase in vivo circulation 

times of cellular transplants through barriers that restrict cell-cell and cell-environment 

interactions. The development of ‘stealthy’, or immunocamouflaged, erythrocytes, 

through methoxy-polyethylene glycol (mPEG) blocking of cell surface glycoprotein, 

ABO antigens is the earliest example of this; Fig. 1.2A and 1.2B. Jeong and Byun 

modified Human Rh(+) AB type red blood cell (RBC) membrane proteins, via primary 

amine groups with mPEG activated using cyanuric chloride, in the attempt to produce 

universally transfusible blood substitutes and overcome the imbalance of rare blood group 

supply.91 PEG is an ideal choice to provide ‘camouflage’ effects due to its size, large 

exclusion volume, and extensive hydration, which can prevent the interactions of large 

molecules with RBCs, along with cell-cell interactions. Decreased RBC antisera 

(antibody)-mediated agglutination was observed through mPEG coatings, without 

changing cellular morphology, haemoglobin oxygen affinity and cation and anion 

homeostasis.91,92 Using the same approach, Scott et al. added that haemagglutination of 

mPEG-RBCs does not occur even in the presence of extremely harsh conditions such as 

low ionic strength saline, high concentrations of albumin, or neuraminidase treatment.93 

PEGylated RBCs treated with antisera were even resistant to phagocytosis by human 

peripheral blood monocytes. PEG coatings made no difference to autologous transfused 

RBC in vivo circulation times, demonstrating biocompatibility, however, a significant 

increase in xenogenic transfused RBC counts (> 4 times) was observed following 

intraperitoneal (I.P.) injection, Fig. 1.2B. Additional polymer conjugation approaches that 

have achieved similar results and target cell surface proteins include maleimidophenyl-

PEG,94 bisNHS-PEG,95 mPEG-benzotriazolyl carbonate (BTC-mPEG) and mPEG 

succinimidyl propionate (SPA).96 RBCs coated with PEG (using cyanuric acid) can also 
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block the glycophorin A binding domain of EBA-175, a ligand required for Plasmodium 

falciparum malaria parasite infection, inhibiting 95% of parasite invasion .97  

 

Figure 1.2. Masking surface antigens. (A) Cyanuric acid-activated mPEG was used to 

target cell membrane protein amino groups. (B) Masking of ABO antigens increases the 

circulation time of xenogenic transfused RBC. (C) Inhibition of responder immune cell 

activation and proliferation (measured by 3H Thymidine incorporation) can also be 

achieved by blocking receptor sites. Data readapted with permission from (A)93 and (B).98 

Copyright (1997) National Academy of Sciences. Copyright (1999) The American 

Society of Hematology. 

Immune Cell Encapsulation. Following on from RBC encapsulation, Scott and co-

workers demonstrated that cyanuric chloride activated mPEG can also inhibit T 
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lymphocyte cell-cell interactions that invoke an immune response (e.g. via recognition of 

major histocompatibility complex [MHC] class I and II) and minimise induction of graft-

versus-host disease (GVHD) caused by tissue transplant derived donor T cell ‘attack’ on 

immunocompromised individuals.98 PEGylation of either responder PMBCs or disparate 

MHC class II stimulator PBMCs abrogated T cell activation and proliferation, by up to 

96% (Fig. 2C), even with the addition of exogenous IL-2 (a cytokine that enhances T-cell 

response). Proinflammatory cytokine release is also significantly reduced including IL-2 

(41.6%), TNFα (69.8%), IL-4 (89.6%), and IFNγ (94.6%). The unresponsiveness of 

responder cells to stimuli arises from immunocamouflage of cellular epitopes including 

CD3e, CD11a, CD4, CD25, CD28, CD80 and MHC class II, Fig. 2C.98,99 Splenocyte 

epitopes can also be masked to attenuate allorecognition and proliferation (by up to 

75%).99 Immunocompetent balb/c mice injected I.P. with mPEG modified C57Bl/6 

splenocytes (i.e. T-cells of different MHC haplotype) revealed normal spleen weight 

(105%) and minimal T-cell proliferation (10%) after 28 days, whereas unmodified cells 

increased both (117% and 40%, respectively). As a more realistic GVHD model, 

immunocompromised Balb/c mice injected with mPEG-modified H2-disparate 

splenocytes increased mice survival time (LD50) to 11 days compared to 8 days with 

unmodified cells.99 Thus, re-engineering donor lymphocytes with mPEG can effectively 

attenuate in vivo proliferation and the initiation of GVHD. 

Islet Cell Encapsulation. Encapsulation of islets has been extensively assessed to 

prevent early islet rejection by the instant blood-mediated inflammatory reaction (IBMIR) 

or host allorecognition and activation of immune cells. Pancreatic islet cell protection 

from splenocyte, lymphocyte and macrophage infiltration and recognition can be 

provided through PEG coatings, whilst retaining glucose-responsive secretion for T1DM 

patients.100,101 Combinatorial treatment of allotransplanted PEGylated islets, under the 

left kidney of F344 diabetic rats, and a minimised dosage of cyclosporine (CsA, 3 mg.kg-
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1 for 2 weeks and 1 mg.kg-1 for ≤1 year) increased islet survival time to over a year, 

compared to 2 weeks with unmodified islets and CsA treatment alone.102 Islet cell 

coatings were achieved through mPEG functionalised with SPA to target amino groups 

on a collagen matrix. Blood glucose levels were maintained within a normal range even 

after I.P. injection with glucose to demonstrate a high tolerance to spiked glucose levels. 

In addition, PEGylated islets were not infiltrated by CD4+ T and CD79a+ B lymphocytes 

and revealed expression of insulin, glucagon and somatostatin hormone, along with micro 

vessels.102 Lee et al. removed the need for CsA completely by increasing PEG coatings 

(collagen islets treated with SPA-mPEG every day for 3 days).103 Allotransplantation of 

triply PEGylated islets into diabetic F344 rats survived over 100 days in 3 out of 7 cases, 

whereas all recipients of unmodified islets were rejected within 6 days. Iwata and co-

workers demonstrated that direct conjugation of PEG to membrane proteins, through 

NHS-PEG and NHS-PEG-Albumin (Fig. 1.3A), can increase the circulation time of 

xenogenic transplanted porcine islets in diabetic immunocompromised mice from 

immediate removal (by xenocytotoxins) to > 15 days, whilst instantly and consistently 

maintaining euglycemia.104 Alternative PEGylation approaches use DPPE (1,2-

dipalmitoyl-sn-glycerol-3-phosphatidylethanolamine), which non-invasively inserts into 

the cell membrane via hydrophobic insertion, Fig. 1.3B.105 However, intraportal 

xenotransplantation of PEG-lipid modified hamster islets into diabetic balb/c mice only 

survived for 7 days and were lost by immune rejection in recipient mice. PEG-lipid islet 

encapsulation has also been used to provide a platform for subsequent stacking of 

poly(vinyl alcohol) (PVA) or charged polymers (poly-L-lysine [PLL] and alginate), Fig. 

1.3C, without hindering glucose responsiveness, although these were not tested in 

vivo.106,107 
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Figure 1.3. Encapsulation of islets with direct cell membrane conjugations techniques. 

(A) PEGylation of cell membrane proteins via diNHS-PEG (DSPEG) for the subsequent 

capture of albumin, to increase islet circulation time, or biotin for SA-Cy3 (blue) 

biorecognition. Islet cell encapsulation can also be achieved through (B) hydrophobic 

insertion of PEG-lipids (DPPE) which can be used as the foundation for (C) 

polyelectrolyte stacking with anionic alginate and cationic PLL. Green = fluorescein 

isothiocyanate (FITC) conjugated polymer. Confocal images taken with permission from 

(A),104 (B)105 and (C).107 Copyright Elsevier (2005). Copyright Wolters Kluwer Health 

(2009). Copyright Elsevier (2007). 
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Transplanted islets that come into contact with the portal vein can trigger IBMIR through 

the expression of tissue factor and monocyte chemoattractant protein (MCP)-1, which 

increases thrombin antithrombin (TAT) levels due to coagulation activation.108 Re-

engineering cell surfaces with natural polymers that possess anticoagulant and anti-

inflammatory properties can mitigate these issues. Intraportal injection of heparinised 

porcine islet surface into pigs minimises TAT levels, blood clotting and macroscopically 

visible infarcted areas.109 Synthetic polymers including PEG-NHS,110 mal-PVA-alkyl111 

and polyDNA-PEG-DPPE112,113 can act as mediators for thrombomodulin (TM) and 

urokinase (UK) attachment to islet cell surfaces; to increase the production of activated 

protein C (inhibits thrombogenicity) and the activation of plasminogen, which triggers a 

proteolysis cascade that participates in thrombolysis. Despite natural polymers showing 

extensive promise in mediating IBMIR, hydrophobic insertion coatings only reside on the 

cell surface for up to 24 h so have been limited to in vitro use.112–114 

Polyelectrolyte LbL assembly provides an alternative means to protect pancreatic islets 

from allorecognition. Early systems, developed by Krol et al., used alternating treatments 

of polycationic PAH (poly(allylamine hydrochloride)) or PDADMAC (poly-

(diallyldimethylammonium chloride)) and anionic PSS (poly(styrenesulfonate)) to 

develop six multielectrolyte layers capable of preventing IgG antibody recognition.115 

Chaikof and co-workers uncovered that the selection of polycations for direct deposition 

onto islet cells is extremely important to retain viability and, unsurprisingly, found Krol’s 

system to be highly cytotoxic.116 Cytocompatible islet nanoencapsulation with 

polyelectrolyte multilayer thin films can be accomplished with PLL, which would 

otherwise induce 60% loss in cell viability in under 15 min (1 mg.mL-1), when co-

polymerised with PEG-biotin (PPB) and assembled with intermediate layers of 

streptavidin, Fig. 1.4A.116 Even after 8 layers, (PPB/SA)8/PPB, islet viability and glucose-

responsive insulin secretion was retained. Intraportal transplantation of (PPB/SA)8/PPB 



  

16 

B10 islets into B6 allograft mice models converted 7 of 15 mice to euglycemia, compared 

to 6 with untreated islets, demonstrating that multilayer thin films do not invoke 

deleterious inflammatory responses in vivo. The streptavidin intermediate can be replaced 

with alginate to provide similar benefits and the terminal layer of PEG can be 

functionalised with hydrazides, azide or biotin groups for further biorecognition or 

biomolecule capture, Fig. 1.4B.117,118  

 

 

Figure 1.4. PLL-g-PEG islet nanoencapsulation. (A) Polyelectrolyte thin film formation 

with PLL-g-PEG-Biotin (PPB), SA-Cy3 (red) in between PPB layers and a final layer of 

SA-FITC (green). (B) Alginate can be used in place of SA to stack PLL-g-PEG so that 

the final layer can be coupled with biotin (for biorecognition) or azide for copper-free 

click chemistry with dibenzocyclooctyne (DBCO). Confocal images taken with 

permission from (A),116 and (B).117 Copyright 2007 American Chemical Society. 

Copyright 2011 American Chemical Society. 
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1.3.3 Modulating Cell-Signalling Pathways 

Re-engineering of cell surfaces with synthetic polymers is not merely a tool to provide 

physical isolation from the immune system, but also to modulate native biological 

processes and functions. The glycocalyx participates in complex cell signalling pathways 

that are poorly understood and difficult to manipulate as precise molecular control over 

glycan structures is challenging; especially because posttranslational modifications are 

not template driven.119 Bertozzi and co-workers pioneered glycocalyx remodelling with 

lipid-terminated mucin mimetic glycopolymers (large, heavily glycosylated 

glycoproteins populating epithelial cells) consisting of poly(methyl vinyl ketone) 

(poly(MVK)) polymers, produced by free radical polymerisation, decorated with glycans 

via oxime linkages.120,121 Controllable, dose-dependent membrane insertion of glycan 

epitopes was achieved with similar intracellular trafficking and diffusion properties to 

native mucins and without decreasing membrane function or mobility. Since then, 

membrane insertion of lipid-based glycoconjugates has become a powerful tool in 

glycocalyx remodelling to understand and modulate biological processes.122  

Bertozzi and co-workers demonstrated that cell surface installation of sialylated 

glycopolymers, produced as described above, enables engagement of the NK cell surface 

receptor Siglec-7 (sialic acid-binding immunoglobulin-like lectin 7), providing a better 

understanding of glycan-ligand inhibition of NK cell function, Fig. 1.5.123 Siglec-7 

contains a cytosolic immunoreceptor tyrosine-based inhibitory motif able to attenuate NK 

cell response by halting the kinase phosphorylation cascade. Jurkat cells endowed with 

sialic acid glycopolymers inhibited primary NK cell-induced cytotoxicity by over 50% 

and suppressed activation markers (CD107a and IFN-γ). NK cell antibody-dependent cell 

cytotoxicity (ADCC), through FcγIII receptor (CD16) activation, was also abrogated 

when co-incubated with antibody-coated Daudi, SK-BR-3 and NCI-N87 cells. Sialylated 

CD34+ HSCs co-incubated with allogeneic human NK cells inhibited NK cell killing by 
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over 75%, at all effector/target ratios, and co-incubation with sialylated xenogenic pig 

aortic epithelial cells also produced significant inhibition (two-fold); demonstrating 

potential use in the protection of MHC-mismatched cell transplants.123 

 

Figure 1.5. Sialylated glycopolymer inhibition of NK cell response. (A) NK cell 

activation occurs in the presence of activating ligands and the absence of inhibitory 

signals. Membrane insertion of sialylated glycopolymer emulates cancer-associated 

glycosylation which can stimulate Siglecs and attenuate phosphorylation cascade by 

SHP-1 and -2 phosphatase recruitment. (B) Glycopolymers consist of MVK polymers 

with oxime linked glycans and the two glycopolymers able to stimulate Siglec-7 the most 

are illustrated: Sia, N-acetylneuraminic acid; GD3, N-acetylneuraminic acid-α2,8-N-

acetylneuraminic acid-α2,3-galactose-β1, 4-glucose. Figure reproduced with permission 

from.123 Copyright 2013 Springer Nature. 
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Glycosaminoglycans (GAGs) are sulfated polysaccharides with major roles in cell 

division, cancer metastasis, angiogenesis and neuronal development through recruitment 

of growth factors and subsequent induction of downstream signalling pathways, making 

them prime targets to modulate cellular functionality. Pulsipher et al. engineered rat 

cortical neurons with chondroitin HS GAG conjugated (CS-E) liposomes to enhance 

nerve growth factor (NGF)-mediated signalling and promote neural outgrowth by 

activating neurotrophin-mediated signalling pathways, Fig. 1.6.124 Liposomes generated 

from cationic 1,2-dioleoyl-3-trimethylammonium-propane chloride (DOTAP), neutral 

1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE) and 2-dodecanone, for 

glycan appending via oxime chemistry, were used to promote cell membrane liposomal 

fusion. Neurons remodelled with CS-E conjugated liposomes showed up to 3-fold 

increase in protein kinase B (Akt) activation, which is promoted by NGF recruitment and 

assembly of NGF-tropomyosin receptor kinase (Trk) complexes. Subsequent neurite 

outgrowth was observed and increased by up to 36% after 24 h, through continuous CS-

E liposomal treatment every 8 h, and was highly controllable through % dodecane in 

liposomes (i.e. CS-E content). Similarly, Godula and co-workers revealed that lipidated 

(DPPE) RAFT (reversible addition−fragmentation chain-transfer polymerization) 

synthesised neoproteoglycans (neoPGs), mimetics of native HS GAGs, can recruit 

fibroblast growth factor 2 (FGF2) and present them to the necessary receptors to induce 

neural specification downstream signalling pathways in embryonic stem cells (ESCs) 

deficient in exostosin (Ext1-/- ESCs), a key glycotransferase enzyme required for native 

HS GAGs assembly.125 A dose-dependent increase in neural rosette formation was 

observed through surface NeoPG grafting densities, which correlated well with kinases 1 

and 2 (Erk1/2) phosphorylation and decreased Oct4 expression (an indicator of 

pluripotent state), confirming that synthetic neoPGs can rescue FGF2-mediated Erk1/2 

signalling. 
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Figure 1.6. Directing neuronal signalling pathways. Liposomal fusion of chondroitin 

sulfate GAGs, CS-E, onto the cell membrane can recruit NGF which activate Akt 

signalling pathways to induce neurite growth (immunostained with anti-α-tubulin 

antibody [green]). Figure reproduced with permission from.124 Copyright 2014 American 

Chemical Society. 

1.3.4 Recycling Artificial Cell Surface Receptors and Glycopolymers 

Cell surface receptors, when stimulated by a particular ligand, can result in the uptake of 

cell-impermeable bioactive agents to mediate cellular interactions. The creation of 

artificial receptors derived from 3β-cholesterylamine can mimic the membrane 

association and trafficking properties of cholesterol and promote cellular uptake of large 

impermeable biomolecules, Fig. 1.7A and 1.7B. Hussey et al. demonstrated that 3β-

cholesterylamine conjugated to fluorescein can non-specifically insert into the cellular 

membrane of Jurkat lymphocytes to capture and internalise anti-fluorescein antibodies 

and fluorescent Protein A (PrA) in 99% of cells within 4 h.126 Replacement of fluorescein 

with biotin moieties, coined “streptaphage”, increases streptavidin capture and clathrin-

mediated endocytosis by 300-fold in Jurkat, macrophage, MCF-7 and CHO.127 
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Mechanistic studies revealed that cholesterylamine association, or insertion, with lipid 

rafts subdomains is promoted via long hydrophobic domains and hydrogen bonding of 

hydroxyl, amine and amide functional groups with sphingolipids, Fig. 1.7B, in a manner 

mimicking Cholera toxin B clathrin-mediated endocytosis upon binding to ganglioside 

GM1. Artificial receptors consisting of N-alkyl-3β-cholesterylamine linked to 

nitrilotriacetic acid, a metal chelator often used to purify His-tagged proteins,128 allow 

enhanced clathrin-mediated endocytosis of His-tagged proteins including AcGFP(His)6 

(150-fold) and AcGFP(His)10 (600-fold) with ∼45,000,000 receptors installed.129 

In addition to the previous studies, Peterson and co-workers demonstrated that N-alkyl 

derivatives of 3β-cholesterylamine derivatives linked to 2,4-dinitrophenyl (DNP) or 

fluorescent 7-nitrobenz-2-oxa-1,3-diazole (NBD) can promote the uptake of IgG anti-

DNP antibody motifs into late endosomes and lysosomes.130 Remarkably, synthetic 

receptors demonstrated dynamic plasma membrane recycling, following intracellular 

dissociation of their ligand, back to the cell surface (recycling t1/2 ∼ 3 min), Fig. 1.7D. 

Endocytosis of multiple IgG antibody ligands can be promoted by substitution of 

DNP/NBD with an FCIII cyclic peptide possessing high affinity for the disulphide bond 

localised within the hinge region of human IgG, thus developing a synthetic FcR 

receptor.131 FCIII-modified Jurkat lymphocytes were able to internalise fluorescent IgG 

into intracellular compartments (late endosomes and lysosomes) by 57-fold, surpassing 

levels observed within THO-1 cells that endogenously express natural FcR, FcγRI and 

FcγRII receptors. Dynamic cycling of the receptor was retained along with remarkable 

receptor cell surface stability (t1/2 = 251 h). Jurkat lymphocytes incubated with the 

synthetic FcR receptor and physiological levels of IgG ligand internalised ~20% of 

antibodies demonstrating the potential to treat autoimmune diseases. A summary of the 

receptors can be found in Fig. 1.7C. 
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Figure 1.7. Cholesterol-based artificial receptors. (A) Structure of the N-Alkyl 

cholesterylamine derivative which forms the basis of all artificial receptors discussed. (B) 

Model of plasma membrane lipid raft segment containing streptaphage and ganglioside 

GM1 for comparison, taken with permission from,127 (Copyright 2002 American 

Chemical Society) illustrating hydrophobic insertion of the N-alkyl chain and amine 

hydrogen bonding with headgroups. (C) Examples of artificial receptors generated and 

their ligands.126,127,129–131 (D) Receptor/ligand endocytosis cycle schematic.  
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As a final example, synthetic receptors can be utilised as a drug delivery mechanism for 

membrane-impermeable antibiotics, such as vancomycin, to eradicate lethal intracellular 

pathogens. HeLa cells endowed with N-alkyl-3β-cholesterylamine receptors linked to the 

vancomycin-binding dipeptide ᴅ-Phe-ᴅ-Ala motif was used to eliminate Listeria 

monocytogenes, a gram positive intracellular pathogen known to cause fatal food 

poisoning, via receptor-mediated endocytosis of vancomycin.132 Infected HeLa cells 

treated solely with vancomycin did not confer antibiotic activity. In Balb/c mice, I.P. 

injected N-alkyl-3β-cholesterylamine-ᴅ-Phe-ᴅ-Ala receptors and fluorescent vancomycin 

were able to cross biological membrane barriers and accumulate in organs including the 

brain, lung, heart and pancreas with no apparent toxicity.  

Although cholestrylamine-based synthetic materials have predominantly focused on 

capturing and internalising biomolecules, the recycling capabilities can improve the 

residence time of RAFT synthesised glycopolymers (polyMVK functionalised with 

aminooxy-N-acetylgalactosamine), from 24 h with lipidated approaches to over 10 days, 

providing the current most persistent glycopolymers recorded; however, the surface 

population was stabilised at 25% of original values within 24 h and was completely 

removed within 48 h with daily washes.133 Anchored long chain glycopolymers 

recapitulated bulky mucin cell adhesion function by driving integrin clustering through 

kinetic funnelling to promote focal adhesion sites, allowing cells to adhere to non-ideal 

substrates (MCF-10A to soft polyacrylamide gels functionalised with fibronectin) and, 

thus, preventing anoikis. This protection effect translated to in vivo zebrafish embryos 

where MCF-10A cells coated with long chain glycopolymers were twice as likely to 

survive and disseminated throughout the fish. Incorporation of long chain synthetic 

mucin-mimetic glycopolymers using this method can also promote further understanding 

of disease progression, including cell cycle progression by integrin-focal adhesion kinase 

(FAK) mechanosignalling and Akt signaling.134 
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1.3.4 Cell-Cell and Cell-Substrate Interactions  

As a final example, polymer re-engineering of cell surfaces provides a platform to 

promote cell-cell and cell-substrate interactions, for example, through membrane 

insertion of PEG-DPPE polymers conjugated with complementary oligonucleotides 

(polyA20-PEG-DPPE and polyT20-PEG-DPPE), Fig. 1.8A. PolyA20-HEK293 

hybridisation with islet cells, coated with polyT20-PEG-DPPE, can allow complete 

encapsulation, through cell proliferation, within 3 days, Fig. 1.8B113 Similarly, polyA20-

Sertoli cells, which secrete various immunoprotective factors (e.g. Activin A), can 

encapsulate polyT20-islets and remain bound even after intraportal transplantation, whilst 

permitting glucose-responsive secretions.135 Exogenous protein encapsulation systems 

can promote immune responses, thus the exploration of potential living cell encapsulation 

bioartificial pancreatic systems is of interest. PolyA20/T20 hybridisation-induced cell-cell 

adhesion also allows the study of intercellular interactions, such as cell-cell invasion.136 

Adhesion of MCF-10A/MCF-10A or MCF-10A/MCF-7 cells promotes internalisation of 

MCF-10A cells, within 6 h, due to increased expression of E-cadherin, Fig. 1.8C. All 

other cell-cell combinations attempted (HEK293/HEK293, HEK293/MCF10A and 

CCRF-CEM/MCF10A) lead to cellular adherence but no intercellular interactions.  
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Figure 1.8. DNA hybridisation for cell-cell and cell-substrate adhesion. (A) Hydrophobic 

insertion of polyA20 and polyT20 into cell membranes allows (B) encapsulation of 

polyA20-islets with polyT20-HEK293 cells (green), (C) promotes cell-cell invasion 

between polyA20-MCF10A (red) and polyT20-MCF10A (green) and (D) CCRF-CEM cell 

patterning onto inkjet printed complementary DNA. Figures adapted with permission 

from.113,136,137 Copyright 2010 American Chemical Society. Copyright 2015 Elsevier. 

Copyright 2011 Elsevier. 

The generation of tissue models and the study of cell-to-cell communication requires 

platforms able to create well-defined patterns of multiple cell types. Cell-substrate 

adhesion can also be promoted by polyA20/T20 to immobilise cells (polyT20-CCRF-CEM) 

onto gold surfaces decorated with circles of complementary DNA or inkjet pattern DNA 

printed surfaces, Fig. 1.8D.137,138 Francis and co-workers developed a universal cell-
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substrate adhesion platform for adherent cell lines (MCF-7 and MDA-MB-231), 

suspension cells (Jurkats) and primary cells (red blood cells, CD4+ helper T-cells and 

myoblast cells) treated with NHS-DNA onto microscale complementary DNA patterns 

without activating signalling pathways.139 Myoblast cells were captured, using this 

technology, and differentiated into skeletal and heart muscle cells which formed 

myotubes after 5 days.139 Patterning myoblasts in different 2-D arrangements influenced 

myotube formation, e.g. arced tubes if patterned in circles and aligned linear bundles for 

rectangular arrangements. Cell-substrate platforms that don’t rely on DNA-hybridisation 

have used cell penetrating peptides (Tat) conjugated to PEG-DPPE, whereby the lipid 

component inserts into the membrane and the cationic peptide immobilises the cell onto 

poly(styrene) (PS) microfiber-based 3-D scaffolds as a model of decellularised organs 

and tissue.140 Immobilisation of CCRF-CEM, L929 cells and human hepatocytes was 

achieved (< 97%) almost immediately. After 2 days, L929 cells spread and grew along 

microfibers and hepatocytes were able to secrete urine and function as normal. Finally, 

Teramura and co-workers demonstrated the potential to alter hMSCs homing properties 

with PEG-DPPE conjugated to an E-selectin specific oligopeptide (ES‐bp), allowing 

attachment onto an E‐selectin‐functionalised surface; a model surface representative of 

epithelial cells under hypoxia-like stroke conditions.141  
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1.4 – Current Challenges with Conventional 

Approaches 

Polymer conjugation technologies provide a plethora of potential applications in cell-

based therapies and to promote the further understanding of biological processes, a 

summary of those previously mentioned can be found in Table A1.1 (Appendix A). 

However, current ‘grafting-to’ and ‘grafting-from’ approaches present several caveats 

limiting their use. ‘Grafting-to’ approaches rely on direct chemical or physical 

conjugation to endogenous cell membrane components which are universally limited to 

in vitro applications due to lack of biorthogonality, resulting in non-specific binding to 

any cell type, and can require non-native conjugation conditions (i.e. absence of other 

proteins or charged species). In this section, the most widely used grafting-to tools for 

cell surface re-engineering are critically assessed including protein coupling, hydrophobic 

insertion, liposomal fusion, electrostatic LbL assembly and enzymatic-mediated ligation. 

‘Grafting-from’ cell surfaces, whereby polymerisation takes place directly from the cell 

surface, is also discussed here. 

1.4.1 – Protein Conjugation 

The nucleophilic (primarily amine or thiol) side chains of amino acids on membrane 

proteins remain widely exploited moieties for polymer grafting to cell surfaces, especially 

for RBC, T lymphocyte and islet cell encapsulation systems, through polymers activated 

with cyanuric chloride or functionalised with NHS or maleimide groups.91–99,104,110 

However, cyanuric acid activation requires extremely cytotoxic conditions, with pH 

ranging from 8 – 9.2 and temperatures between 4 - 14 oC.91–93,97,98,142 Targeting 

endogenous membrane proteins also results in labelling heterogeneity (i.e. production of 

homogenously polymer-labelled cell populations) and perturbation of protein activity, 
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along with variable surface retention (48 – 72 h).143 Site-selective introduction of non-

natural, bio-orthogonal amino acids can increase labelling specificity to avoid amino 

acids with vital functional importance and increase the bio-compatibility of reaction 

conditions; however, such approaches rely on genetic alterations144 or cytotoxic metal 

catalysts to modify endogenous amino acid residues.145–148  

1.4.2 – Electrostatic Interactions 

Electrostatic deposition of polyelectrolytes to the intrinsically negatively charged 

peripheral cellular membrane allows simple and inexpensive production of ultra-thin 

PEM films through LbL assembly. Precise control of PEM physical properties such as 

roughness, thickness, and porosity, as well as electrical, magnetic, mechanical, and optical 

properties can be achieved.108,117,149–152 However, direct membrane deposition of 

polycations can result in extensive damage, hindering translational potential.153 Various 

factors can influence cell death including polyion functional groups, intracellular 

uptake,153,154 and surface charge density.155,156 Positively charged polymers, such as PAH 

and PDADMAC, result in extensive and rapid membrane damage (<1 h), whereas 

negatively charged polymers, such as PSS, result in less damage over a longer period; as 

expected due to the decrease in cell membrane grafting density.155 Polyethylenimine (PEI) 

films can prevent cell growth and division and PLL induces cell death via polycation pore 

formation,157–159 mediated by acid catalysed hydrolysis of cell membrane lipidic 

phosphoester bonds.160 Wilson et al. demonstrated that PEMs possessing PEG (PLL-g-

PEG) result in PEG-dependent conformational changes, which minimises direct 

polycation interactions to the cell surface and, thus, increasing cytocompatibility.116–118 

However, only a narrow therapeutic range is attainable to achieve these conformational 

changes without hindering the electrostatic interactions necessary to drive film assembly. 

In addition, this solution has not demonstrated adaptability with other polycations and 

surface retention times remain to be explored. 
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1.4.3 – Hydrophobic Insertion/Liposomal Fusion 

Hydrophobic insertion and liposomal fusion of polymers represents the vast majority of 

recent studies to non-invasively re-engineer cellular interfaces with surface epitopes in a 

simple manner; especially to probe and modulate the functional importance of the 

glycocalyx.123–125 However, passive insertion of lipid-based polymers is limited by rapid 

dissociation times due to the dynamic nature of the cell membrane including constant 

redistribution and compartmentation, along with continuous internalisation, degradation 

and de novo synthesis of lipids and proteins.161 Polymer-lipid/alkyl dissociation is 

dependent on the selected lipid and cell type, however, polymer loss is expected within 

24 h (Table 1.1). Islet cell encapsulation with PEG-DMPE, -DPPE, -DSPE and -alkyl 

alone is limited to in vitro use because surface retention is only 3 – 24 h.143,162 

Immobilisation of urokinase and thrombomodulin with PEG-DPPE onto islets resulted in 

thrombomodulin release over a 24 h period.114 Promotion of cell-cell and -substrate 

adhesion properties are also hindered by low retention effects. Cells immobilised onto 3D 

PS microfibers with Tat-PEG-DPPE were left completely suspended within 48 h (24 h 

half-life).140 Similarly, CCRF‐CEM and hMSC endowed with ES-bp-PEG-DPPE (E-

selectin targeting aptamer) detached from E-selectin coated surfaces within 24 h.141 Low 

polymer retention also restricts the potential to modulate biological functions. For 

example, liposomal fusion of chondroitin HS GAGs can only promote neuronal growth 

in rat cortical neurons with continuous treatments every 8 h.124 Single treatment of 

liposomal GAGs only increases neuronal activation pathways for 30 min, which 

subsequently decrease due to GAG internalisation. Lipidated synthetic neoPGs, capable 

of inducing neural differentiation in Ext-/- deficient ESCs, possessed a surface half-life of 

4 – 8 h;125 however, Erk1/2 signalling occurs within 15 h, i.e. within the timeframe of 

sufficient neoPGs membrane localisation.163 Similarly, Hudak et al.’s study on NK 

immunoevasion through sialic acid glycopolymer phospholipid insertion was also 
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possible, despite a surface half-life of 4 – 7 h, because NK activation and cytotoxicity is 

detectable within a short timeframe;123 however, prolonged protection would not be 

provided. Thus, the studies using hydrophobic insertion approaches have been carefully 

selected for biological applications where the short retention times of conjugated 

polymers are not a limiting factor.   

Table 1.1. Surface retention of hydrophobically inserted polymers. 

Polymer Example   Surface Retention Comment Ref 

DPPE-PEG-Thrombomodulin or –Urokinase 

to prevent islet IBMIR 
Thrombomodulin released within 6 h 114 

DPPE-poly(MVK)-NeoPG to induce neural 

differentiation in Ext-/- deficient ESCs 
~50% lost within 8 h 125 

Increasing hMSC homing with ES‐bp(C)‐

PEG‐DPPE (E-selectin) 
Complete rapid detachment in 3 h. 141 

Immobilisation of cells onto PSS with DPPE-

PEG-Tat 

50% detachment from PSS surface within 24 h 

and complete detachment in 48 h. 
140 

Chondroitin HS GAGs conjugated to 

liposomes consisting of DOTAP, DOPE and 

2-dodecanone to stimulate neurite growth 

Rapid internalisation within 6 h resulting in 

neuronal activation for only 30 min unless 

repeated treatments. Internalisation progressed 

for 16 h until almost complete loss. 

124 

PEG-lipid (DMPE, DPPE and DSPE) and 

PEG-Alkyl to study surface retention 

Near complete loss of DMPE within 3 h and 

DPPE, DSPE and Alkyl within 24 h 
143 

DPPE-poly(MVK)-Sialo glycans for NK cell 

evasion 

Loss within 4 – 7 h independent of glycan 

structure 
123 

 

1.4.3 – Enzyme-Mediated  

Enzyme-mediated cell surface engineering allows candidate protein/molecular 

conjugation of natural biomolecules to pre-existing cell membrane structures through 

recognition of specific peptide sequences, which can be genetically engineered onto the 
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C- or N-terminus of cell membrane bound target proteins.164 A brief overview of the 

potential enzymes that could find usefulness for polymer re-engineering of cell surfaces 

has been included here. Transpeptidase Sortase A (SrtA)  catalyses the ligation of LPXTG 

recognition motifs to the N-terminus of cell surface oligoglycines,165  to recruit a variety 

of macromolecules within 5 – 60 min, Fig. 1.10A.166 SrtA recruitment of LPXTG-

modified single domain antibodies (VHH) has been used to redirect activated CD8 T-

cells’ cytotoxicity towards antigen-presenting target cells and promote the invasion of 

Toxoplasma gondii into fibroblasts.166 Site-specific LPETGG sequences can be 

introduced via gene-editing approaches to expand SrtA usage and allow osteoclast 

differentiation factor to be labelled with biotin and fluorophore-containing peptides.165 

However, reaction reversibility and self-competition between glycine present on LPXTG 

and target glycine residues limit SrtA ligation.  

Transglutaminase (TGase) catalyses the cross-linking of the ε-amino group of lysine with 

the terminal amide on glutamine residues to form an ε-(γ-glutaminyl) lysine isopeptide 

bond, Fig. 1.10B. TGase ligation of Peptide-PEG-biotin onto various cartilage 

extracellular matrix (ECM) components including collagen II, fibronectin, osteopontin 

and osteonectin has been used for directed labelling with fluorophore-anti-biotin 

antibodies.167 Similar to SrtA, expansion of TGase usage has been attempted through 

recombinant proteins fused with TGase recognition domains (Q-tags) to ligate 

cadaverine-Alexa 568/biotin conjugates onto mammalian cells in under 30 mins.168 

However, TGase lacks specificity for site-specific Q-tag labelling alone, so non-Q-tagged 

proteins were also labelled.  

As a final example of enzyme-mediated ligation for cell-surface re-engineering, 

HaloTags (HTPs) are modified alkane dehalogenase enzymes that form a covalent adduct 

with chloroalkane substrates, Fig. 10C. Pulsipher et al. expressed haemagglutinin (HA) 

tagged HTP proteins to the platelet-derived growth factor receptor transmembrane 
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domain of ESC cells to remodel the surface with chloroalkane heparin sulphate, as an 

alternative to lipidated glycopolymers with short retention times.169 ESC modified with 

highly sulphated heparin accelerated ESCs exit from self-renewal and differentiation into 

neuronal cell types by inducing activation of FGF/ERK-mediated signalling pathways. 

Enzymes provide an alternative, more selective, tool to re-engineer cell surfaces with 

recognition motifs; however, endogenous sites for modification are limited so the use of 

gene-editing approaches are required. Recent examples of cell surface re-engineering 

with synthetic materials using enzymatic approaches were not found. 

 

Figure 1.9. Enzyme-mediated ligation strategies. (A) Transpeptidase Sortase A (SrtA), 

(B) Transglutaminase (TGase) and (C) HaloTags.  
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Additional enzymes exist that convert cell surface components or remove them entirely. 

Conversion of CD44 glycoform on MSCs into α-1,3-fucosylated-MSCs, by α-1,3-

fucosyltransferase, can increase tropism to mouse bone marrow by developing an E-

selectin/L-selectin ligand that recognises sialofucosylated determinants.170 Sialidase 

conjugated with antibodies specific to tumour epitopes, trastuzumab, can promote NK 

cell ADCC by up to 10-fold against cancerous cells expressing HER2 by FcγIII receptor 

stimulation and simultaneous removal of sialylated glycans, to decrease Siglec-7 

mediated NK deactivation.171 Universal O-type blood can be produced through carefully 

selected galactosidases for enzymatic cleavage of the terminal N-acetylgalactosamine or 

galactose of A- or B-antigens to improve the supply of blood for transfusions.172–174 

Although powerful tools to alter cell surfaces, these approaches do not present ways to 

attach synthetic components onto cell surfaces. 

1.4.4 – Grafting-From 

Polymer grafting-from strategies allow initiation of structurally defined polymers directly 

from the cell surface for enhanced polymer grafting compared to grafting-to approaches, 

Fig. 1.10.175 Development of grafting-from systems are limited by constraints provided 

by living cells; reaction conditions must not denature proteins, cause unwanted side 

reactions with protein functional groups, or include harmful reactants and solvents (i.e. 

polymerisation environment). Furthermore, fast reaction kinetics are required at room 

temperature and oxygen should not be a limiting factor.  
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Figure 1.10. Difference between grafting-to and –from. Grafting-to cell surfaces relies 

on the direct physical or chemical recruitment of synthetic polymers. Grafting-from 

approaches require the conjugation of chain transfer agents (CTA) or atom transfer radical 

polymerisation (ATRP) initiators to the cell surface so that polymerisation can take place 

directly from the cell surface. 

Kim et al. devised a live cell grafting-from strategy using surface-initiated activator 

regenerated by electron transfer atom transfer radical polymerisation (SI-ARGET 

ATRP).176 Yeast cells were primed with ATRP initiators conjugated to polydopamine, 

which possesses radical scavenging and inherent coating properties, to polymerise 

sodium methacrylate. The polymerisation took place in an aqueous solution (pH 8.5) 

consisting of a catalyst (CuBr2), ligand (2,2′‐bipyridyl), reducing agent (ascorbic acid), 

and monomer (sodium methacrylate) under ambient conditions. To minimise the 

concentration of cytotoxic Cu(I) required and maintain an aerobic environment, ascorbic 

acid was used to reduce Cu(II) back to Cu(I) and prevent catalytic drop. The initial yeast 

cell survival rate was 82.2%, however, a drop in cell viability was noted with increasing 

time due to the harsh conditions exerted. 

Hawker and co-workers developed an alternative grafting-from approach using 

photoinduced electron transfer (PET)-RAFT.177 Yeast cells were modified with 

dibenzocyclooctyne (DBCO)-NHS to conjugate a chain transfer agent (CTA), azide 

modified 2-(butylthiocarbonothioyl) propionic acid (BTPA), onto membrane proteins. 

Rapid polymerisation of azide or biotin functional PEG-based acrylamide (PEGA-1k) 
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was achieved, using Eosin Y (catalyst), triethanolamine (cocatalyst) and a 465 nm LED 

light source, with a 90% survival rate and minimal alterations to cell wall metabolism.177 

However, poor percentage polymerisation conversion ratios were obtained, at the expense 

of higher reaction kinetics, and the reaction was conducted in PBS (pH 7.4). This 

approach was attempted with Jurkat cells but the increased sensitivity of mammalian cells 

to mechanical and chemical environmental changes lead to poor cell viability. Changing 

to CTA-lipid analogues increased Jurkat viability to 90%, further confirming that 

conjugation to amino acids can be detrimental to cellular health.   

1.4.5 – Cell Surface Re-engineering Criteria 

Current strategies have firmly established the field of polymer re-engineering of cell 

surfaces, however, their limitations could hinder further progression. To generate a new 

and effective approach to re-engineer cell surfaces, which could surpass or be used 

alongside previous approaches, the following criteria must be met: (1) rapid labelling 

under cytocompatible conditions, as close to native as possible; (2) entire cell populations 

should be homogenously labelled; (3) universal applicability across multiple cell lines, 

with the option of target cell labelling; (4) cellular function should not be hindered; (5) 

potential for in vivo translation. Metabolic oligosaccharide engineering (MOE) is 

explored in the following sections as a potential tool to address these criteria.  
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1.5 – Metabolic Oligosaccharide Engineering 

1.5.1 ‘Hijacking’ Endogenous Glycan Pathways with Unnatural Sugars  

The plasma membrane is encased by a dense network of glycoconjugates (e.g. 

glycoproteins, glycolipids, proteoglycans and mucins) that collectively are referred to as 

the glycocalyx; a dominant feature of the cell surface. The glycocalyx extends several 

hundreds of nanometres from the outer membrane leaflet,178 serving as the cell-

environment interface and first point-of-contact for many molecular interactions involved 

in extracellular communications, signal transduction and host-pathogen 

interactions.179,180  

Metabolic oligosaccharide engineering (MOE), a technique pioneered by Bertozzi and 

co-workers,181 allows the installation of exogenous glycans into the cellular glycocalyx 

through chemically modified versions of native sugars. These unnatural sugars ‘hijack’ 

the promiscuous biosynthetic or salvage pathways of endogenous glycans allowing 

installation of biorthogonal functional groups onto the cell surface, Fig. 1.11, and hence 

recruitment of additional functionality. MOE has enabled the installation of sugars 

modified with ketone,181 azide,182 alkyne,183 thiol,184 diazirine,185 cyclopropene,186 

alkene,187 isonitrile,188 diazo189 and norbornenes187 functional groups into plants,190 

bacteria,191–193 and yeast194 along with mice,195 rats,196 zebrafish,197 Caenorhabditis 

elegans,198 and Drosophila melanogaster.199 Unnatural N-acetyl mannosamine 

(ManNAc) derivatives hijack the promiscuous sialic acid biosynthetic pathway, providing 

the highest abundance of cell surface coverage with bio-orthogonal functional groups 

compared to all other unnatural glycan analogues in multiple cell types including hMSCs, 

hippocampal, CHO, and MDA-MB-231.200–203 Cell surface labelling is often achieved 

following 72 h of incubation with low concentrations of unnatural sugar (50 µM). 

Alternative unnatural sugar analogues include N-acetyl glucosamine (GlcNAc), N-acetyl 
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galactosamine (GalNAc) and fucose which, in addition to sialic acids, are overexpressed 

in certain diseases and may be suitable alternatives to ManNAc for cell surface labelling 

depending on glycan overexpression levels and the desirability to label, or avoid labelling 

(e.g. Mucin type O-glycans), certain glycans mentioned in Fig. 1.11.204 

Glycans modified with an azide group, such as N-azidoacetylmannosamine-tetraacetate 

(Ac4ManNAz), are the most widely used for targeted in vitro and in vivo delivery of 

nanoscale materials due to commercial availability, being better substrates for 

glycosyltransferases and advances in copper-free ‘click’ azide-alkyne reactions, 

providing a chemoselective and cytocompatible conjugation approach that can occur 

rapidly under physiological conditions.201,205–207  As glycosylation is a posttranslational 

modification procedure, exogenous target receptors can be introduced to multiple cell 

types with MOE without resorting to gene editing approaches. Targeted in vivo delivery 

of Ac4ManNAz can be accomplished intratumorally,208 intraperitoneally,195,209 or even 

intravenously using caged Ac4ManNAz derivatives requiring endogenous enzyme 

cleavage for intracellular uptake, such as histone deacetylase and cathepsin L 

overexpressed in cancerous cells210 or caspase-3/-7 in live apoptotic cells,211 or ligand-

coated liposomes to target expressed or up-regulated cell surface receptors.208,212 In 

addition, Xie et al. demonstrated successful incorporation and probing of exogenic azide 

receptors on mice brain sialoglycans, via liposomal delivery of 9-azido sialic acid 

(9AzSia); highlighting the true in vivo labelling potential of MOE, even surpassing the 

blood brain barrier.210  
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Figure 1.11. Metabolic oligosaccharide engineering with unnatural derivatives of glycan’s allows ‘hijacking’ of biosynthetic pathways of endogenous 

glycan analogues to install biorthogonal handles (R1) for chemoselective ligation. R2 = OH or Ac. 
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MOE use has predominantly focused on studying glycan function and development, such 

as glycosylation in developing zebrafish embryos,197,213,214 or delivery of small molecule 

chemotherapeutics and photodynamic particles;210,215–217 however, the ability to label 

cells with exogenous glycan receptor sites for polymer recruitment in a bio-orthogonal, 

rapid and cytocompatible manner is a powerful tool yet to be fully explored. Glycocalyx 

modulation with lipidated glycopolymers has herald success in altering cellular 

behaviour. MOE provides an alternative method for precise molecular control over glycan 

structures, a challenge for gene-editing approaches,218 with potential for in vivo use.219 In 

addition, the ability to decorate glycans with a variety of functional groups can allow the 

covalent recruitment of various materials. Considering the above, the following sections 

will highlight the current progress of MOE for the recruitment of polymeric nanoscale 

materials such as synthetic polymers, oligonucleotides, and nanoparticles to the cellular 

interface, exploring the expanding therapeutic and diagnostic potential in biomolecule 

capture, drug delivery, microfabrication, and immune therapy.  

1.5.2 Sialic Acid Biosynthetic Pathway  

As mentioned previously, sialic acid labelling with Ac4ManNAz presents substantial 

advantages, with various diseases and cell types overexpressing sialic acid markers,220,221 

making it the most widely exploited unnatural glycan to recruit synthetic materials. Fig. 

1.12 illustrates Ac4ManNAz hijacking of the sialic acid biosynthesis pathway.222,223 Upon 

entry to the cytosol, non-specific esterases hydrolyse Ac4ManNAz to ManNAz (1), which 

is phosphorylated to mannosamine azide-6-phosphate (ManNAz-6-P) (2). Sialic acid-9-

P synthase catalyses the condensation of ManNAz-6-P and phosphoenolpyruvate (PEP) 

to afford sialic acid azide-6-phosphate (Neu5Az-9-P) (3), which is subsequently 

dephosphorylated to Neu5Az (4). CMP-Neu5Ac synthetase, located in the nucleus, 

catalyses the formation of CMP-Neu5Az by condensation with CTP (5). CMP-Neu5Az 
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enters the Golgi via a nucleotide-sugar transporter (SLC35A1) (6) and membrane-bound 

sialyltransferase catalyses the transfer of sugar residue onto an oligosaccharide chain (7). 

The resulting glycoconjugate is delivered to the cell surface (8).  

 

 

Figure 1.12. Proposed mechanism for Ac4ManNAz hijacking of the sialic acid 

biosynthesis pathway. Figure adapted with permission from.222 Copyright 2000 Elsevier. 
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1.6 – Recruiting Polymeric Materials with MOE 

1.6.1 Altering Cell-Cell Interactions by Capturing Biomolecules 

The versatility of exploiting cell surface metabolic labels offers opportunities in a range 

of biotechnological and biomedical fields, where precision conjugation can introduce 

functionality to cells. Uvyn et al. installed antibody recruitment polymers (ARPs) 

consisting of RAFT synthesised pentafluorophenyl acrylate (PFPA) polymers 

functionalised with DBCO, a fluorescent marker and DNP onto metabolically 

glycoengineered Jurkat T cells, with Ac4ManNAz, to successfully capture anti-DNP 

monoclonal antibodies.224 Homogenously coated cells, with ARPs, were obtained using 

low concentration of Ac4ManNAz (25 µM) and strain-promoted azide-alkyne 

cycloaddition (SPAAC) of DBCO groups, completed in cell media and in under 2 h. This 

approach was translatable to metabolically labelled mouse 4T1 spheroids allowing anti-

DNP antibodies to be captured with good penetration depth. NK cell and macrophage 

stimulation of type I and II Fc receptors, by the Fc-domain of anti-DNP, can induce 

ADCC and, therefore, innate immune cell responses.225 Park et al. developed a caged 

glycan precursor (PBA-ManNAz(OAc)3), activated in the presence of hydrogen peroxide 

(H2O2), to incorporate azido glycans to H2O2-treated cancerous cells.226 Covalent ligation 

of DNP-conjugated azadibenzocyclooctyne (ADIBO), via SPAAC, was used to capture 

anti-DNP antibodies and induce NK cell ADCC, increasing the release of cytotoxic 

granules, such as perforin and granzyme B (< 4-fold increase), Fig. 1.13i. Conjugation of 

Zn-T-ADIBO particles, containing the widely used photosensitizer (PS) 

Zinctetraphenylporphyrin (Zn-TPP), was completed using the same approach to induce 

apoptosis in cancer cells by the generation of singlet oxygen species following particle 

uptake and irradiation, Fig. 1.13ii.226  
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Figure 1.13. MOE using a H2O2 activated caged azido sugar (PBA-ManNAz(OAc)3) to 

(i) recruit anti-DNP antibodies for NK cell ADCC or (ii) recruit photodynamic particles. 

Reproduced from226 with permission from the Royal Society of Chemistry. 
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Shi et al. demonstrated that MOE installation of photoswitchable polymers allows 

spatiotemporal control over cell-cell interactions to provide alternative means to study 

cellular interactions and enhance immune responses, Fig. 1.14.227 MCF-7 cells treated 

with Ac4GalNAz, to label mucin-type O-linked glycoproteins, allowed conjugation of 

alkynyl-PEG-β-Cyclodextrin (β-CD) using copper-catalysed azide-alkyne cycloaddition 

(CuAAC), for 72 hours (Fig. 1.14A). Upon addition of azobenzene-PEG-azobenzene 

(azo-PEG-azo) cell aggregation was observed due to the high binding affinity between β-

CD and trans-azobenzene. This homobifunctional cross-linking agent mediated 

aggregation was reversed by conversion of trans-azobenzene (high β-CD affinity) to its 

cis form (low β-CD affinity) and vice versa using UV and visible light sources. Using a 

similar strategy, HeLa cells and peripheral blood mononuclear cells (PBMCs) treated 

with Ac4GalNAz and alkynyl-PEG-β-CD captured azo-MUC1 aptamers for controllable 

targeting of mucin 1 protein expressed on epithelial cancer cells (MCF-7; MUC 1+), 

inducing cell-cell adhesion and enhancing the cytotoxic effects of PBMCs towards MCF-

7 cells (Fig. 1.14B). This clearly shows the potential of metabolic glycoengineering for 

immune therapy and to promote the future understanding of contact-dependent cell 

communication. 

The previous studies demonstrate that MOE provides substantial advantages to re-

engineering cell surfaces with synthetic/natural materials, compared to conventional 

approaches, to modulate cellular interactions including: (1) Over 72 h labelling; (2) 

homogenous polymer coating; (3) universal applicability amongst multiple cell types; (4) 

adaptability to target specific cell types with, e.g., caged H2O2-activated sugars; (5) bio-

orthogonal alkyne-azide reactions can occur under biocompatible conditions (media); (6) 

selectivity of polymer labelling towards only MOE cells; (7) multiple functional groups 

for Cu and Cu-free (strained alkyne) rapid chemistry.  

 



  

44 

 

Figure 1.14. Heterolytic cell adhesion with MOE. (A) Cyclodextrin conjugation to cell 

surfaces using MOE; (B) recruitment of photoactive azobenzene MUC1 aptamers to 

HeLa (green) and PBMC (blue) cell surfaces for subsequent photoswitchable adhesion 

to MCF-7 cells (red) expressing mucin 1. Scale bar = 50 µm. Figures adapted from.227  
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Although unrelated to polymer re-engineering of cell surfaces, it should be noted that 

MOE can also control cellular interactions to capture cells onto materials for tissue 

regeneration and repair. Yarema and co-workers modified Jurkat and pluripotent human 

embryoid body–derived (hEBD) LVEC cells with a thiol sugar analogue, Ac5ManNTGc, 

for subsequent attachment to gold surfaces or maleimide-functionalised glass.184 Thiols 

expressed on hEBD cells allowed modulation of neural differentiation through adherence 

to growth substrates, with a stronger response observed on a gold surface than on glass. 

Similarly, Jurkat cells treated with Ac5ManNTGc can adhere to 3D electrospun 

nanofibrous scaffolds prepared from polyethersulfone (PES) either functionalised with 

maleimide or gold-coated, to mimic native ECM matrices.228 
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1.6.2 Cell Surface Re-Engineering with DNA Aptamers 

Cell surface re-engineering with DNA aptamers can modulate cell-substrate interactions 

and control 3-D microtissue interactions. Microfabrication, a technique used to generate 

patterns of cells on surfaces, conventionally relies on universal endogenous cell adhesion 

receptors, such as integrins, preventing simultaneous adhesion of multiple cell types with 

high specificity and pattern reproducibility on a single surface.229 Cell surface bound 

DNA-polymer hybrids can mitigate these caveats, as previously explored, but rely on 

NHS-coupling to membrane proteins or DPPE hydrophobic insertion.135–140 

Chandra et al. demonstrated that MOE with Ac4ManNAz can attach phosphine-ssDNA 

onto Ac4ManNAz treated Jurkat cells, with CuAAC, to enable patterning onto Au pads 

with complementary thiolated ssDNA strands, located within a microfluidics chamber.230 

Subpopulations of Jurkat cells with different ssDNA and cytosolic dyes were selectively 

patterned onto Au pads with two complementary ssDNA for over 25 h, demonstrating 

specificity even within the same cell type. Microfabrication with adherent CHO and HEK 

cells was also achieved to ensure universal applicability for both suspension and adherent 

lines. Douglas et al. expanded on this work by microscale patterning ssDNA-modified 

Jurkat and CHO cells both individually and simultaneously in a microfluidics platform 

containing glass functionalised with complementary ssDNA, Fig. 1.15.231 Enhanced 

binding efficiency was achieved by increasing DNA length (to 20-mer) and/or 

concentration. The robust linkages could withstand lateral shear forces over 6-fold that of 

physiological levels for any application requiring intact cells in flow systems. 

Simultaneous attachment of both CHO and Jurkat cells, in desired microscale patterns, 

was achieved by using different ssDNA sequences. After 24 h, CHO cells adhered onto 

the pattern and proliferated. 
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Figure 1.15. Microfabrication with MOE. (A) Installation of 20-mer ssDNA sequences 

onto Jurkat or CHO cells treated with Ac4ManNAz with CuAAC. (B) Complementary 

ssDNA immobilised onto glass slides were placed into a microfluidics device to allow 

binding of DNA-modified cells. (C) This strategy allowed patterning of adherent and 

suspension cell types, obtaining single-cell resolution (Cal), and allowing adherence of 

multiple cell types simultaneously. Reproduced from 231 with permission from the Royal 

Society of Chemistry. 

 

 



  

48 

MOE installation of DNA oligonucleotides can be used to develop 3-D microtissues, a 

current challenge in the discovery of in vitro tissue models and materials for in vivo repair. 

Gartner and Bertozzi demonstrated that aggregation of ManNAz treated Jurkat cells, 

possessing different cytosolic dyes, could be induced through the installation of 

phosphine or difluorinated cyclooctyne (DIFO)-conjugated complementary and non-

complementary ssDNA, Fig. 1.16A.232 Microenvironment architecture including size 

distribution, structure uniformity and cell stoichiometry was controlled by adjusting cell 

ratios and modulating cell-cell assembly rates, through altering oligonucleotide sequence 

complexity and phosphine-DNA labelling concentrations. FACS purification of 

assembled 3-D microtissues was completed with ease and removal of linkages from cell-

cell junctions was accomplished by heating to 37 ˚C or using DNase without disrupting 

topology. Using this technology, 3-D functional paracrine signalling networks can be 

developed, Fig. 1.16B. ManNAz treated CHO cells, engineered to secret IL-3, and 

ManNAz treated untransformed hematopoietic progenitor cell line (FL5.12), which rely 

on IL-3 for survival and replication, were functionalised with complementary phosphine-

DNA to form a 3-D tissue culture within an agarose matrix, Fig. 1.16B. Structural growth 

was observed as IL-3 accumulated within the microtissue site, emulating cytokine-

dependent immune expansion and tumour cell proliferation at inflammation sites. In 

control structures comprising CHO cells lacking the gene encoding IL-3, FL5.12 cells 

developed apoptosis phenotypes.  
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Figure 1.16. Microtissues by DNA-conjugation. (A) Metabolic labelling of Jurkat cells 

allows cell surface recruitment of complementary ssDNA to form cell assemblies; (B) 
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Construction of a microtissue possessing a paracrine signalling network using 

complementary DNA strands. CHO cells expressing murine IL-3 (and GFP, green) supply 

IL-3 for the growth of murine pro-B cell line FL5.12, whereas in its absence apoptosis 

occurs. Figures adapted from.232   

 

DNA aptamers can also be used to modulate the innate immune system. Thiol-

functionalised nucleic acid aptamers (sgc8) immobilised onto macrophage-like cells 

(RAW264.7)  treated with N-methacryloyl mannosamine (ManM), by photoassisted 

thiol–ene click reaction, can target protein tyrosine kinase 7 (PTK7) (Fig. 1.17); a receptor 

overexpressed on colon carcinoma tissues and T-cell acute lymphoblastic leukaemia 

cells.233 RAW264.7 cells were homogenously coated with sgc8 in a dose-dependent 

manner and with no adverse effects on phagocytic function. Sgc8-modified RAW264.7 

cells were able to capture live and apoptotic CCRF-CEM cells to enhance phagocytosis, 

confirmed by micrographs and increased expression of MHC class I and II, with apoptotic 

cells being phagocytosed twice as much as live cells, as expected due to the translocation 

of phosphoserine (i.e. ‘eat me’ marker). Adherence of CCRF-CEM to Sgc8-modified 

RAW264.7 cells resulted in increased TNF-α and IL-12 production, cytokines involved 

in the initial immune response and T-cell differentiation and proliferation, respectively.  
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Figure 1.17. MOE conjugation of a nucleotide aptamer (sgc8) to macrophage-like cells 

(RAW264.7) to recruit CCRF-CEM cells and induce phagocytosis. Reproduced with 

permission from.233 Copyright 2018 American Chemical Society. 

1.6.3 In Vivo Nanoparticle Imaging. 

Limited literature is present on glycocalyx remodelling with natural and synthetic 

polymers, using MOE, so we subsequently explore MOE as a recruitment strategy for 

polymeric nanoparticles to provide insight into the potential labelling of in vivo targets. 

Nanoparticles have emerged as delivery carrier tools for imaging and drug delivery for 

both diagnostics and therapy. However, targeted delivery to organs, tissues and cellular 

locations remain a challenge, especially with the efficacy of the enhanced permeation and 

retention (EPR) effect being questioned.234 Attempts to enhance nanoparticle 

accumulation at disease sites, including altering physical and surface properties (size or 

shape), as well as introducing targeting biomolecules (antibodies, aptamers or peptides), 

have had insufficient success for clinical use.235,236 Endogenous receptor sites are limited; 

thus, the use of specific targeting moieties results in nanoparticle saturation preventing 
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successful accumulation. MOE allows controlled installation of exogeneous biorthogonal 

receptors and, as has already been discussed, in vivo labelling is possible to install such 

receptor targets. Here, we discuss the imaging, drug delivery and therapeutic 

opportunities provided by using MOE for the recruitment of polymeric nanoparticles. 

Initially, in vivo nanoparticle delivery using MOE relied on intratumoural injection of 

Ac4ManAz into xenograft mice models bearing A549 tumours. Exogenous azide 

receptors allowed the selective accumulation of intravenously injected DBCO 

functionalised PEGylated liposomes (DBCO-PEG-Lipo) with incorporated Cy5-lipid to 

target tumour sites with minimal non-specific binding to azido untreated tumours.237 

However, intratumoural pretreatment with Ac4ManAz is impractical for clinical 

translation as the tumour location/dimensions are often unknown, thus Kim and co-

workers proposed a two-step tumour targeting strategy.238 Firstly, intravenous delivery of 

Ac4ManNAz was achieved by loading into glycol chitosan nanoparticles (Ac4ManNAz-

CNPs), synthesised by conjugation of 5β-cholanic acid groups to a glycol chitosan 

backbone. In vitro, Ac4ManNAz-CNPs demonstrated cytocompatibility and universal 

applicability on multiple cell lines, regardless of surface heterogeneity, and revealed 

similar labelling capabilities to free Ac4ManNAz; thus, nanoparticle encapsulation of 

Ac4ManNAz allows successful delivery without limiting uptake. Intravenous 

administration of Ac4ManNAz-CNP in A549 tumour-bearing mice demonstrated 

accumulation of azides at tumour sites by EPR effect of nano-sized carriers. Introducing 

exogenous receptors removes limitations arising from receptor-binding molecules that 

target limited endogenous receptors and are influenced by tumour heterogeneity. 

Secondly, folate bicyclo[6.1.0]nonyne (BCN)-modified and chlorin e6 (Ce6)-loaded 

CNPs (BCN-Ce6-CNPs), labelled with fluorescein isothiocyanate, were intravenously 

injected into tumour-bearing mice pre-treated with Ac4ManNAz-CNP for copper-free 

‘click’ reaction. Targeted accumulation of BCN-Ce6-CNPs in the tumour tissue of 
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Ac4ManNAz-CNP treated mice increased over time demonstrating tumour targeting 

capabilities, long blood circulation time and ease of tumour vessel penetration. Laser 

irradiation of mice treated with Ac4ManNAz-CNP and BCN-Ce6-CNP induced the 

photodynamic therapeutic properties of Ce6 resulting in tumour growth suppression, even 

21 days after irradiation, showing that this two-step metabolic glycoengineering and 

nanoparticle accumulation strategy could be successfully used for tumour therapy. 

Similarly, MOE allows in vivo targeted delivery of small molecules210 and also metal-

based nanoparticles possessing both imaging and photodynamic properties for 

photothermal therapy, allowing accurate and targeted thermal ablation of solid 

tumours.215,216  

Nanoparticle tracking is fundamental for the advancement of stem cell-based therapies, 

aiding in the understanding of their biodistribution and local microenvironment. 

However, conventional tracking technologies are not effective for heterogeneous stem 

cells with low endocytic capacity. Lee et al. demonstrated that MOE of human 

mesenchymal stem cells (hMSCs) with Ac4ManNAz (10 – 20 µM) allows the 

introduction of azide receptors with no alterations to function, viability, surface markers 

or oncogenic gene expression levels, for subsequent controllable, efficient (almost 100%) 

and homogeneous delivery of imaging agents (Cy5.5, iron and gold) using BCN-CNPs 

(Fig. 1.18A).200 Particle uptake occurred rapidly (6 h) and remained internalised for up to 

5 days in vitro, revealing successful distribution into daughter cells through cytokinesis 

(Fig. 1.18B). Dorsal subcutaneous implantation of BCN-CNP-Cy5.5-labelled hMSCs 

pre-treated with Ac4ManNAz into nude mice allowed non-invasive in vivo stem cell 

tracking of as little as 1000 cells for up to 15 days, with a direct proportionality between 

fluorescence intensity observed at the implanted site and hMSC cell number administered 

(Fig. 1.18C). The long-retention capabilities of BCN-CNP-Cy5.5 surpassed conventional 

nanoparticle-based probes in minimising the risks of in vivo false imaging caused by 
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exocytosis of imaging agents, followed by non-specific uptake of nearby normal cells or 

macrophages. Similarly, cellular uptake of BCN-CNP-IRON and BCN-CNP-GOLD 

particles into Ac4ManNAz labelled hMSCs were subcutaneously implanted into dorsal 

regions of mice, demonstrating potential usage in deep tissue tracking of stem cells using 

MRI or micro-CT Scanners (Fig. 1.18C). This non-invasive stem cell imaging technology 

demonstrates that metabolic glycoengineering allows prolonged in vivo stem cell tracking 

with diverse imageable nanoparticles to obtain high spatial resolution for future stem cell 

therapy applications. 
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Figure 1.18. (A) BCN-CNPs are self-assembled under aqueous conditions possessing 

imaging agents (Cy5.5, iron and gold) and a strained alkyne for (B) cell surface binding 

and internalisation by hMSCs. (C) Subcutaneous implantation into mice allowed non-

invasive optical, MR and CT stem cell tracking. Reproduced with permission from.200 

Copyright 2017 Elsevier. 
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1.6.4 Nanoparticle Drug Delivery 

Kim and co-workers have shown the potential that MOE holds for in vivo capturing of 

nanoparticles as imaging agents, but also possible opportunities as drug delivery systems. 

Initial studies conducted by Iwasaki et al. confirmed that recruitment of 2-

methacryloyloxyethyl phosphorylcholine (MPC) polymer nanoparticles, functionalised 

with hydrazide groups (PMBH), could be used to deliver immobilised anticancer drugs 

(Doxorubicin (DOX) and paclitaxel (PAX)) in vitro to Human uterine cervical cancer 

(HeLa) cells treated with N-levulinoylmannosamine (ManLev) to install cell surface 

bound ketone glycans.239 Nanoparticle uptake via endosomal pathways provided 

controlled release of DOX over 48 h and approximately 60% of cells died within 3 days 

of cultivation. Similarly, PAX-loaded nanoparticles reduced ManLev-treated HeLa cell 

viability by 50% within 3 days of initial culture. Direct addition of free DOX, DOX-

PMBH, free PAX, or PAX-PMBH, lead to minimal decreases in cell viability; thus, 

confirming MOE possesses delivery capabilities for cell impermeable chemotherapeutic 

small molecules. 

MSCs naturally traffic towards primary tumours and metastases in response to 

inflammatory signals, making them ideal candidates for therapeutic and diagnostic tools. 

Layek et al. devised an approach to utilise metabolic glycoengineering of hMSCs to 

express exogenous azide receptors for nanoparticle capture, internalisation and 

subsequent use as an in vivo drug delivery release system (Fig. 1.19).240 Initially, mice 

bearing subcutaneous A549-Luc lung tumours were dosed intravenously with 

Ac4ManNAz treated MSCs (MSC-Az) labelled with a DBCO-Cy5.5 dye. Tumour 

selective accumulation of MSC-Az was detectable for 10 days, whereas in tumour-free 

animals fluorescence detection was primarily in the clearance organs such as the liver and 

spleen. Tumour tropism of glycoengineered MSCs-Cy5.5 was also observed after 

intraperitoneal injection into MA148-Luc ovarian tumour bearing mice for 4 weeks with 
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no fluorescence in brain, lungs, spleen, kidneys, and heart, Fig. 1.19A. Intraperitoneal 

delivery of PAX encapsulated within DBCO functionalised poly(lactide-co-glycolide) 

(PLGA) nanoparticles (DBCO-PLGA-PAX) was subsequently demonstrated, targeting 

orthotopic ovarian tumours pretreated with an intraperitoneal injection of MSC-Az (Fig. 

1.19B). DBCO-PLGA-PAX nanoparticles were detected within 15 mins and 

demonstrated enhanced tumour targeting and growth inhibition compared to control 

saline-treated tumours (Fig. 1.19B). Although delivery using MSCs can be completed 

through gene alterations for protein/peptide-based therapeutics, small molecules cannot 

be easily adapted demonstrating how metabolic glycoengineering of cell surface receptors 

provide a simple and practical approach compared to gene therapies.241 
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Figure 1.19. (A) Metabolically glycoengineered stem cells were labelled with DBCO-

Cy5.5 and injected intraperitoneally into MA148-Luc ovarian tumour bearing mice to 

determine tumour tropism capabilities. Tumour-free mice are shown as controls. (B) 

Intraperitoneal injection of metabolically labelled stem cells was completed again but 

followed by intraperitoneal injection of DBCO-PLGA-PAX nanoparticles. Tumour 

growth and mice survival was measured over 65 days (n = 4). Reproduced with 

permission from.240 Copyright 2016 Elsevier. 
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1.7 – Polymerisation Strategies  

1.7.1 Living Polymerisation 

The development of polymers is equally as important as the method of conjugation to re-

engineer cell surfaces, especially controlling polymer architecture for biomedical 

applications.133,134 Living polymerisation provides unprecedented control over polymer 

architecture (e.g. linear, branched, etc.), to produce polymers of desired molecular weight 

and narrow polydispersity index (PDI), which can influence major chemical and physical 

properties.242,243 Living polymerisation techniques are a form of chain growth 

polymerisation that may utilise different modes to achieve ‘living’ status, but the 

universal aim is to remove or minimise chain termination or chain transfer reaction. 

Precise macromolecular control is obtained by maintaining a linear molecular weight 

growth rate over time until all monomer is consumed, or until the reaction is intentionally 

terminated. Narrow dispersities are obtained because the rate of chain initiation is much 

larger than the rate of chain propagation. The versatility of living polymerisation is 

continued by the ability to functionalise polymer chain ends and/or backbone sidechains. 

Reversible deactivation radical polymerisation approaches (RDRP, controlled 

polymerisation techniques) include reversible addition fragmentation chain transfer 

(RAFT) polymerisation,244 atom transfer radical polymerisation (ATRP),245 and 

nitroxide-mediated polymerisation (NMP),246 Fig. 1.20, which limit chain termination by 

establishing a dynamic equilibrium between a small fraction of active polymerising 

chains (propagating radical) and a major fraction of dormant species.242 This process leads 

to fast initiation relative to propagation, reducing chain termination. 
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Figure 1.20. General reaction scheme of controlled polymerisation techniques.  

 

1.7.2 Reversible Addition Fragmentation Transfer Polymerisation 

RAFT polymerisation is an RDRP tool able to controllably polymerise most monomers 

including (meth)acrylamides, (meth)acrylates, styrenes, acrylonitrile, dienes, and vinyl 

monomers.247 In addition, RAFT polymerisation reaction conditions are flexible (e.g. 

bulk, aqueous or organic solutions, emulsion, suspensions, etc.) and widely compatible 

with functional monomers including carboxylic acids, hydroxyl and tertiary amino 

groups. One-step reactions can generate polymers of predetermined molecular weights, 

by varying monomer concentration, and narrow dispersities without the need for 

protection and deprotection.248 Furthermore, polymer architectures can be easily modified 

with RAFT to produce blocks, comb, brush and star polymers. RAFT polymerisation 

requires the use of a chain transfer agent (CTA) typically containing a thiocarbonyl thio 

group (S=C-S) with R and Z substitutes such as dithioesters, trithiocarbonates, 

ditihiocarbamates, and xanthates (Fig. 1.21) to mediate polymerisation by a reversible 

chain-transfer process.249 
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Figure 1.21. Chemical structure of the main RAFT agents available. 

The mechanism of RAFT polymerisation consists of six key steps: initiation, 

propagation/chain growth, initial equilibrium, re-initiation, main equilibrium and 

termination, Fig. 1.22.250 Initiation begins by forming a free-radical either through 

thermal decomposition or photolysis of an initiator such as azobisisobutyronitrile (AIBN) 

or 4,4'-Azobis(4-cyanopentanoic acid) (ACVA). The decomposed radical (I•) reacts with 

a single monomer (M), such as hydroxyethyl acrylamide (HEA) or 2-

(Dimethylamino)ethyl methacrylate (DMAEMA), to form a propagating polymeric 

radical (Pn•) that can be added to the monomer to yield longer propagating radicals. An 

initial equilibrium is subsequently obtained where the CTA (S=C(Z)S-R) reacts with Pn• 

to produce an intermediate radical which is broken down to S=C(Z)S-R (a polymeric 

adduct) and a new free radical (R•) capable of forming a new propagating radical (Pm•) 

in the re-initiation step. The rapid exchange between the growing radical species (Pn• and 

Pm•) and the CTA adduct establishes the main equilibrium (i.e. Pm• addition to the CTA 

polymer adduct causes the release of Pn• and vice-versa). Ideally, the radicals are shared 

equally amongst all species, resulting in equal chain growth and, hence, control over size 

and dispersity. Termination occurs by biradical termination whereby two radicals react 

so that formation of chains is no longer possible, known as ‘dead polymer’, or by 

disproportionation. The CTA adduct radical is suppressed to not undergo termination 

reactions. 
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Figure 1.22. Proposed mechanism of RAFT polymerisation.250 

The selection of CTA agent is important to obtain size control and narrow molecular 

weight dispersities (< 1.2). CTA R and Z groups depict the success of RAFT 

polymerisation through modulation of reaction kinetics, solubility and ultimately 

structural control.247 Effective CTA agents must have an R group, the free radical leaving 

group, which is an efficient homolytic leaving group to re-initiate polymerisation. The Z-

group controls C=S bond reactivity which in turn influences the rate of radical addition. 

The R and Z- groups selected should also be compatible with desired post-polymerisation 

functionalisation, which is explained in the next section. 

1.7.3 Post-polymerisation End-Group Functionalisation 

Post-polymerisation modification gives access to functional polymers that may be 

difficult to access by direct polymerisation with, e.g., modified functional CTA agents. 
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In addition, designing polymeric systems for cell surface re-engineering requires 

polymers as close to homogenous in size as possible, so the inherent dispersity of polymer 

samples should be taken into account. While RAFT polymerisation provides polymers of 

controlled architecture and narrow dispersity, even at low polymer dispersity there is an 

inherent mixture of many chain lengths. Therefore, polymers made by post-

polymerisation modification rely on a single batch of precursor polymer, selected based 

on the quality of polymerisation success (i.e. narrow dispersity and desired size 

produced), that is subsequently modified with the functional groups to ensure more direct 

comparison of results to facilitate identification of structure-property relationships. The 

R fragment, the site of chain growth, is at the α terminus and the Z fragment, radical 

stabilising functional group, is located on the ω terminus. For our studies, a RAFT agent 

bearing pentafluorophenol and trithiocarbonyl end groups are used. Pentafluorophenol is 

substituted with ease via the presence of DBCO-amine, at the α terminus, for SPAAC 

with cell surface localised azides, whilst simultaneously reducing the trithiocarbonyl end 

group into a thiol for subsequent introduction of maleimide-functionalised functional 

moieties, to the ω terminus, for cell tracking or biomolecule capturing properties; thus, 

capitalising on both end groups.  

Re-engineering of cell surfaces has mainly focused on the use of commercial PEG 

conjugates, with only 3 studies found that utilise RAFT polymerisation (antibody 

recruitment using ARPs,224 neoPG for ESC neural differentiation125 and Hawker and co-

workers grafting-from approach)177 despite the various utility of combining RAFT and 

post-polymerisation modifications. Our studies not only critically evaluate polymer re-

engineering of cell surfaces using MOE but also introduce RAFT polymerisation for such 

purposes. 
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1.8 – Project Aims and Objectives 

Re-engineering of cell surfaces with synthetic polymers has allowed various 

advancements in cell-based therapies and/or to improve the understanding of fundamental 

biological processes; however, conventional conjugation techniques are limited and 

present caveats minimising potential applications. The aim here is to introduce metabolic 

oligosaccharide engineering (MOE) as a tool for the biorthogonal recruitment of RAFT 

synthesised polymers and to assess criteria indicative of a successful approach including 

robustness, selectivity, cytocompatibility, dose-dependence, the ability to label total cell 

populations and the ability to capture biomolecules. Following confirmation of the 

successful introduction of non-native functionality to the cell surface, we also aimed to 

explore the potential for MOE to advance chemotherapeutic synthetic macromolecules 

(i.e. polycationic host defence peptide mimics). We envision that the development of 

MOE as a tool for re-engineering cellular interfaces with synthetic polymers will expand 

its role in cell-based therapies, with applications ranging from introducing non-native 

functionality, chemotherapeutic systems, drug delivery and DNA transfection.   
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1.9 – Thesis Summary 

Chapter 2 shows our proof-of-concept work, illustrating that RAFT synthesised 

dibenzocyclooctyne (DBCO) terminated poly(hydroxylethyl acrylamide) polymers 

(DBCO-pHEA) can be captured onto A549 cells endowed with azido sugars via strain-

promoted azide/alkyne ‘click’ reaction. Rapid, simple and selective grafting of DBCO 

bearing telechelic hydrophilic polymers, with fluorescence or biotin termini, was 

achieved for over 24 h. The ability to introduce non-native probes and biomolecule 

capture functionality to the cell surface will increase the roles of cell-polymer hybrids.  

Chapter 3 expands on the work from Chapter 2. A quantitative assessment of the 

engineered coatings provided by capturing DBCO-pHEA polymers onto cells treated with 

tetraacylated N-azidoacetylmannosamine (Ac4ManNAz) was completed. Over 95% of 

cell populations were covalently modified for up to 72 h, with coatings surviving several 

mitotic divisions during this period. Cells were uniformly labelled, to produce a single 

homogenous population of cell-polymer hybrids. Highly controllable grafting densities 

were achieved through modulation of polymer chain length and/or concentration. 

Exogenous neuraminidase activity was decreased through incorporation of polymers to 

azido glycans, suggesting that glycan/membrane recycling may be slowed by the steric 

bulk of the polymers and demonstrates robustness and stability even during native 

biological processes.  

Chapter 4 presents a new approach to enhance the selectivity of synthetic 

chemotherapeutic macromolecules, inspired by host defence peptides, towards cancerous 

cells. Metabolic oligosaccharide engineering (MOE) was used to label cancerous cells 

with azido glycans to covalently recruit a strained-alkyne functionalised polycation, 

enabling selective cytotoxicity towards target ‘diseased’ cells. The EC50 values towards 

azido glycan labelled cancerous cells dropped significantly, up to 10-fold, and conditions 
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where unlabelled cells retained > 90% cell viability and MOE labelled cells dropped to < 

20% were identified. Multi-mechanistic cell death pathways (necrosis and apoptosis) 

were enhanced and monitored by LDH release, membrane integrity assays and caspase-

3/-7 activation. Against a 3-D tumour model, our chemotherapeutic polymer system 

revealed that a single dose allows enhanced penetration and comparable toxicity 

compared to doxorubicin in less time (from 24 h to 3 h). The universal nature of this 

platform may overcome the long-standing selectivity issues associated with synthetic 

chemotherapeutic macromolecules derived from host defence peptide. This conceptual 

approach of ‘engineering cells to capture polymers’ rather than ‘engineering polymers to 

target cells’ will bring new opportunities in non-traditional macromolecular therapeutics 

and could potentially be expanded to DNA transfection systems. 
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CHAPTER 2 

Proof-of-concept: Engineering Cell Surfaces by 

Covalent Grafting of Synthetic Polymers to 

Metabolically Labelled Glycans 

 

2.1 – Abstract 

Re-engineering mammalian cell surfaces enables modulation of their phenotype, 

function, and interactions with external markers for potential applications in cell-based 

therapies. Metabolic glycan labelling allows the installation of unnatural cell surface-

bound glycans for subsequent recruitment of abiotic materials and reprogramming of cell 

surfaces with additional functionality using chemical, rather than gene-editing, strategies. 

Despite this, polymer re-engineering of cell surfaces using metabolic glycan labelling 

remains largely unexplored. In this study, azido glycans were installed onto mammalian 

cell surfaces, using tetraacylated N-azidoacetylmannosamine (Ac4ManNAz), for rapid, 

simple, and selective grafting of reversible addition-fragmentation transfer (RAFT) 

synthesised dibenzocyclooctyne (DBCO) bearing telechelic polymers with fluorescent- 

or biotin-termini. This strategy enabled the attachment of fluorescent polymers for over 

24 h, along with the ability to capture biomolecules, presenting future potential to expand 

the roles of cell-polymer hybrids in modulating cell function and fate. 
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2.2 – Introduction 

Cell-based therapies are potent tools in modern medicine, from blood transfusions and 

bone marrow transplants, to rapidly emerging treatments such as stem cell and chimeric 

antigen receptor (CAR)-T cell therapy.1–4 However, current cell-based therapies are either 

limited to their native functionality and phenotype or rely on genetic modifications to 

alter cell surface components, resulting in possible defects such as variable copy number, 

semi-random integration, heterogeneous expression and insertional mutagenesis.5–8 

Synthetic polymer-protein conjugates can improve the therapeutic efficacy of proteins by 

increasing stability, circulation half-lives and storage.9–14 Such benefits have made 

PEGylated (poly(ethylene glycol)-grafted) proteins the gold standard in the 

pharmaceutical industry. Similarly, re-engineering of mammalian cell surfaces with 

synthetic (or natural) polymers offers an alternative platform for potential advancement 

of cell-based therapies, through purely chemical means, by altering cellular signalling 

pathways,15,16 masking surface antigens17,18 and installing unnatural functionality through 

recruitment of bioactive macromolecules,19–21 drug cargoes,22,23 and/or imaging 

agents.24,25 Therefore, re-engineering of mammalian cell surfaces with synthetic polymers 

is a valuable tool for biomedicine and biotechnology. 

Polymer grafting to endogenous cell surface components has been extensively studied for 

the development of nanoscale immunoisolation barriers to mask cell surface antigens,26 

limit cell-cell interactions27 and regulate the instant blood mediated inflammatory 

reaction for the treatment of type 1 diabetes.28,29 Immunoisolation barriers are generated 

predominantly via cell surface PEGylation, either through hydrophobic insertion into the 

phospholipid bilayer (e.g. PEG-lipid or PEG-Alkyl tails),30,31 covalent conjugation to 

amino acid residues with amine reactive groups (e.g. N-hydroxysuccinimide (NHS), 

isocyanate, and succinimidyl-propionic acid (SPA)),18,32,33 or by using a layer-by-layer 
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(LbL) approach to generate a polyelectrolyte multilayer (PEM) of oppositely charged 

polymers (e.g. poly(l-lysine), poly(allylamine), poly(ethyleneimine), and 

poly(diallyldimethylammonium chloride)).34–37 Similarly, “stealthy” erythrocytes have 

been produced via passive installation of PEG into the cell membrane or by covalent 

conjugation to membrane proteins to block AB antigens, thus improving blood 

transfusion compatibility, reducing malaria parasite binding and preventing diseases 

characterised by impaired blood flow or vaso-occlusion.17,38–41 However, the full potential 

of recruiting polymers to the cell membrane is not merely to provide physical isolation 

from the immune system, but also to modulate biological processes and functions, 

including growth factor recruitment and inducing embryonic stem cell downstream 

signalling pathways (e.g. using lipidated glycopolymers).15,16 

Despite cell surface re-engineering holding great promise, challenges remain in the design 

of clinically-translatable and effective methods. A successful polymer-remodelling 

approach should be simple, versatile (i.e. applicable to multiple cell types), bio-

orthogonal and provide additional functionality whilst retaining normal membrane 

function.42 Direct deposition of polyelectrolytes to the intrinsically negatively charged 

peripheral cellular membrane, used in LbL assemblies, can result in rapid and extensive 

membrane damage via polycation pores43–45 or acid-catalysed hydrolysis of cell 

membrane lipidic phosphoester bonds.46 Controlling polycation cytotoxicity remains 

problematic even with PEG-lipid chains to minimise contact with the membrane34 as 

various factors can influence cell death, including polyions’ functional groups, 

intracellular polymer uptake47 and polymer surface charge density.48,49 The susceptibility 

of nucleated mammalian cells to mechanical and chemical stress also limits the covalent 

polymer conjugation methods that may be employed. Hawker and co-workers used a 

‘grafting from’ approach whereby an NHS-functionalised chain transfer agent (CTA) was 

immobilised onto yeast cells, followed by photoinduced electron transfer-reversible 
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addition–fragmentation chain-transfer polymerisation of PEG-acrylamide directly from 

the cell surface.50 Although useful on yeast cells, this approach was found to exert lethal 

stress on mammalian cells, leading to significant cytotoxicity and hence was not broadly 

useful for biomedical application. The previous approaches are also non-specific so are 

limited to in vitro applications and the reactions must occur under non-native conditions; 

due to the presence of charged and other protein species present in cell media. Specificity 

and homogeneity can be improved for protein coupling approaches through site-specific 

introduction of non-natural amino acids, to avoid targeting amino acids with vital 

functional importance, however, such approaches rely on genetic alterations or metal 

catalysts to chemically modify endogenous amino acid residues.51 As such, exploring 

novel cytocompatible methods of polymer conjugation to cell surfaces remains a 

challenging area of biomaterial science.  

Metabolic glycan labelling, a technique pioneered by Bertozzi et al.,42,52 allows bio-

orthogonal functional groups to be incorporated into cell surface glycans by ‘hijacking’ 

the biosynthetic pathways of their endogenous glycan counterparts, such as the sialic acid 

biosynthetic pathway.53 Metabolic glycan labelling has been used to selectively label 

cancer cells in vivo through the use of enzyme-activated ‘caged’ azido sugars54 or ligand 

targeting liposomal delivery.55 Thus, this tool provides an extremely versatile approach 

to reprogram cell surfaces using only chemical, rather than genetic, methods. Despite this, 

polymer re-engineering of cell surfaces using metabolic glycan labelling remains largely 

unexplored. Shi et al. tagged azido-labelled HeLa cells and peripheral blood mononuclear 

cells (PBMCs) with alkynyl-PEG-β-cyclodextrin and photo-switchable azobenzene-

MUC1 aptamer to allow spatiotemporal control over cell-cell interactions with mucin 1 

proteins expressed on epithelial cancer cells (MCF-7; MUC 1+). This induced cell-cell 

adhesion and enhanced the cytotoxic effects of PBMCs towards MCF-7 cells through the 

formation of T-cell cancer cell assemblies.56 Thus, polymer re-engineering of cell 
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surfaces with metabolic glycan labelling presents a unique opportunity in biomaterials for 

a variety of applications, which could be further enhanced if combined with controlled 

polymerisation techniques to develop polymer grafting layers with well-defined 

architectures and cargoes. 

In this Chapter, a novel strategy was devised to covalently graft well-defined RAFT 

(reversible addition-fragmentation transfer) synthesised polymers onto live cell surfaces 

using metabolic glycan labelling. Azido sialic acids were incorporated into the glycocalyx 

of cells using tetraacetylated N-azidoacetylmannosamine (Ac4ManNAz), to hijack the 

sialic acid biosynthetic pathway. Strain-alkyne functionalised telechelic hydrophilic 

polymers were subsequently grafted onto the modified glycans by a strain-promoted 

azide/alkyne click (SPAAC) reaction to enable rapid, specific and biocompatible re-

programming of the cell surface with the ability to introduce non-native functionality.  
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2.3 – Results and Discussion 

2.3.1 – Telechelic Polymer Synthesis 

 

Figure 2.1. Complete (A) RAFT agent and (B) telechelic polymer synthesis route.  

Metabolic glycan labelling has yet to be used for the recruitment of synthetic polymers 

developed using controlled polymerisation techniques, hence poly(N-hydroxyethyl 

acrylamide) (pHEA) was selected as a suitable candidate for cell surface remodelling due 

to its versatility, cytocompatibility, water solubility, antifouling and surface hydration 

properties.57,58 Along with cytocompatibility and water solubility, to minimise the need 

for polymer dissolution in harsh solvents, the antifouling properties of pHEA were of 

particular interest, to minimise the potential of non-specific polymer binding to cell 

surfaces from protein adsorption and to ensure long-term stability in biological matrices.  

As previously described by Gibson and co-workers,59,60 a pentafluorophenyl (PFP) ester 

functionalised 2-(dodecylthiocarbonothiolythio)-2-methylpropanoic acid (DMP) RAFT 

agent was employed to synthesise well-defined telechelic pHEA polymers (PFP-pHEAn), 
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Fig. 2.1B, enabling facile end-group modification and control over pHEA polymer size 

and dispersity. DMP synthesis was completed using a one-pot synthesis approach devised 

by O’Reilly and co-workers,61,62 Fig. 2.1A and Scheme 2.1, whereby trithiocarbonate 

synthesis is achieved followed by nucleophilic attack with a compound containing a 

displaceable halogen, such as 2-bromo-2-methylpropionic acid.  
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Scheme 2.1. Synthetic method for DMP, adapted from O’Reilly and co-workers.61 

Although DMP alone can be used as an efficient RAFT agent, the subsequent addition of 

PFP, via Steglich esterification with EDC (Scheme 2.2), allows post-polymerisation 

modifications with ease by aminolysis with reactants bearing a primary amine group. 

Briefly, EDC (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride) and the 

carboxylic acid from DMP form an O-acylisourea intermediate. DMAP, a strong 

nucleophile, acts as an acyl transfer agent and reacts with the intermediate to produce a 

reactive amide intermediate species, which can react rapidly with the hydroxyl group 

from PFP to minimise side reactions (e.g. rearrangement of the O-acyl intermediate to an 

unreactive N-acylurea).63 EDC was used instead of DCC (N,N′-

Dicyclohexylcarbodiimide), the usual catalyst in a Steglich esterification protocol, due to 

the simple reaction work-up conditions (removal of DMAP with 2M hydrochloric acid 

and EDC and by-products with NaCl).64 
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Scheme 2.2. Proposed mechanism for Steglich Esterification of DMP with PFP to yield 

the RAFT agent, PFP-DMP. 

Successful synthesis of DMP (RAFT agent precursor) and PFP-DMP, Fig. 2.1A was 

confirmed by 1H, 13C and 19F NMR, Fig. 2.2A – 2.2C, with all peak assignments and 

integration values consistent with expectations and previous literature values.65,66 In 

addition, IR spectra peak values for DMP and PFP-DMP, Fig. 2.2D, were consistent with 

those reported previously;65,66 see experimental section for all NMR chemical shift and 

IR peak values and Appendix for full 1H NMR spectra (Fig. A2.1 – A2.6). Conversion of 

DMP to PFP-DMP was noticed by the appearance of fluorine peaks in 19F NMR, the 

disappearance of a broad peak associated with a carboxylic acid O-H stretch (3267 – 2390 

cm-1) in IR spectra, and a shift in C=O stretch to higher wavelengths (from 1710 cm-1 to 

1775 cm-1) corresponding to the formation of an ester. 
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Figure 2.2. DMP (black) and PFP-DMP (blue) characterisation using (A) 1H NMR, (B) 

13C NMR, (C) 19F NMR and (D) IR spectroscopy. 
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As mentioned in Chapter 1, the selection of RAFT agents is crucial to ensure successful 

polymerisation. ‘More activated’ monomers (MAMs), such as HEA (vinyl connected to 

a carbonyl), form more stabilised radicals and thus require a RAFT agent with a Z-group 

capable of stabilising the intermediate radical to favour radical addition on the C=S 

bond.67 In addition to post-polymerisation potential, PFP-DMP was selected as the ideal 

RAFT agent for its trithiocarbonate (Z = S-alkyl), which is typically utilised to control 

the polymerisation of MAMs. Controlled polymerisation of HEA with PFP-DMP (Fig. 

2.1B) was confirmed using size exclusion chromatography (SEC), Fig. 2.3D and Table 

2.1. PHEA polymers of two different chain lengths were prepared with narrow 

dispersities (<1.2) to probe if polymer size causes alterations to cell surface grafting 

densities. Molecular weights were in sufficient agreement with those predicted from the 

monomer: initiator feed ratio for this study. Due to the discrepancies between theoretical 

and experimental molecular weights (Mn,th and Mn,exp) values from SEC, 1H NMR 

integration values of the CH2 closest to the hydroxyl group of pHEA (relative to the end 

group CH3 peak), Fig. 2.3A, were also used to calculate the degree of polymerisation 

(DP). Although the polymer DP values were slightly higher than expected, DP62 and 

DP108, for simplicity the polymers have remained named pHEA50 and pHEA100. 

Successful polymerisation was further confirmed by a shift in 19F NMR peaks compared 

to the RAFT agent, Fig. 2.2C and Fig. 2.3C, the appearance of peaks associated with 

pHEA N-H stretching and bending (3278 cm-1 and 1552 cm-1) from IR spectra, Fig. 2.3B, 

and the broad peaks from the polymer repeat units in 1H NMR analysis, Fig. 2.3A. 
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Figure 2.3. PFP-pHEA50 (black) and PFP-pHEA100 (blue) characterisation using (A) 1H 

NMR, (B) IR Spectroscopy, (C) 19F NMR and (D) SEC. 

 

Table 2.1. Telechelic PFP-pHEA polymer SEC results. 

Polymer  [M]:[CTA] %Conv.*  Mn,th
†
 / 

g.mol-1 
Mn,exp

‡
 / 

g.mol-1 
MW,exp

‡
 / 

g.mol-1 
Đ‡ DPSEC DPNMR§ 

PFP-
pHEA50 

50 98.2 6177 8300 9700 1.15 67 62 

PFP-
pHEA100 

100 91.3 10794 13000 15000 1.17 120 108 

* Monomer conversion determined by 1H NMR spectroscopy. 
† Theoretical molecular weight calculated based on monomer conversion. 
‡ Molecular weight and dispersity (Đ = Mw/Mn) determined by SEC analysis (DMF with 5 mmol NH4BF4 
used as eluent with PMMA standards). 
§ Calculated based on 1H NMR integration values for the polymer CH2 closest to the hydroxyl group relative 
to the end group CH3 peak associated with the RAFT agent. 
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Azide-reactive functionality was installed to the telechilic polymers through aminolysis 

of the PFP ester with dibenzocyclooctyne-amine (DBCO-NH2) post-polymerisation, 

Scheme 2.3. Quantitative DBCO conjugation to pHEA polymers (DBCO-pHEA) was 

confirmed by the disappearance of PFP peaks in 19F NMR and IR spectra, Fig. 2.4B and 

2.4C. In addition, DBCO-associated peaks were observed in the aromatic region of 1H 

NMR (7 – 7.8 ppm, Fig. 2.4A) and IR spectroscopy (1118 cm-1, DBCO C-N stretch). A 

DBCO functional group was selected, as opposed to phosphine or alkyne groups 

(Staudinger ligation and Cu(I)-catalysed Huisgen cycloaddition, respectively), because it 

does not require cytotoxic catalysts, possesses rapid reaction kinetics with azides (0.31 – 

60 M-1s-1) and its extreme biocompatibility and selectivity has led to extensive use in 

vivo.68–70 DBCO reactivity is owed to its cyclooctyne group, the smallest (stable) isolable 

and most reactive cycloalkyne, and increased rigidity provided by the two aromatic units 

(i.e. increasing strained alkyne).71 Phosphine reactions are 100-fold slower (10−3 M−1 s−1) 

at high concentrations (>250 μM).69 DIFO (difluorinated cyclooctyne) offers similar 

reactivity benefits to DBCO, however, removes the ability to monitor complete post-

polymerisation modifications through 19F NMR and IR (C-F stretch) peak disappearance, 

one of the strategic advantages of using PFP-DMP as a RAFT agent. 

 

Scheme 2.3. Aminolysis mechanism of PFP-pHEA with DBCO-NH2. 

During functionalisation, the trithiocarbonate was cleaved with excess propyl amine to 

reveal a thiol at the ω-terminus, as first described by Delétre and Levesque,72 which was 
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confirmed by the disappearance of peaks associated with the (CH2)11CH3 end group in 1H 

NMR spectra (indicated by asterisks, Fig. 2.4A) and removal of S=(C=S)=S stretch in IR 

spectra (Fig. 2.4C). The thiol was subsequently coupled to fluorescein to capitalise on 

both ends of the pHEA polymer; the DBCO group for cell surface attachment and 

fluorescein for visualisation. Conjugation was confirmed via fluorescence spectroscopy, 

Fig. 2.4D, revealing an increase in fluorescence intensity compared to DBCO-pHEAn. 

Further confirmation was provided by SEC equipped with a 494 nm UV-Vis detector to 

show absorbance and size overlap of DBCO-pHEAn-Fl to provide definitive proof of 

functionalisation, Fig. 2.4E. 

 

Figure 2.4. Characterisation of pHEA polymers following DBCO-NH2 displacement of 

the PFP ester from PFP-pHEA using (A) 1H NMR, (B) 19F NMR and (C) IR spectroscopy. 

Subsequent conjugation of fluorescein to the ω-terminus was confirmed using (D) 

fluorimetry and (E) SEC equipped with a 494 nm UV-Vis detector. 
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2.3.2 – Proof of Azido Glycan Incorporation 

Successful incorporation of azido glycans onto adenocarcinomic human alveolar basal 

epithelial cells (A549 cells), a stable model cell line, was achieved through incubation 

with Ac4ManNAz (50 µM, 72 h)73 and DBCO-Cy5 (50 µM, 1 h), Fig. 2.5A, to install cell 

surface azido sialic acids and visualise them, respectively. Confocal microscopy 

displayed strong localised fluorescence at the cell membrane of Ac4ManNAz treated 

cells, Fig. 2.5B. The rapid nature of DBCO’s strain-promoted azide/alkyne [3+2] 

cycloaddition (SPAAC) reaction minimised dye incubation times, with sufficient 

labelling observed within only 1 h. Low incubation times of synthetic small molecules 

and macromolecules are crucial to minimise excess mechanical and chemical stress 

exerted to the peripheral cellular membrane; thus confirming our rationale for selecting 

DBCO-modified polymers. The high abundance of labelling was unsurprising as N-linked 

glycosylation is the 3rd most frequent posttranslational protein modification (after 

phosphorylation and acetylation) within mammalian cells and it is estimated that ~50% 

of genes encode for protein with the potential to be glycosylated.74,75 In addition, previous 

reports suggest that unnatural N-acetyl mannosamine (ManNAc) derivatives, which 

hijack the promiscuous sialic acid biosynthetic pathway, provide the highest abundance 

of cell surface coverage with bio-orthogonal functional groups compared to other 

unnatural glycan analogues (N-acetylglucosamine, GlcNAc; N-acetylgalactosamine, 

GalNAc) in multiple cell types.73,76–78  

Cell surface azido glycans remained localised to the surface even 24 h post-treatment, 

confirmed by DBCO-Cy5 staining (Fig. 2.5C), suggesting that bio-orthogonal functional 

groups are available for polymer recruitment following replacement of Ac4ManNAz 

supplemented media with normal growth media. Finally, cells treated with DBCO-Cy5 

alone remained unstained, demonstrating the specificity of azide/alkyne reactions even in 
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the presence of a myriad of intracellular and extracellular components and 

biomacromolecules within supplemented growth media.  

 

 

Figure 2.5. Successful azido-glycan incorporation into the glycocalyx. (A) A549 cells 

were treated with Ac4ManNAz (50 µM, 72 h) and incubated with DBCO-Cy5 (50 µM, 1 

h). Confocal images were taken of azido labelled (+) and unlabelled (-) cells stained with 

DBCO-Cy5 either (B) immediately or (C) 24 h post-treatment. Scale bar = 50 μm. Red = 

DBCO-Cy5. Blue = DAPI (nuclear) stain. n = 3. 
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2.3.3 – Cell Surface pHEA Grafting 

Following polymer synthesis and proof of successful azido-glycan incorporation, A549 

cells were incubated with DBCO-pHEAn-Fl (1 – 10 mg.mL-1) for 1 h and cell viability 

was measured 24 h post-incubation with a resazurin assay, Fig. 2.6. No significant 

decreases in cell viability were observed compared to untreated control cells, regardless 

of polymer chain length, demonstrating the necessary biocompatibility of pHEA for re-

engineering of cell surfaces.  
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Figure 2.6. Resazurin reduction cell viability assay of DBCO-pHEAn-Fl. Cell viability 

of A549 cells was measured by a resazurin assay following incubation with DBCO-

pHEAn-Fl (1 – 10 mg.mL-1, 1 h). Data is represented by mean cell viability relative to 

control untreated cells ± SEM of 3 biological repeats (ANOVA, Tukey PostHoc; ns: p ≥ 

0.05). 
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A549 cells were subsequently cultured in the presence and absence (negative control) of 

Ac4ManNAz (50 µM, 72 h) and incubated with 1 – 10 mg.mL-1 of DBCO-pHEAn-Fl for 

1 h, Fig. 2.7 and 2.8. In the absence of Ac4ManNAz, minimal non-specific uptake and 

cell surface localisation of DBCO-pHEAn-Fl was observed, Fig. 2.7. However, cells 

treated with Ac4ManNAz and DBCO-pHEAn-Fl demonstrated highly localised 

membrane-associated fluorescence at all polymer concentrations in a dose-dependent 

manner, Fig. 2.8. The absence of polymer-associated fluorescence in control cells (no 

Ac4ManNAz) and substantial recruitment of fluorescent polymer with Ac4ManNAz 

treatment confirms that the highly specific nature of this cell surface polymer re-

engineering strategy is due to SPAAC between DBCO-pHEAn-Fl and surface installed 

azido glycans, rather than non-specific mechanisms (such as surface adsorption, 

membrane insertion).16 At equal mass concentrations, a molecular weight dependence on 

DBCO-pHEAn-Fl surface grafting densities was observed. DP50 polymers resulted in 

greater surface grafting densities compared to DP100, an observation made from the clear 

decrease in cell fluorescence intensity. Although this is further explored in Chapter 3, we 

can postulate here that this is likely due to the lower molar concentrations applied and/or 

steric hindrance effects from long chain polymers. Hence, macromolecular engineering 

could play a crucial role in the success of this polymer re-engineering of cell surfaces.  
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Figure 2.7. (A) A549 cells untreated with Ac4ManNAz were incubated with DBCO-

pHEAn-Fl (1 – 10 mg.mL-1, 1 h) and (B) imaged using confocal microscopy. Scale bar = 

50 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Figure 2.8. (A) A549 cells treated with Ac4ManNAz (50 µM, 72 h) were incubated with 

DBCO-pHEAn-Fl (1 – 10 mg.mL-1, 1 h) and (B) imaged using confocal microscopy. 

Scale bar = 50 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Magnified images of cells treated with Ac4ManNAz and DBCO-pHEAn-Fl, Fig. 2.9, are 

provided to emphasise the highly fluorescent foci towards thicker membrane edges that 

are connected to the membranes of adjacent cells. Similar to DBCO-Cy5 labelling, the 

highly specific nature and rapid kinetics of azide-alkyne reactions allowed polymer 

grafting to be undertaken in complete cell media in 1 h, regardless of the increasing size 

of polymers compared to small molecule probes. Thus, risks of cell starvation and 

exertion of unnecessary cellular stress are minimised. In addition to the reasons 

previously mentioned, Ac4ManNAz was selected for labelling because sialic acids are 

typically found terminating branches of N-glycans, O-glycans, and glycosphingolipids 

(gangliosides), which we hypothesised would ensure azido glycans are more accessible 

to polymer DBCO moieties (and hence ensure reaction kinetics remain high).79  

Cell surface polymer-probe technologies offer the advantage of minimised cellular uptake 

due to their hydrophilic (i.e. water solubility) and bulky properties, ensuring extracellular 

interactions, whereas hydrophobic small molecules can pass through the cellular 

membrane via diffusion.80 DMSO solubilisation of dyes can also promote cell uptake.81 

As a final note, no observation of cell death was noticed, which is a substantial advantage 

compared to other approaches, including the direct electrostatic deposition of 

polycationic species for LbL assembly and ‘grafting from’ cell surfaces used by Hawker 

and co-workers.47–50,82 
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Figure 2.9. Magnified images of Figure 2.8. A549 cells treated with Ac4ManNAz (50 

µM, 72 h) and incubated with DBCO-pHEAn-Fl (1 – 10 mg.mL-1, 1 h). Scale bar = 50 

μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain.  

Hydrophobic insertion of polymers represents the majority of recent studies to non-

invasively re-engineer cellular interfaces with surface epitopes and probe and modulate 

the functional importance of the glycocalyx.15,16,83 However, passive insertion of lipid-

based polymers is limited by rapid dissociation times (3 – 24 h) due to the dynamic nature 

of the cell membrane including constant redistribution and compartmentation, along with 

continuous internalisation, degradation and de novo synthesis of lipids and proteins.84 
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Sialic acids also undergo (not fully understood) recycling pathways. Glycoconjugates are 

desialylated in endosomal/lysosomal compartments through hydrolysis with several 

cytoplasmic and cell surface neuraminidases. The sialic acids enter the cytosol by the 

transporter sialin and can return to the Golgi to undergo re-sialylation or they are 

degraded.79 Indeed, Gilormini, et al. confirmed that alkyne-functionalised sialoglycans 

also undergo these recycling processes.85 Studies suggest that sialic acids are 

predominantly formed through de novo synthesis, which could be linked to why 

metabolically glycan labelling is such an effective labelling strategy.86 

Thus, having demonstrated successful cell labelling, the robustness of the polymer 

coatings was evaluated to determine the potential effects of glycan recycling pathways.87 

Polymer labelled cells were imaged over 24 h to determine the extent of polymer 

degrafting over time by monitoring fluorescein (green) fluorescence. Both live cell 

imaging, Fig. A2.15 – A2.22, and confocal imaging of cells fixed at different timepoints, 

Fig. 2.10 and 2.11, were used to monitor this. Over the 24 h period, polymer resided on 

the thicker membrane edges of cell surfaces although a clear decrease in fluorescence 

intensity was observed. Intracellular fluorescence was visible, suggesting that polymer-

glycoconjugates may be internalised via endocytosis, however this was not probed further 

here. Despite this, cell surface polymer coatings were still visible following 24 h, longer 

than lipid-based conjugation approaches. The surface half-life of Neu5Ac (the most 

abundant sialic acid) is ~30 h, so the reduced cell labelling is unsurprising.88,89 There is a 

trade-off for selecting the most available, i.e. terminal, glycan as a tethering point for 

polymers; terminal glycans undergo recycling far quicker than N-core glycans (D-

mannose, 70 – 130 h) or those connected to protein moieties (100 – 130 h).88,89 Thus, the 

selection of different azido glycans may increase polymer surface life-time. 
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Figure 2.10. Timelapse confocal images of A549 cells treated with Ac4ManNAz (50 µM, 

72 h) and incubated with DBCO-pHEA50-Fl (1 – 10 mg.mL-1, 1 h, DP50) over a 24 h time 

period. Scale bar = 50 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain.  
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Figure 2.11. Timelapse confocal images of A549 cells treated with Ac4ManNAz (50 µM, 

72 h) and incubated with DBCO-pHEA100-Fl (1 – 10 mg.mL-1, 1 h, DP100) over a 24 h 

time period. Scale bar = 50 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain.  
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2.3.4 – Recruiting Bioactive Polymers 

 

Figure 2.12. Synthesis route of DBCO-pHEAn-Biotin from DBCO-pHEAn. 

Following the above success, non-native functionality was introduced to the cell surface 

through exploitation of the highly specific streptavidin-biotin interactions, which is used 

for the attachment of various biomolecules onto solid support systems,90 to demonstrate 

that polymer re-engineering of cells surfaces can allow the capture of biomolecules 

without compromising cell surface grafting capabilities of the DBCO-end group. To 

achieve this, DBCO-pHEAn was reacted with biotin-maleimide, instead of fluorescein, to 

synthesise DBCO-pHEAn-Biotin, Fig. 2.12. Following polymer synthesis, A549 cells 

were incubated with DBCO-pHEAn-Biotin (1 – 10 mg.mL-1) for 1 h and cell viability 

was measured 24 h post-incubation with a resazurin assay, Fig. 2.13. No significant 

decrease in cell viability was observed compared to untreated control cells regardless of 

polymer chain length, confirming that substitution of DBCO-pHEAn end groups with 

biocompatible molecules does not enhance cytotoxicity, as expected. 
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Figure 2.13. The cell viability of A549 cells following incubation with DBCO-pHEAn-

Biotin (1 – 10 mg.mL-1, 1 h). Cell viability was monitored relative to untreated control 

cells with a resazurin assay and reported as mean percentage cell viability ± SEM of 3 

biological repeats (ANOVA, Tukey PostHoc; ns: p ≥ 0.05). 

A549 cells treated with Ac4ManNAz (50 µM, 72 h) were subsequently incubated with 

the biotinylated polymers (1 – 10 mg.mL-1, 1 h) and labelled with streptavidin-Cy3 (red, 

50 µM) either immediately or 24 h following polymer conjugation. In both cases, 

confocal images displayed strong localised fluorescence on the peripheral cellular 

membrane of Ac4ManNAz and DBCO-pHEAn-Biotin treated cells, Fig. 2.14A and 2.14B, 

indicating that streptavidin can be successfully captured even 24 h following polymer 

conjugation. Removal of the Ac4ManNAz treatment resulted in no recruitment of DBCO-

pHEAn-Biotin polymers and thus streptavidin-Cy3, Fig. 2.14B. From these results, we 

envisage this polymer re-engineering of cell surface approach as a suitable platform for 

the targeted delivery of therapeutic biomolecules and polymer conjugates. 
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Figure 2.14. Biomolecule capture. (A) A549 cells were treated with Ac4ManNAz (50 

µM, 72 h), DBCO-pHEA50/100-Biotin (1 – 10 mg.mL-1, 1 h) and streptavidin-Cy3 (50 µM, 

1 h) either immediately or 24 h post-grafting of pHEA polymers. (B) Cells were confocal 

imaged to visualise recruitment of streptavidin-cy3. Scale bar = 50 μm. Red = 

streptavidin-cy3. Blue = DAPI (nuclear) stain.  
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The simple, yet elegant, system devised here provides immense versatility for polymer 

re-engineering of cell surfaces. By combining metabolic glycan labelling, a powerful tool 

to introduce cell surface bio-orthogonal functional groups, and a controlled 

polymerisation technique, to produce polymers of defined architecture and that allow 

post-polymerisation modification to be completed with ease, we were able to introduce 

cell surface protein-ligand interactions (streptavidin-biotin). Following on from the 

publishing of our work, a similar strategy was used to capture anti-DNP antibodies onto 

cells treated with Ac4ManNAz using RAFT synthesised pentafluorophenyl acrylate 

(PFPA) polymers functionalised with DBCO, a fluorescent marker and dinitrophenyl; 

thus demonstrating the wide range of potential applications.91 The availability of different 

azido-modified glycans can be used to alter the cell surface azido glycan composition, for 

recruitment of polymers, including Ac4GlcNAz (N-azidoacetylglucosamine 

tetraacylated) and Ac4GalNAz (N-azidoacetylgalactosamine tetraacylated), which may 

have longer recycling times.73 As mentioned in Chapter 1, targeted in vivo delivery of 

Ac4ManNAz can be accomplished intratumorally,92 intraperitoneally,93,94 or even 

intravenously using enzyme activated caged Ac4ManNAz derivatives95 or ligand-coated 

liposomes.55,92 Therefore, the approach devised here could potentially be adapted for in 

vivo translation, as has been accomplished with polymeric nanoparticles.96 
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2.4 – Conclusions 

We report the first case where metabolic glycan labelling is used for the covalent grafting 

of RAFT synthesised synthetic polymers onto the surface of living cells. In summary, 

azido glycans were introduced onto the surface of A549 cells, through treatment with 

tetraacetylated N-azidoacetylmannosamine (Ac4ManNAz), for subsequent recruitment of 

RAFT synthesised telechilic polymers via a strain-promoted azide/alkyne ‘click’ reaction. 

Rapid polymer grafting was achieved and remained on the cell surface for over 24 hours, 

which is longer than reported for lipid remodelling methods. Polymer grafting densities 

correlated with the applied dosage and polymer molecular weight. Biotin-terminated 

polymers were also recruited to the cell surface with this strategy to capture streptavidin, 

providing a simple demonstration that additional functionality can be brought to the cell 

surface in the form of protein-ligand interactions. In this study, we have devised a 

versatile approach to remodel cell surfaces using chemical, rather than genetic, means 

that will find application in cell-based therapies and for fundamental studies of cell 

surface interactions. 

 

 

 

 

 

 



  

126 

2.5 – Experimental 

2.5.1 Materials 

Ammonium fluoroborate (NH4BF4), dodecane thiol, tripotassium phosphate (K3PO4), 2-

bromo-2-methylpropionic acid, dichloromethane (DCM), hydrochloric acid (HCl), 

magnesium sulphate (MgSO4), hexane, 4-(dimethylamino) pyridine (DMAP), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), pentafluorophenol, 

sodium bicarbonate (NaHCO3), sodium chloride (NaCl), N-hydroxyethyl acrylamide 

(HEA), 4,4′-azobis(4-cyanovaleric acid) (ACVA), toluene, methanol, mesitylene, 

dibenzocyclooctyne-amine (DBCO-NH2), propyl amine, paraformaldehyde, phosphate-

buffered saline pre-formulated tablets (PBS), dimethylformamide (DMF), N-(5-

fluoresceinyl)maleimide and biotin-maleimide were purchased from Sigma Aldrich Co 

Ltd (Gillingham, UK) and used without further purification. Streptavidin-Cy3 was 

purchased from GE Healthcare (Amersham, UK). Dulbecco phosphate buffered saline 

(DPBS), N-azidoacetylmannosamine-tetraacylated (Ac4ManNAz), NucBlue® Fixed Cell 

ReadyProbes® Reagent, ProLong® Gold Antifade Mountant and Alamar blue was 

purchased from Fisher Scientific (Loughborough, UK).  

2.5.2 Physical and analytical methods 

Size Exclusion Chromatography (SEC). SEC measurements were conducted using a 

Varian 390-LC MDS system fitted with differential refractive index (DRI), light 

scattering (LS), viscometry (VS) and Ultraviolet (UV; set at 309 nm) detectors and 

equipped with two PL-AS RT/MT auto sampler, two PL gel 5 mm (300 x 7.5 mm) mixed-

D columns and a PL gel 3 mm (30 x 7.5 mm) guard column. Narrow molecular weight 

linear poly(methyl methacrylate) (PMMA) standards (200 – 1.0 x 106 g.mol-1) were used 

for calibration using a second order polynomial. The mobile phase used was DMF with 5 

mmol NH4BF4 additive at a flow rate of 1.0 mL.min-1 at 50 oC. Samples were prepared 
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in the mobile phase and passed through a nylon membrane with 0.22 µm pore size prior 

to injection. Agilent GPC/SEC Software was used to determine experimental molar mass 

(Mn,SEC), experimental molecular weight (Mw,SEC) and dispersity (Ð) of synthesised 

polymers.  

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H, 13C and 19F NMR spectra were 

recorded on a Bruker HD-300 spectrometer at 293 K using deuterated solvents purchased 

from Sigma-Aldrich. Chemical shifts have been reported as δ in parts per million (ppm) 

relative to residual non-deuterated solvent resonances (CDCl3 1H: δ = 7.26 ppm; 13C δ = 

77.16. CD3OD 1H: δ = 3.51 ppm and 4.87 ppm; 13C δ = 47.59 ppm). Polymer 

compositions and monomer conversions were determined using spectra obtained. Bruker 

Topspin 3.5 Software was used to process and export spectra.  

Infrared (IR) Spectroscopy. FTIR spectra were acquired using a Jasco FTIR-4200 

(Type A) spectrometer equipped with a PIKE MIRacleTM single reflection horizontal 

accessory possessing a ZnSe single reflection crystal plate (1.8 mm surface dimensions), 

rotating high-pressure clamp (applying maximum pressure), stainless steel crystal plate 

mount and 45o angle of incidence. Analysis of dried crushed samples were completed 

following purging with nitrogen for 30 min. Scans (100) were obtained between 4000 – 

400 cm-1 with a resolution of 4 cm-1. Gain, aperture, scan speed and filter were all set to 

auto. Standard source and chamber were used along with a triglycine sulfate (TGS) 

detector.  

Fluorimetry. Fluorescence measurements were obtained using a Jasco FP-6500 

fluorimeter equipped with a DC-powered 150 W Xenon lamp and holographic grating 

with 1800 grooves.mm-1 modified Rowland mount. Excitation and emission bandwidths 

were set to 3 nm with a response of 1 s and sensitivity set to medium. The scanning range 

was set from 450 to 550 nm and excitation wavelength to 494 nm, all with an accuracy 
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of ±1.5 nm and reproducibility of ±0.3 nm. A scanning speed of 100 nm.min-1 was chosen 

and data pitch of 1 nm. 

Confocal Microscopy. Confocal imaging was completed using a Zeiss LSM 710 inverted 

microscope with 100x, 63x, 40x and 20x oil immersion objective lenses, equipped with 

three photomultiplier detectors (GaAsP, multialkali and BiG.2) and multichannel spectral 

imaging with an ultra-sensitive GASP detector. The UV and VIS Laser Modules allowed 

selection of six lasers with wavelengths of 633, 594, 561, 543, 514, 488, 458, 405 and 

355 nm. Zeiss ZEN (blue edition) 2.3 lite was utilised for image collection and processing. 

ImageJ (1.52) was used to extract relative fluorescence intensity measurements of cells. 

Statistical Analysis. Data was analysed with a one-way analysis of variance (ANOVA) 

on ranks followed by comparison of experimental groups with the appropriate control 

group (Tukey’s post hoc test). R (R Foundation for Statistical Computing, Vienna, 

Austria) was used for the analyses. 

2.5.3 General procedure for the synthesis of telechelic polymers 

Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMP).  

Dodecane thiol (4.00 g, 19.76 mmol) was added to a stirred suspension of K3PO4 (4.20 g, 

19.76 mmol) in acetone, dropwise over 25 min. Subsequent addition of CS2 (4.10 g, 53.85 

mmol) yielded a bright yellow solution. 2-bromo-2-methylpropionic acid (3.00 g, 19.76 

mmol) was added after 10 min of stirring. Precipitation of KBr was observed following 1 

h of stirring. The solvent was removed in vacuo after 16 h and the orange residue was 

extracted into DCM (200 mL x 2) from HCl (1 M, 200 mL). The organic extract was 

washed with water (200 mL) and brine (200 mL) and dried over MgSO4. The solvent was 

removed in vacuo and the resulting residue was dissolved in a minimal amount of hexane, 

heated to 65 ºC and left to recrystallise for 24 h. Subsequent removal of hexane was 

completed in vacuo to yield a bright yellow solid (2.34 g, %yield = 35.6%). 
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1H NMR (300 MHz, CDCl3) δppm: 6.28 ppm (1H, br. s, H14); 3.30 ppm (2H, t, J12-11 = 7.73 

Hz, H12); 1.74 ppm (6H, br. s, H13); 1.69 ppm (2H, m, H11); 1.40 ppm (2H, m, H10); 1.27 

ppm (16H, br. s, H2-9); 0.897 ppm (3H, t, J1-2 = 6.86 Hz, H1). 13C NMR (300 MHz, CDCl3) 

δppm: 220.86 ppm (C13); 178.26 ppm (C16); 37.06 ppm (C12); 25.23 ppm (C15); 27.81 ppm 

(C11); 31.92 ppm, 29.64 ppm, 29.57 ppm, 29.46 ppm, 29.35 ppm, 29.12 ppm, 28.97 ppm, 

22.70 ppm (C2-C10); 14.13 ppm (C1). 19F NMR (300 MHz, CDCl3) δppm: No peaks present, 

as expected. IR v / cm-1: 3267 – 2390 cm-1(w, O=H stretch (carboxylic acid)); 2917 cm-1 

(m-s, CH2 asym. stretch); 2848 cm-1 (m, CH2 asym. stretch), 1710 cm-1 (m-s, C=O stretch 

(carboxylic acid)); 1083 cm-1 (m-s, C-O stretch); 1065 cm-1 (m-s, S-(C=S)-S stretch). 

Synthesis of Pentafluorophenyl 2-Dodecylthiocarbonothioylthio)-2-

methylpropionic acid (PFP-DMP).  

DMP (2.00 g, 5.49 mmol), DMAP (1.00 g, 2.05 mmol) and EDC (1.56 g, 8.14 mmol) 

were stirred in 40 mL of DCM for 20 minutes under N2. Pentafluorophenol (3.12 g, 16.95 

mmol), dissolved in 5 mL DCM, was added. The reaction was stirred at RT overnight. 

PFP-DMP isolation was achieved through successive washing of the reaction with 3 M 

HCl, 1 M NaHCO3 and 0.5 M NaCl. The reaction was dried over MgSO4, filtered and 

concentrated in vacuo (%yield = 72%). 

1H NMR (300 MHz, CDCl3) δppm: 3.33 (2H, t, J12-11 = 7.6 Hz, H12); 1.89 ppm (6H, s, H13), 

1.71 ppm (2H, q, J = 7.2 Hz, H11), 1.42 ppm (2H, m, H10), 1.28 ppm (16H, br. s, H2-9), 

0.900 ppm (3H, t, J1-2 = 6.64 Hz, H1). 13C NMR (300 MHz, CDCl3) δppm: 219.94 ppm 

(C13), 169.62 ppm (C16), 37.17 ppm (C12), 27.83 ppm (C11), 25.43 ppm (C15), 31.92 ppm, 

29.63 ppm, 29.56 ppm, 29.43 ppm, 29.35 ppm, 29.10 ppm, 28.91 ppm, 22.70 ppm (C2-

C10), 14.12 ppm (C1). 19F NMR (300 MHz, CDCl3) δppm: -151.52 ppm (2F, d, F1, ortho), 

-157.76 ppm (1F, t, F3, para), -162.35 ppm (2F, t, F2, meta). IR v / cm-1: 2921 cm-1 (w, C-

H asym. stretch); 2848 cm-1 (w, C-H asym. stretch); 1775 cm-1 (m-s, C=O stretch (ester)); 
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1749 cm-1 - 1556 cm-1 (w (overtone), ar. C-C bend); 1555 cm-1 (s, C-F stretch); 1080 cm-

1 (s, C-O stretch); 1070 cm-1 (s, S-(C=S)-S stretch).  

Polymerisation of poly(hydroxylethyl acrylamide) pentafluorophenol ester 

Polymerisation of hydroxyethyl acrylamide using PFP-DMP. HEA (1.00 g, 8.69 mmol), 

PFP-DMP (0.0922 g, 0.174 mmol) and ACVA (0.0097 g, 0.0347 mmol) were dissolved 

in a 50:50 toluene:methanol solution (8 mL) to target a DP50 polymer. Mesitylene (150 

µL) was used as an internal reference and an aliquot was taken in CDCl3 for NMR 

analysis. The reaction mixture was stirred under N2 for 30 min at RT and a further 90 min 

at 70 oC. An aliquot of the post reaction mixture was taken for NMR analysis in MeOD, 

allowing percentage conversion calculations. The polymer was reprecipitated into diethyl 

ether from methanol three times, yielding a yellow polymer product. The resulting 

product was dried under vacuum and an aliquot was taken for NMR analysis in MeOD. 

To generate a DP100 polymer the protocol was followed as described above, however the 

ratio of [monomer][chain transfer agent][initiator] was modified to [100][1][0.2].  

PFP-pHEA50: 1H NMR (300 MHz, MeOD) δppm: 8.07 ppm (br. s, HN-CH2-CH2-OH); 3.66 

ppm (123H, br. s, HN-CH2-CH2-OH); 3.36 ppm (br. s, HN-CH2-CH2-OH); 3.13 ppm (br. 

s, backbone CH); 2.32-1.31 ppm (multiple br. s, backbone CH2 and H10-14); 1.31 ppm 

(16H, br. s, H2-9); 0.921 ppm (3H, t, J1-2 = 6.62 Hz, H1). DP50 13C NMR (300 MHz, 

MeOD) δppm: There are no clear distinct peaks, as the signal-to-noise ratio is poor. 19F 

NMR (300 MHz, MeOD) δppm: -155.20 ppm (2F, m, F1, ortho); -161.51 ppm (1F, m, F3, 

para); -165.66 ppm (2F, m, F2, meta). IR v / cm-1: 3278 cm-1 (m-s, N-H stretch (secondary 

amine)); 3092 cm-1 (w, ar. C-H stretch); 2927 cm-1 (w, C-H asym. stretch); 2878 cm-1 (w, 

C-H asym. stretch); 1930 cm-1 - 1700 cm-1 (w (overtone), ar. C-H bend); 1640 cm-1 (s, 

C=O stretch); 1552 cm-1 (s, N-H bend); 1518 cm-1 (w, ar. C-F stretch); 1063 cm-1 (s, C-
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O stretch); 1026 cm-1 (s, S-(C=S)-S stretch); 997 cm-1 (w, C-F stretch). NMR conversion 

= 98.2, Mn,SEC = 8300 g.mol-1, Mw,SEC = 9700 g.mol-1, and Đ = 1.15 (%yield = 93%). 

PFP-pHEA100: 1H NMR (300 MHz, MeOD) δppm: 8.08 ppm (br. s, HN-CH2-CH2-OH); 

3.33 ppm (br. s, HN-CH2-CH2-OH), 3.66 ppm (216H, br. s, HN-CH2-CH2-OH); 3.33 

ppm (br. s, HN-CH2-CH2-OH); 3.14 ppm (br. s, backbone CH); 2.32-1.31 ppm (multiple 

br. s, backbone CH2, H10-14); 1.31 ppm (16H, br. s, H2-9); 0.921 ppm (3H, t, J1-2 = 6.62 

Hz, H1). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-

to-noise ratio is poor. 19F NMR (300 MHz, MeOD) δppm: -155.20 ppm (2F, m, F1, ortho); 

-161.45 ppm (1F, m, F3, para); -165.65 ppm (2F, m, F2, meta). IR v /: 3278 cm-1 (m-s, N-

H stretch (secondary amine)); 3091 cm-1 (w, ar. C-H stretch); 2932 cm-1 (w, C-H asym. 

stretch); 2880 cm-1 (w, C-H asym. stretch); 1878 cm-1 - 1699 cm-1 (w (overtone), ar. C-H 

bend); 1640 cm-1 (s, C=O stretch); 1553 cm-1 (s, N-H bend); 1518 cm-1 (w, ar. C-F 

stretch); 1063 cm-1 (s, C-O stretch); 1026 cm-1 (s, S-(C=S)-S stretch); 997 cm-1 (w, C-F 

stretch). NMR conversion = 91.3, Mn,SEC = 13000 g.mol-1, Mw,SEC = 15000 g.mol-1, and Ð 

= 1.17 (%yield = 89%). 

Functionalisation of PFP-pHEAn with DBCO-NH2 and reduction of thiocarbonate. 

PFP-pHEAn (0.10 g, 1 Eq), and DBCO-NH2 (2 Eq) were stirred in methanol (3 mL) for 

16 h, complete removal of PFP was monitored using 19F NMR. Addition of excess propyl 

amine for 2 h was used to ensure complete reduction of the thiocarbonate moiety to a thiol 

group. The polymer was reprecipitated into diethyl ether from methanol three times, 

yielding a yellow polymer product. The resulting product was dried under vacuum and 

DMF SEC analysis of DP50 (Mn,SEC = 13000 g.mol-1; Mw,SEC = 19000 g.mol-1, and Ð = 

1.46) and DP100 (Mn,SEC = 14500 g.mol-1; Mw,SEC = 23000 g.mol-1, and Ð = 1.59) was 

completed. An aliquot was also taken for NMR analysis in MeOD.  

DBCO-pHEA50. 1H NMR (300 MHz, MeOD) δppm: 7.75 ppm - 6.98 ppm (br. m, aromatic 

DBCO CH); 3.66 ppm (br. s, HN-CH2-CH2-OH); 3.37 ppm (br. s, HN-CH2-CH2-OH); 
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3.14 ppm (br. s, backbone CH); 2.32-1.31 ppm (multiple br. s, backbone CH2, H12-14).  

13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-to-noise 

ratio is poor. 19F NMR (300 MHz, MeOD) δppm: No peaks present. IR v / cm-1: 3278 cm-1 

(m-s, N-H stretch (secondary amine)); 3092 cm-1 (w, ar. C-H stretch); 2934 cm-1 (w, C-

H asym. stretch); 2875 cm-1 (w, C-H asym. stretch); 1875 cm-1 - 1695 cm-1 (w (overtone), 

ar. C-H bend); 1640 cm-1 (s, C=O stretch); 1551 cm-1 (s, N-H bend); 1118 cm-1 (w, DBCO 

C-N stretch); 1061 cm-1 (s, C-O stretch). (%yield = 93%). 

DBCO-pHEA100. 1H NMR (300 MHz, MeOD) δppm: 7.76 ppm - 6.98 ppm (br. m); 3.66 

ppm (br. s, HN-CH2-CH2-OH); 3.37 ppm (br. s, HN-CH2-CH2-OH); 3.14 ppm (br. s, 

backbone CH); 2.32-1.31 ppm (multiple br. s, backbone CH2, H12-14). 13C NMR (300 MHz, 

MeOD) δppm: There are no clear distinct peaks, as the signal-to-noise ratio is poor. 19F 

NMR (300 MHz, MeOD) δppm: No peaks present. IR v: 3278 cm-1 (m-s, N-H stretch 

(secondary amine)); 3092 cm-1 (w, ar. C-H stretch); 2932 cm-1 (w, C-H asym. stretch); 

2875 cm-1 (w, C-H asym. stretch); 1851 cm-1 - 1695 cm-1 (w (overtone), ar. C-H bend); 

1640 cm-1 (s, C=O stretch); 1551 cm-1 (s, N-H bend); 1118 cm-1 (w, DBCO C-N stretch); 

1061 cm-1 (s, C-O stretch). (%yield = 91%). 

Fluorophore labelled DBCO-pHEAn. DBCO-pHEAn (0.10 g, 1 Eq), and N-(5-

fluoresceinyl)maleimide (1.3 Eq) were dissolved in DMF (1.279 mL), degassed and left 

to stir for 24 h. The yellow mixture was reprecipitated into diethyl ether from methanol 

three times, yielding a yellow polymer product. The resulting product was dried under 

vacuum and successful conjugation was monitored using fluorimetry and DMF SEC 

(equipped with UV-Vis set to 494 nm); DP50: Mn,SEC = 6700 g.mol-1, Mw,SEC = 

9300 g.mol-1 and Ð = 1.39 (%yield = 89%). DP100: Mn,SEC = 8400 g.mol-1, Mw,SEC = 

11000 g.mol-1, and Ð = 1.31 (%yield = 87%). 

Biotin labelled DBCO-pHEAn. DBCO-pHEA (0.10 g, 1 Eq), and biotin-maleimide (1.3 

Eq) were dissolved in DMF (1.279 mL), degassed and left to stir for 24 h. The yellow 
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mixture was reprecipitated into diethyl ether from methanol three times, yielding a yellow 

polymer product. The resulting product was dried under vacuum and DMF SEC analysis 

of DP50 (Mn,SEC = 10000 g.mol-1; Mw,SEC = 14000 g.mol-1, and Ð = 1.40) and DP100 

(Mn,SEC = 13000 g.mol-1; Mw,SEC = 19000 g.mol-1, and Ð = 1.46). Average %yield = 81%. 

2.5.4 Cell Culture and Metabolic Labelling 

Cell culture. Human Caucasian lung carcinoma cells (A549) were obtained from 

European Collection of Authenticated Cell Cultures (Public Health England, UK) and 

grown in 175 cm2 Nunc cell culture flasks (ThermoFisher, Rugby, UK). Ham's F-12K 

(Kaighn's) Medium (F-12K) (Gibco, Paisley, UK) was supplemented with 10% USA-

origin fetal bovine serum (FBS) purchased from Sigma Aldrich (Dorset, UK), 100 

units.mL-1 penicillin, 100 µg.mL-1 streptomycin, and 250 ng.mL-1 amphotericin B (PSA) 

(HyClone, Cramlington, UK). A549 cells were incubated in a humidified atmosphere of 

95% air and 5% CO2 at 37 °C. General maintenance of the cell line was completed by 

passaging every 7 days or before reaching 80% confluency and renewing culture medium 

every 3 – 4 days. Cells were dissociated using a balanced salt solution containing trypsin 

(0.25%) and EDTA (1 mM) (Gibsco) and reseeded at a density of 1.87 x 105 cells per 175 

cm2 cell culture flasks. 

Metabolic labelling using Ac4ManNAz and Dibenzocyclooctyne (DBCO)-Cy5. A549 

cells were seeded onto coverslips placed in a 12 well plate, at a density of 4 x 105 cells 

per well. Cells were incubated in Ac4ManNAz (50 µM) for 72 h at 37 ºC and 5% CO2, as 

recommended.97 Following three DPBS washes, cells were incubated with DBCO-Cy5 

(50 µM) for 1 h either immediately or 24 h post removal of Ac4ManNAz. Cells untreated 

with Ac4ManNAz were also incubated with DBCO-Cy5 (50 µM, 1 h). Cells were fixed 

with 4% paraformaldehyde (15 min), stained with NucBlue® Fixed Cell ReadyProbes® 

Reagent and coverslips were mounted using ProLong® Gold Antifade Mountant for 

confocal imaging.  
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Re-engineering cell surface glycans with DBCO-pHEAn-Fl. A549 cells were seeded 

onto coverslips placed in a 12 well plate, at a density of 4 x 105 cells per well. Cells were 

incubated in Ac4ManNAz (50 µM) for 72 h at 37 ºC and 5% CO2. Following three DPBS 

washes, cells were incubated with DBCO-pHEAn-Fl (1 – 10 mg mL-1, 1 h), fixed with 

4% paraformaldehyde immediately (15 min), 4 h, 8 h, 16 h and 24 h post conjugation and 

stained with NucBlue® Fixed Cell ReadyProbes® Reagent. Coverslips were mounted 

using ProLong® Gold Antifade Mountant and cells were imaged with confocal 

microscopy. Live cell imaging was also completed using an Olympus CX41 microscope 

equipped with a UIS-2 20x/0.45/∞/0−2/FN22 lens (Olympus Ltd., Southend on sea, U.K.) 

and a Canon EOS 500D SLR digital camera and those images were processed using 

ImageJ for image cytometry; see appendix. 

Introducing biological functionality with DBCO-pHEAn-Biotin. A549 cells were 

seeded in a 12 well plate at a density of 4 x 105 cells per well in Ac4ManNAz (50 µM) 

and left to incubate for 72 h at 37 ºC and 5% CO2. Following three DPBS washes, cells 

were incubated with DBCO-pHEAn-Biotin (10 mg.mL-1) for 1 h and subsequently 

incubated with streptavidin-Cy3 (50 µM, 1 h) either immediately or 24 h afterwards. 

Samples were fixed with 4% paraformaldehyde, stained with NucBlue® Fixed Cell 

ReadyProbes® Reagent and coverslips were mounted using ProLong® Gold Antifade 

Mountant and imaged using confocal microscopy (n = 3). Zeiss ZEN (blue edition) 2.3 

lite was utilised for image collection and processing. Relative fluorescence measurements 

were obtained with ImageJ from confocal images. 

Cytotoxicity measurements. Cytotoxicity against A549 was measured using Alamar 

blue reagent. A549 cells (1 x 104 cells per well) were incubated with either DBCO-

pHEAn-Fl or DBCO-pHEAn-Biotin at concentrations of 1, 5, and 10 mg.mL-1 for 1 h in a 

96 well plate.  Following three washes with DPBS, cells were incubated in normal cell 

culture media for 24 h. Cell viability was determined by adding alamar blue reagent (10% 
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v/v) to polymer treated and untreated (control) cells. Absorbance measurements were 

obtained at 570 nm and 600 nm using a BioTek Synergy HT microplate reader to monitor 

the reduction of resazurin to resorufin by viable cells. Wells containing media and alamar 

blue alone were also measured to provide a background subtraction value. Cells were 

incubated for 4 h at 37 ºC and 5% CO2 with readings obtained every 30 min / 1 h. Total 

cell viability was reported relative to control cells grown solely in cell culture media alone 

and untreated with polymer. To note: The polymer-dye conjugate did not interfere with 

the assay. Three biological repeats were completed. 
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CHAPTER 3 

Quantitative Assessment of Cell-Polymer Hybrids 

Obtained by ‘Clicking’ Synthetic Polymers to 

Metabolically Labelled Cell Surface Glycans 

 

3.1 – Abstract 

Re-engineering of mammalian cell surfaces with polymers enables the introduction of 

functionality including imaging agents, drug cargoes and antibodies for cell-based 

therapies. In Chapter 2, we reported that metabolic glycan labelling allows versatile re-

engineering of cell surface glycans with synthetic polymers through the installation of 

bio-orthogonal handles. Quantitative assessment of this approach and the robustness of 

the engineered coatings has yet to be explored, a vital requirement for potential use in 

cell-based applications. Similar to Chapter 2, dibenzocycloctyne (DBCO)-modified 

poly(hydroxyethyl acrylamide) (pHEA) was grafted onto azido labelled cell surface 

glycans, using strain-promoted azide-alkyne ‘click’ cycloaddition. Flow cytometry and 

confocal microscopy were used to assess various parameters controlling the outcome of 

this ‘grafting to’ process. Highly controllable cell surface grafting densities were obtained 

through modulation of polymer chain length and/or concentration. Over 95% of cells 

were covalently modified and, in all cases, homogenously coated cell populations were 

obtained. Cell surface bound polymers were retained for up to 72 hours, persisting 

through several mitotic divisions during this period; however, intracellular uptake was 
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observed likely due to membrane turnover processes. Neuraminidase cleavage of azido 

glycans reduced pHEA grafting but enzyme activity was reduced towards polymer-

modified azido glycans. Hence, polymer coatings can withstand native biological 

processes, such as cell division and enzymatic cleavage, to some extent. The highly 

controllable, cytocompatible and selective nature of polymer re-engineering of cell 

surfaces using metabolic glycan labelling provides a simple and versatile tool for future 

use in cell tracking and/or cell-based therapies. 
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3.2 – Introduction 

Cell-based therapies have expanded the repertoire of tools in modern medicine, providing 

an arsenal of treatments in addition to conventional drugs and protein-based therapies. 

Chimeric antigen receptor (CAR)-T cell therapy has rapidly emerged as a potential 

treatment for multiple haematological malignancies through the introduction of cancer 

targeting receptors to T-cell surfaces.1–3 However, viral vector transduction of T-cells, the 

process which randomly inserts the CAR transgenes into the genome, presents risks of 

genetic defects, such as insertional oncogenesis and gene silencing, and low transfection 

efficiency rates (20 – 70%).3–7 Thus, manufacturing practicality is an issue due to 

production and quality control costs along with safety and ethical concerns.8,9 Genetic 

techniques are also not easily adapted to introduce non-biotic components such as drugs, 

tracking modalities, and non-natural amino acids.10  

Re-engineering of mammalian cell surfaces with synthetic polymers is an emerging field 

that enables rapid and simple chemical re-modelling of cells to introduce non-natural 

functionality. Masking of cell surface antigens on erythrocytes and islet cells, by 

conjugating polyethylene glycol (PEG) to membrane proteins or inserting them into the 

membrane with alkyl or lipid anchors, has been widely explored to improve blood 

transfusions,11–13 reduce malaria parasite binding,14 prevent islet transplant rejection,15 

and modulate inflammatory responses.16–18 Cellular patterns, tissue models (cell stacking) 

and 3-D cellular structures can also be generated through membrane fusion of ketone- or 

oxyamine-functionalised liposomes to manipulate cell-cell and cell-substrate interactions 

through oxime linkages.19 In addition, glycocalyx remodelling with lipid-terminated 

mucin mimetic glycopolymers allows passive insertion of glycan epitopes, with no loss 

of membrane function or mobility, to mediate multiple biological processes.20 For 

example, cells coated with lipidated sialylated glycopolymers can recruit sialic acid-
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binding immunoglobulin-like lectin 7 (Siglec-7), a cell surface receptor able to inhibit 

natural killer (NK) cell activation.21 Godula and co-workers revealed that lipid inserted 

synthetic neoproteoglycans, mimetics of native sulphated glycosaminoglycans (HS 

GAGs), can recruit fibroblast growth factor 2 (FGF2) to induce neural specification 

downstream signalling pathways in embryonic stem cells (ESCs) deficient in exostosin, 

a key glycotransferase enzyme required for native HS GAGs assembly.22 Similarly, rat 

cortical neurons engineered with chondroitin HS GAG conjugated liposomes, for 

membrane fusion, can enhance nerve growth factor-mediated signalling and promote 

neural outgrowth by activating neurotrophin-mediated signalling pathways.  

Despite cell surface engineering with polymers presenting many opportunities, current 

‘grafting to’ and ‘grafting from’ approaches present caveats limiting potential 

applications (explained in detail in Chapter 1); the dominant one between all approaches 

being lack of specificity. Membrane fusion or insertion through polymers attached to 

liposomes or lipids, respectively, dissociate completely from the cell surface in under 24 

h, with reports of a 50% drop in glycopolymers within 4 – 8 h,22 due to intrinsic membrane 

turnover processes.23–25 Thus, to promote neuronal outgrowth with HS-GAGs repeated 

dosages are required.25 In addition, the short residence time of lipidated polymers limits 

potential applications and studies must be carefully selected to meet such demands. For 

example, NK cell activation and cytotoxicity is detectable within short timeframe and 

FGF Erk1/2 signalling occurs within 15 h.21,26 Electrostatic deposition of polycations to 

the intrinsically negatively charged peripheral cellular membrane provides an alternative 

non-covalent ‘grafting to’ approach used in layer-by-layer (LbL) assembly.27 However, 

direct deposition of polycations can dramatically and rapidly reduce cell viability (< 1 h) 

by polycation pore formation and/or acid-catalysed hydrolysis of cell membrane lipidic 

phosphoester bonds.27–30 Cell membrane proteins remain one of the most exploited sites 

for cell surface remodelling with polymers, but labelling heterogeneity and perturbation 
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of vital protein activity remain drawbacks.31 In addition, reactions must occur in the 

absence of protein species (i.e. non-native conditions) and some reaction conditions, such 

as cyanuric acid activation,69–72 can be highly cytotoxic. Polymers conjugated to proteins 

are also retained for only 24 – 48 h.31 Site-specific amino acid modifications mitigate 

some of these caveats, however, these rely on complex genetic alterations or the use of 

cytotoxic heavy metal catalysts.32–37 Finally, ‘grafting from’ cell surface approaches can 

induce cytotoxicity through protein denaturing, side-reactions, oxygen radical formation 

and catalyst requirements.38 Hawker and co-workers demonstrated that covalent 

conjugation of chain transfer agent (CTA) initiators to membrane proteins for live cell 

polymerisation of PEG-acrylamide, directly from the cell surface, results in cell death 

from extensive mechanical stress.39  

Cell surface glycans are desirable binding sites for synthetic and natural polymer 

conjugation due to their high abundance and major structural, metabolic and recognition 

roles in biology.40–42 Bertozzi and co-workers pioneered the use of metabolic glycan 

labelling to introduce unnatural cell surface glycans with bio-orthogonal 

functionality.43,44 Tetracetylated N-azidoacetylmannosamine (Ac4ManNAz) can be used 

to ‘hijack’ the sialic acid biosynthetic pathway and incorporate azido sialic acid residues 

into the glycocalyx. Shi et al. used metabolic glycan labelling to attach alkynyl-PEG-β-

cyclodextrin onto human peripheral blood mononuclear cells (PBMCs) for 

spatiotemporal control over adhesion with epithelial cancer cells (MCF-7; MUC 1+), 

using photoswitchable azobenzene-MUC1 aptamers; thus, also controlling the cytotoxic 

effects of PBMCs towards MCF-7 cells.45 Furthermore, in vivo nanoparticle delivery 

using metabolic glycan labelling has been used for tracking cell fate, drug delivery and 

photothermal therapy.46–48 In vivo translation is possible via selective labelling of cells 

with enzyme-activated caged Ac4ManNAz derivatives49 or ligand-targeting liposomes,50 

both focused on targeting overexpressed phenotypes. In Chapter 2, we demonstrated that 



  

152 

telechelic polymers generated by RAFT polymerisation can be rapidly and simply 

installed onto metabolically labelled cells.51 Re-engineering of cell surfaces using this 

approach demonstrated several advantages to conventional methods including 

cytocompatibility, bio-orthogonality, and selectivity. However, quantitative assessment 

of the efficiency, robustness, and stability of metabolic glycan labelling for synthetic 

polymer conjugation remains to be explored, a requirement before selecting its use for 

potential applications and to allow comparisons with non-specific strategies. 

In Chapter 3, we present a quantitative study exploring the controllable nature of 

metabolic glycan labelling for live cell grafting of strain alkyne-terminated poly(N-

hydroxyethyl acrylamide) (pHEA) polymers onto azido glycans. The population of cells 

and robustness of polymer coatings are assessed using flow cytometry to determine the 

homogeneity, durability and selectivity of this labelling strategy. As a summary, over 

95% of cells were covalently labelled with pHEA polymers, producing a highly 

homogenous population of coated cells. A direct correlation between the applied polymer 

dosage and cell surface grafting was observed, which persisted through multiple cell 

division cycles, without negatively impacting cell function. Our study provides a guide 

to re-engineer cell surfaces using a simple, robust and bio-orthogonal approach for future 

exploitation in biomedical and biotechnological fields. 
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3.3 – Results and Discussion 

3.3.1 – Telechelic Polymer Synthesis 

 

Scheme 3.1. Telechelic polymer synthesis route. Schematic modified from Chapter 2. 

RAFT (reversible activation fragmentation transfer) polymerisation was used to 

synthesise well-defined telechelic poly(hydroxyethyl acrylamide) (pHEA) polymers 

bearing pentafluorophenyl (PFP) ester and masked thiol (trithiocarbonate) end groups, 

Scheme 3.1.52 The same approach was used as described in Chapter 2 so, to avoid 

repetition, all characterisation data can be found in the Appendix (Fig. A3.1 – A3.7, 

Tables A3.2 and A3.3) including 1H and 19F NMR, IR spectroscopy, SEC, fluorimetry 

and UV-Vis spectroscopy. A library of PFP-pHEAn polymers of five different sizes 

(DP50 – DP150) was synthesised by varying the monomer/RAFT agent ratio, to probe its 

effects on cell surface grafting. [Note: the polymers used here were newly synthesised 

and are not the same as those discussed in Chapter 2]. Molecular weight was estimated 

by 1H NMR and SEC, Table 3.1. SEC confirmed that low dispersities were obtained 

(<1.2). To introduce biorthogonal azide-reactive functionality, PFP-DMP was displaced 

with dibenzocyclooctyne-amine (DBCO-NH2). Complete PFP removal and DBCO 

addition were confirmed by 19F NMR and IR spectroscopy. Excess propyl amine was 

added to ensure complete trithiocarbonate cleavage, which was subsequently coupled to 
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fluorescein maleimide; thus, capitalising on both end groups to introduce dual 

functionality for cell membrane attachment and imaging capabilities. Polymer/dye 

conjugation was confirmed using fluorimetry, UV-Vis spectroscopy and also UV-Vis 

coupled to SEC, Fig. A3.6 – A3.7. An average polymer: dye ratio of 1: 0.96 ± 0.06 was 

calculated by comparing the absorbance of the polymers against a fluorescein calibration 

graph.  A perfect 1:1 ratio between polymer and dye is unexpected due to the formation 

of dead chains during RAFT polymerisation, which do not possess the thiocarbonylthio 

end group.53 

 

Table 3.1. Telechelic PFP-pHEAn polymer SEC results. 

Polymer  [M]:[CTA] %Conv. * Mn,th
†
 / 

g.mol-1 
Mn,exp

‡
 / 

g.mol-1 
MW,exp

‡
 / 

g.mol-1 
Đ‡ DPSEC DPNMR§ 

PFP-
pHEA50 

50 98 6172 10200 12100 1.19 83 52 

PFP-
pHEA75 

75 93 8561 13300 15800 1.19 117 79 

PFP-
pHEA100 

100 95 11392 15200 18400 1.21 133 97 

PFP-
pHEA125 

125 92 13679 17500 20500 1.17 160 120 

PFP-
pHEA150 

150 94 16764 20200 24500 1.21 181 148 

* Monomer conversion determined by 1H NMR spectroscopy. 
† Theoretical molecular weight calculated based on monomer conversion. 
‡ Molecular weight and dispersity (Đ = Mw/Mn) determined by GPC analysis (DMF with 5 mmol NH4BF4 
used as eluent with PMMA standards). 
§ Calculated based on 1H NMR integration values for the polymer CH2 closest to the hydroxyl group and 
also the backbone CH2 relative to the end group CH3 peak. 
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3.3.2 – Azido Glycan Incorporation 

In Chapter 2, an Ac4ManNAz (tetracetylated N-azidoacetylmannosamine) concentration 

of 50 µM was utilised to label A549 cells with azido glycans based on previous reports 

and manufacturer guidelines.54,55 To investigate if this is the ideal concentration for azido 

glycan incorporation, and enable optimisation of the metabolic glycan labelling step in 

this bio-conjugation workflow, A549 cells were incubated with Ac4ManNAz at varying 

concentrations (10 – 150 µM), for 96 h, and were subjected to various tests. Cell viability 

was first assessed using the resazurin reduction assay, revealing an average cell viability 

of 95% when using less than 100 µM of Ac4ManNAz and a significant reduction in cell 

viability at concentrations above 100 µM, Fig. 3.1A. Chen et al. confirmed that 

Ac4ManNAz hydrolysis by intracellular non-specific esterases can induce cytotoxicity of 

A549 cells by accumulating intracellular acetic acid (pH decrease), but at substantially 

higher concentrations (> 500 µM).56 The acetylated form of ManNAz is a vital component 

to ensure efficient diffusion into cells, by increasing membrane permeability through 

increased hydrophobicity.35,57 Peracetylated ManNAc is metabolised up to 900‐fold more 

efficiently compared to the non-acetylated form, so removal of these groups is not 

required nor beneficial for labelling.58,59 Ac4ManNAz requires DMSO solubilisation to 

generate a stock solution (10 mM), which is known to induce cytotoxicity by apoptosis, 

epigenetic changes and oxidative stress,60–63 so a resazurin assay of equivalent DMSO 

concentrations (96 h) was conducted (Fig. 3.1B). Cell viability was significantly reduced 

at DMSO concentrations > 1% (equivalent to 100 µM), confirming that DMSO was a 

major source of cytotoxicity. Although this problem could be resolved by preparing a 

higher concentration stock solution, using extreme concentrations of Ac4ManNAz (> 50 

µM) could potentially alter mitochondrial membrane potential, reduce endocytosis rates 

and oxygen consumption rate (OCR), and downregulate genes associated with adhesion 

cell-cell interactions and ECM-receptor interactions.60,64 
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Figure 3.1. Metabolic glycan labelling viability studies. A resazurin reduction cell 

viability assay was performed on A549 cells incubated with either (A) Ac4ManNAz (10 

– 150 µM, n = 3) or (B) DMSO (0.1 – 1.5%, n = 5) for 96 h. Data is represented by mean 

cell viability relative to control untreated cells ± SEM of n biological repeats (ANOVA, 

Tukey PostHoc; ***: p ≤ 0.001). 

Confocal microscopy was used to confirm the introduction of azido glycans using DBCO-

Cyanine3 (Cy3; 50 µM, 2.5 h), a dye that reacts with azido glycans through strain-

promoted copper-free azide-alkyne cycloaddition (SPAAC), Fig. 3.2. Cell surface 

fluorescence was visualised regardless of the applied Ac4ManNAz dosage, however 

increasing the concentration from 10 µM to 50 µM lead to an increase in cell surface 

fluorescence intensity. Extensive intracellular staining was observed when Ac4ManNAz 

concentrations were increased to 100 µM, i.e. above the cytocompatible region previously 

identified, with surprisingly less surface labelling compared to 50 µM. DMSO can 

interact with the plasma membrane at high concentrations and induce pore formation, 

increased cell permeability and decreased membrane selectivity, which could be a 

possibility, but this was not expected for such low concentrations of DMSO.61,65 Another 

possibility is simply the presence of higher cytosolic concentrations of azido glycans that 
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are labelled due to non-specific uptake of the small molecule probe. Wang et al. reported 

that non-specific passive uptake of DBCO-Cy5 alone can occur within 30 min of 

incubation and worsens with increasing conjugation times,66 demonstrating one of the 

main disadvantages of using hydrophobic small molecule probes for cell tracking and 

labelling. Yamagishi et. al. also demonstrated that DBCO-based fluorescein dyes are 

membrane permeable and label intracellular cytosolic azido sugars, which were later 

incorporated into the glycocalyx.67 Alternatively, cell surface glycans are known to 

continuously recycle to the Golgi apparatus and the lysosome for enzymatic processing, 

which has been tracked previously with dynamic imaging of difluorinated cyclooctyne 

(DIFO)-Alexa Fluor 488 labelled Ac4ManNAz treated CHO cells.68 Dynamic imaging 

revealed that internalisation of a subset of sialoconjugates was achieved within 30 min, 

so the increased intracellular fluorescence observed here with increasing Ac4ManNAz 

concentrations is likely due to membrane turnover processes. 

Live cell images, taken at lower magnifications, are located in the Appendix which show 

a clear decrease in cell number upon increasing Ac4ManNAz above 75 µM Fig. A3.11 – 

A3.12; an indicator of reduced proliferation and/or cytotoxicity. Also located in the 

Appendix are confocal images of Ac4ManNAz treated cells (10 µM, 50 µM and 100 µM) 

incubated with different concentrations of DBCO-Cy3 (20 µM and 100 µM), Fig. A3.8 – 

A3.9, however no differences were observed between the dye concentrations.  
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Figure 3.2. Confocal images of A549 cells treated with Ac4ManNAz (10 – 100 µM, 96 

h) and DBCO-Cy3 (50 µM, 2.5 h). Scale bar = 20 μm. Red = DBCO-Cy3. Blue = DAPI 

(nuclear) stain. 

Flow cytometry, a technique capable of measuring the fluorescence intensity of individual 

cells, confirmed that increasing the concentration of Ac4ManNAz (10 – 100 µM, 96 h) 

leads to the presence of more azido glycans for DBCO-Cy3 conjugation, indicated by the 

overall increase in fluorescence intensity (Fig. 3.3A and 3.3B). Metabolic glycan 

labelling provides the advantage that the presence of cell surface azides is easily 

controlled through modulating feeding amounts of unnatural modified sugar analogues. 

The increase in average fluorescence intensity of cells treated with either 40 µM or 50 

µM of Ac4ManNAz was less significant compared to other concentrations. Thus, to 

promote sufficient cell surface coverage of azido functionalised sialic acids (Sias), whilst 

minimising the loss of cell viability and deterioration of major cellular function, A549 

cells were treated with 40 µM of Ac4ManNAz for 96 h throughout this study. Fewer cells 
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were analysed following treatment with 100 µM of Ac4ManNAz (54,970 events) 

compared to all other concentrations (100k events) due to reduced cell numbers from 

cytotoxicity.  

 

 

 

Figure 3.3. (A) Flow cytometry of A549 cells treated with Ac4ManNAz (0 – 100 µM, 96 

h) and DBCO-Cy3 (50 µM, 2.5 h). (B) The mean fluorescence intensity from the 

fluorescence distribution curves was plotted ± SEM of 3 biological repeats (unpaired t-

test; ns: p ≥ 0.05, **: p ≤ 0.001 ***: p ≤ 0.001). 
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3.3.3 – Controllable Grafting to Cell Surfaces 

In Chapter 2, A549 cells were incubated with DBCO-pHEAn-Fl and minimal cytotoxicity 

was observed, demonstrating polymer biocompatibility for cell surface recruitment. 

However, for a more in-depth study, the cytotoxicity of the whole cell surface grafting 

procedure (rather than the polymer alone), with more polymer chain lengths and 

concentration combinations, is vital to assess the cytocompatibility of metabolic glycan 

labelling for the recruitment of pHEA polymers. Ac4ManNAz treated A549 cells were 

incubated with DBCO-pHEAn polymers (0 – 10 mg.mL-1, 2.5 h) and a resazurin reduction 

cell viability assay was completed 24 h following polymer conjugation, Fig. 3.4. Non-

fluorescent polymers were used to minimise interference with the colorimetric-based 

assays. Insignificant decreases in cell viability were observed regardless of polymer chain 

length and concentrations up to 10 mg.mL-1, Fig. 3.4. In addition, both low magnification 

live cell images in the Appendix, Fig. A3.14 – A3.15, and fixed cell images, Fig 3.5, 

revealed no change to cell morphology and counts. The cytocompatible nature of this 

labelling strategy is attributed to the careful selection of Ac4ManNAz treatment 

conditions, biocompatibility of water-soluble pHEA polymers and the highly bio-

orthogonal and rapid reaction kinetics of DBCO and azides, which do not impede 

bioprocesses and can occur in native biological conditions to remove risks of starvation 

and exertion of unnecessary cellular stress.49 Cytocompatibility is a crucial requirement 

for polymer re-engineering of cells surfaces and positions metabolic glycan labelling 

above many protein coupling (cyanuric acid activation),12,14,69–72 grafting-from cell 

surface38,39 and electrostatic LbL assembly approaches.27–30,73   
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Figure 3.4. Resazurin reduction cell viability assay of DBCO-pHEAn. The cell viability 

of A549 cells was measured 24 h following incubation with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEAn polymers (1 – 10 mg.mL-1, 2.5 h) of different chain lengths. Data is 

represented by mean cell viability relative to control untreated cells ± SEM of 3 biological 

repeats (ANOVA, Tukey PostHoc; ns: p ≥ 0.05). 

The library of DBCO-pHEAn-Fl polymers generated was tested for azide-reactive 

functionality on metabolically labelled cell surface glycans using the maximum 

concentration tested previously for cytotoxicity, Fig. 3.5A. Confocal imaging of A549 

cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pHEAn-Fl (10 mg.mL-1, 2.5 h) 

revealed cell surface bound polymers with clear co-localisation between their highly 

fluorescent fluorescein moieties, especially for shorter polymers (DP50 – DP100), and 

the peripheral membrane, Fig. 3.5B. Reduced pHEA grafting densities were obtained 

with higher molecular weight polymers, indicated by the decrease in cell surface 
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fluorescence along with overall coverage, due to discrepancies between polymer absolute 

(molar) concentrations and mass concentrations for different molecular weight polymers. 

Remarkably, polymer coatings resided on cells undergoing proliferation suggesting 

potential long-term stability, which was further investigated later to quantify the 

robustness of these modifications (section 3.3.5). Similar to DBCO-Cy3 labelled cells, 

DBCO-pHEAn-Fl resulted in some intracellular fluorescence, which was unexpected due 

to the polymers hydrophilic and bulky properties. Confocal images of A549 cells 

incubated with DBCO-pHEAn-Fl alone revealed minimal surface interactions and non-

specific uptake (Fig. 3.8, discussed in the next section), suggesting that the intracellular 

uptake observed here relies on polymer binding to cell surface bound azido Sias. Thus, 

endocytosis-mediated intracellular trafficking of the cell surface polymer-glycan 

conjugates is likely associated with the Sia recycling pathway.74 The accumulation of 

polymers near the nucleus is very similar to images obtained from Bertozzi and co-

workers that confirmed, through dynamic imaging, that cell surface azido glycans 

labelled with DIFO-Alexa Fluor 488 were internalised and accumulate in endosomes, 

lysosomes and at the Golgi apparatus within 30 mins.68 In addition, Kim and co-workers 

demonstrated that metabolic glycan labelling can capture and promote the uptake of 

BCN-CNPs (bicyclo[6.1.0]nonyne-modified glycol chitosan nanoparticles) possessing 

different imaging agents (Cy5.5, iron and gold) to track stem cells fate in vivo, by 

exploiting glycan membrane turnover processes for rapid internalisation.47 Further 

mechanistic studies revealed that these particles enter cells and become entrapped within 

endosomes and lysosomes before their release.75 Thus, the combination of these results 

and precedent literature suggest that glycan trafficking is not completely perturbed by 

DBCO-pHEAn-Fl recruitment to the cell surface and membrane turnover promotes cell 

surface polymer-glycan conjugate uptake.  
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Figure 3.5. (A) Grafting DBCO-pHEA50 – 150-Fl onto A549 cells with metabolic glycan 

labelling. (B) Confocal images of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA50 – 150-Fl polymers (10 mg.mL-1, 2.5 h) varying in length. Scale bar = 20 

μm. Green = DBCO-pHEAn-Fl. Blue = DAPI stain. 
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Flow cytometry of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-

pHEAn-Fl (1.25 – 10 mg.mL-1, 2.5 h) was undertaken to provide quantitative insight into 

cell surface grafting densities as a function of molecular weight and concentration on this 

newly explored grafting to cell surface approach, Fig. 3.6A. Lower molecular weight 

polymers resulted in great cell surface fluorescence (i.e. higher grafting densities) at all 

concentrations, especially DP50. Mass concentrations were used, instead of absolute 

molar concentrations, because of polymer dispersities and issues with obtaining accurate 

and consistent molecular weight values using SEC and 1H integration values, seen 

previously in Table 3.1. Thus, the decreasing trend in cell surface grafting as a function 

of increasing polymer length was attributed to differences in absolute molar concentration 

at equivalent mass concentrations (i.e. at equal mass there are fewer fluorescein end-

groups). To accommodate these differences, the mean fluorescence intensity of cells 

treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pHEAn-Fl (1.25 - 20 mg.mL-1, 2.5 

h) were extracted from flow cytometry data and a comparison was made between half 

chain length polymers, Fig. 3.6B. The fluorescence intensity of cells treated with 10 

mg.mL-1 of DP50 and DP75 polymers versus DP100 and DP150 polymers decreased by 

~60%, which is close to the expected theoretical value of 50% if controlled 

polymerisation achieved the expected DP values. The discrepancies between theoretical 

and experimental values could be due to steric hindrance effects limiting the availability 

of the polymer end group for efficient binding with azido glycans. 

Direct proportionality between the applied DBCO-pHEAn-Fl dosage and fluorescence 

output was observed (i.e. if you double the concentration of polymer, the fluorescence 

intensity of the cell approximately doubles) except at high concentrations of DP50 (10 

mg.mL-1). This degree of proportionality has also been reported for PEG (1 kDa and 5 

kDa) and poly(MVK) (methyl vinyl ketone) glycopolymers anchored to cell membranes 

with 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) phospholipid.21,76 To 
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further expand on this, and clearly observe the increasing fluorescence intensity as a 

function of applied polymer dosage, the mean fluorescence intensities recorded for each 

polymer chain length were normalised respective to the reading obtained when 10 mg.mL-

1 of polymer was applied and plotted against log10[DBCO-pHEAn-Fl] and [DBCO-

pHEAn-Fl], Fig. 3.6C and 3.6D. Dose-response curve fittings illustrated a continuous 

increase in the fluorescence intensity of cells with increasing log10[DBCO-pHEAn-Fl], 

except in the case of the DP50 polymer where the increase slowed at 10 mg.mL-1 

suggesting potential saturation of azido-glycan receptors, Fig. 3.6C. A direct correlation 

between the applied DBCO-pHEAn-Fl dose and mean cell fluorescence intensity was 

observed for DP75 – DP150 polymers with near-identical slopes (~0.1) and R-squared 

values between 0.955 and 0.991, Fig. 3.6D. Thus, by modulating the polymer 

concentration applied, cell surface coverage can be predictably tuned. As fluorescence 

emission intensities began to plateau at 10 mg.mL-1 for smaller polymers, and to avoid 

exceeding the flow cytometers dynamic range, the optimum concentrations of DBCO-

pHEAn-Fl selected for all further studies were 5 mg.mL-1 and 10 mg.mL-1.  
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Figure 3.6. (A) Flow cytometry of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA50 – 150-Fl (0 – 10 mg.mL-1, 2.5 h) varying in chain length. (B) Mean 

cell fluorescence intensity values were extracted from flow cytometry data and reported 

± SEM of 3 biological repeats (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, **p ≤ 0.01, ***p 

≤ 0.001). Mean fluorescence readings were normalised and reported (± SEM of 3 

biological repeats) against (C) log10[DBCO-DMAEMA] with dose-response fitting or 

(D) against [DBCO-DMAEMA] with simple linear regression. 
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All polymer lengths demonstrated sufficient cell surface coverage providing a rapid and 

versatile polymer grafting approach that can be fine-tuned for specific applications where 

molecular weight dependence has functional importance, including linkers to prevent 

cytotoxicity of cell surface bound charged species,77 enhancing the activity of surface 

bound enzymes78 and attachment of large biomolecules.79 Polymer re-engineering occurs 

within 2.5 h, however, this can be minimised to 1 h (seen in Chapter 1). Studies using 

lipidated polymer approaches, such as AF488 conjugated PEG-lipid and sialylated 

glycopolymers, and liposomal membrane fusion require 30 – 45 min of incubation but 

present lower grafting densities and are conjugated in Hank's Balanced Salt Solution 

(HBSS), whereas our approach is completed in fully supplemented media.21,24,25 

However, one of the main disadvantages of metabolic glycan labelling for polymer 

recruitment is the pre-treatment with Ac4ManNAz, which prolongs the polymer 

conjugation process.  

In Hawker and co-workers’ grafting from cell surface study, whereby yeast cells were 

modified with CTA-NHS for surface-initiated polymerisation, flow cytometry revealed 

fluorescence emission spectra spanning over 4 orders of magnitude.39 As a comparison, 

in the same study, yeast cells were also treated with PEG-NHS (grafting to cell surface), 

which produced heterogeneously labelled yeast populations with varying labelling 

intensities. Grafting DBCO-pHEAn-Fl to metabolically labelled cells resulted in 

homogenously labelled cell populations, indicated by the narrow Gaussian distribution 

curves observed in Fig. 3.6A. The narrow fluorescence intensity peaks are comparable to 

those obtained using lipid insertion approaches,21,24,25 showing that this strategy possesses 

many of the advantageous labelling properties of passive hydrophobic membrane 

insertion. 
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3.3.4 – Selectivity Towards Azido Glycan Labelled Cells 

The above results demonstrate that metabolic glycan labelling can be used to controllably 

remodel cell surfaces through covalent conjugation of DBCO-modified polymers onto 

cell surface glycans in a dose- and molecular weight-dependent manner. The main 

advantage of using metabolic glycan labelling to re-engineer cell surfaces with polymers, 

compared to conventional non-specific approaches, is the ability to specifically target 

cells that have been labelled with bio-orthogonal functional groups. For translational 

applications, the quantification of non-specific polymer binding and/or uptake is crucial, 

especially as large, moderately hydrophobic DBCO end-groups could interact with the 

cell membrane. In addition, poly(N-(2-hydroxypropyl) methacrylamide) and poly(N-

isopropylacrylamide) internalisation and intracellular trafficking has been exploited to 

develop nanoscale carriers for drug delivery, so non-specific uptake of pHEA could be 

possible at high concentrations.80–82 Confocal images were taken of A549 cells incubated 

with the maximum concentration of DBCO-pHEAn-Fl (10 mg.mL-1, 2.5 h) used in 

Chapter 3.3.3, Fig. 3.7. Non-specific surface interactions were not observed, but the 

presence of minimal non-specific uptake was noted. In comparison to Ac4ManNAz 

treated cells, this intracellular fluorescence appeared negligible. Thus, the fluorescence 

previously observed on the cell surface is attributed to the highly specific nature of 

strained alkyne-azide reactions, even in the presence of a myriad of extracellular and 

intracellular biological components, and further supports the claim that intracellular 

fluorescence is predominantly due to membrane turnover processes.  
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Figure 3.7. Non-specific binding/uptake of DBCO-pHEA50 – 150-Fl. Confocal images of 

A549 cells treated with DBCO-pHEA50 – 150-Fl polymers alone (10 mg.mL-1, 2.5 h) 

varying in length. Scale bar = 20 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) 

stain. 
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Flow cytometry was used to measure the fluorescence intensity of cells treated with either 

5 mg.mL-1 (Fig. 3.8A) or 10 mg.mL-1 (Fig. 3.8D) of DBCO-pHEAn-Fl (2.5 h) alone to 

compare against Ac4ManNAz treated cells (40 µM, 96 h) and quantitatively assess non-

specific uptake/binding. Minimal overlap was found between the fluorescence 

distribution of azido treated and untreated cells, confirming that DBCO-pHEAn-Fl 

induces minimal non-specific binding/uptake. A significant increase in the mean 

fluorescence intensity of cells treated with both Ac4ManNAz and DBCO-pHEAn-Fl was 

observed, compared to the polymer alone, at all polymer chain lengths and the two 

concentrations applied, 5 mg.mL-1 (Fig. 3.8B) and 10 mg.mL-1 (Fig. 3.8E). To further 

emphasize the selectivity of this approach, a gating strategy was applied to determine the 

percentage of polymer-azido conjugated cells with fluorescence emission intensity above 

that of 99% of control cell populations (completely untreated) and 95/99% of azido 

untreated, polymer treated cells (Ac4ManNAz-, DBCO-pHEAn-Fl+), Fig. 3.8C and 3.8F. 

Irrespective of polymer chain length, > 99% of cells treated with both Ac4ManNAz and 

10 mg.mL-1 of DBCO-pHEAn-Fl possessed fluorescence intensity values above the 99% 

control cell population threshold and > 95% above 99% of cells treated with of DBCO-

pHEAn-Fl, Fig. 3.8F. These statistics worsened when applying lower DBCO-pHEAn-Fl 

concentrations, especially with higher molecular weight polymers, due to lower grafting 

densities. Regardless, non-specific binding/uptake only contributed between 4.5 – 9.3% 

towards the total cell fluorescence when covalently grafting 10 mg.mL-1 of polymer, 

compared to 5.9 – 10.6% with 5 mg.mL-1. 
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Figure 3.8. Quantitative assessment of non-specific binding. Flow cytometry results of 

A549 cells treated with (+, red) or without (-, blue) Ac4ManNAz (40 µM, 96 h) and 

subsequently with either (A) 5 mg.mL-1 (above blue dashed line) or (D) 10 mg.mL-1 
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(below blue dashed line) of DBCO-pHEA50 – 150-Fl (2.5 h). (A, D) Untreated control cells 

were also analysed using flow cytometry (grey). (B, E) Mean cell fluorescence intensity 

was calculated ± SEM of 5 biological repeats from the flow cytometry data (ANOVA, 

Tukey PostHoc; ***: p ≤ 0.001. (C, F) The percentage of cells treated with both 

Ac4ManNAz and DBCO-pHEA50 – 150-Fl (5 mg.mL-1, 10 mg.mL-1; 2.5 h) with 

fluorescence intensity gated higher than 99% of untreated cells or above either 95% or 

99% of cells treated with DBCO-pHEA50 – 150-Fl alone was determined ± SEM of 5 

biological repeats.  

 

Previously reported values for the percentage of cells labelled using other polymer 

conjugation methods are not available, so a more detailed comparison of conjugation 

efficiency could not be made. In addition, studies that do conduct flow cytometry do not 

provide an unmodified polymer control (e.g. without NHS or lipid anchor)21,24,31,76 to 

investigate non-specific interactions. However, surface alterations using genetic-based 

approaches for the production of CAR-T and CAR-NK cells are limited by highly variable 

transfection efficiency rates ranging from 12.8 % – 70%3–7,83–85 and 5% – 90%,86–89 

respectively, so the introduction of ‘receptor-like’ chemical groups provides the 

opportunity to re-engineer cell surfaces with greater efficiency compared to gene-editing 

techniques and with the added potential of introducing non-native functionality.  
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3.3.5 – Cell Surface PHEA Duration  

Metabolic glycan labelling has proven to allow controllable cell surface polymer re-

engineering of over 95% of cell populations, with minimal non-specific binding/uptake; 

however, the duration of polymer conjugation remains to be fully explored. Uptake of 

DBCO-pHEAn-Fl polymers appeared to occur during conjugation onto Ac4ManNAz 

surfaces, indicating that this could be a rapid process. The surface half-life of Neu5Ac 

(the most abundant Sia) has been reported to be ~30 h.90,91 Thus, due to the dynamic 

nature of Sia recycling, confocal imaging of cells treated with Ac4ManNAz and DBCO-

pHEAn-Fl (10 mg.mL-1, 2.5 h) was completed at multiple time points to visualise the 

duration of polymer recruitment, Fig. 3.9. A clear decrease in fluorescence intensity 

localised to the peripheral cell membrane was observed especially at 24, 48 and 72 h time 

points as expected based on the timeframe of Sia recycling. In addition, the presence of 

increasing cytosolic fluorescence suggests that intracellular uptake of cell surface bound 

polymers occurs over time, which may be an advantageous property that could be 

exploited for drug delivery. However, for polymer re-engineering of cell surfaces, 

metabolic glycan labelling presents the issue that at 72 h polymers appear to be 

completely located intracellularly or lost, rather than on the cell surface. Low 

magnification images located in the Appendix revealed DP50 polymers can reside on the 

cell surface for 72 h (Fig. A21 – A23). The presence of cell surface localised pHEA at 24 

and 48 h (and in some cases 72 h) timepoints confirms the ability for polymer coating to 

persist through multiple mitotic divisions and hence the robustness of engineered 

coatings. In addition, lipid insertion and membrane fusion approaches are limited by far 

more rapid dissociation times (3 – 24 h),21,22,25,31  in some cases requiring multiple 

treatments to achieve desired functionality,25 so the longer persistence of polymers 

recruited by metabolic glycan labelling may be beneficial.  Previous studies have 

demonstrated that A549 cells treated with Ac4ManNAz and DBCO-Cy5 results in cell 
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surface bound azido-modified sialoconjugates for up to 48 – 72 h.92,93 Thus, glycan 

trafficking over time appears unaffected by polymer conjugation onto azido Sia.   

 

Figure 3.9. Imaging DBCO-pHEA50 – 150-Fl loss over time. Confocal images of A549 

cells were taken following treatment with Ac4ManNAz (40 µM, 96 h) and DBCO-

pHEA50 – 150-Fl polymers (10 mg.mL-1, 2.5 h) at multiple time points (0 – 72 h). Scale bar 

= 20 μm. Green = DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Flow cytometry was subsequently used to quantitatively assess the loss of polymer over 

time. Ac4ManNAz treated A549 cells (40 µM, 96 h) were incubated with DBCO-pHEA50 

– 150-Fl (5 mg.mL-1 and 10 mg.mL-1, 2.5 h) and analysed 0 – 72 h post-grafting, Fig. 3.10A 

and 3.10B. The flow cytometry cell distribution graphs revealed a clear decrease in 

cellular fluorescence intensity over time, and thus the quantity of covalently recruited 

polymers. Despite polymer loss, homogenously labelled cellular populations were 

maintained, which is visible by the retention of narrow Gaussian-shaped fluorescence 

distribution graphs, indicating that the rate of polymer loss is relatively equal for all cells. 

Regardless of polymer chain length and the two concentrations tested, Ac4ManNAz 

retained polymers over the course of 72 h, surpassing a variety of conventional protein 

coupling and lipid insertion conjugation procedures.22–24,31 Non-specific uptake of 

DBCO-pHEA50 – 150-Fl in A549 cells was rapidly lost within 8 h, Fig 3.10C and 3.10D, 

faster than covalently recruited polymer. 
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Figure 3.10. Monitoring cell fluorescence following polymer treatment. Flow cytometry 

at multiple time points of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and either 

(A) 5 mg.mL-1 or (B) 10 mg.mL-1 of DBCO-pHEA50 – 150-Fl (2.5 h). Ac4ManNAz 

untreated A549 cells treated with either (C) 5 mg.mL-1 or (D) 10 mg.mL-1 of DBCO-

pHEA50 – 150-Fl (2.5 h) were also analysed at 0 and 8 h time points. 
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The mean fluorescence intensity of cells analysed by flow cytometry was extracted and 

used to determine the extent of polymer loss over time, Fig. 3.11A and 3.11B. Cell surface 

polymer grafts were significantly reduced within 24 h. In addition, lower molecular 

weight polymers (< DP100) continued to experience a significant decrease in 

fluorescence intensity after 48 h due to the presence of greater starting grafting densities 

(t = 0 h). Although cells still possessed fluorescence intensity 72 h post-conjugation, the 

confocal images before suggest that this could be predominantly attributed to intracellular 

polymer. Intracellular versus cell surface grafted polymer is not something that flow 

cytometry can distinguish between. To allow a direct comparison between polymer loss 

as a function of polymer chain length, all fluorescence intensity values were normalised 

to the fluorescence reading obtained at t = 0 h for the respective polymer, Fig. 3.11C and 

3.11D.; thus, removing the factor of different starting grafting densities due to different 

molar concentrations. Regardless of polymer chain length and concentration, polymer 

loss occurred at the same rate.  

The percentage fluorescence decrease of cells treated with Ac4ManNAz and DBCO-

pHEA50 – 150-Fl over 24, 48 and 72 h was calculated, Fig 3.11E and 3.11F. Between 60% 

and 77% of polymer was lost within 24 h, with increasing polymer length resulting in 

slightly greater polymer loss. A small portion of this can be attributed to the decrease in 

fluorescence attributed to non-specific polymer uptake, the majority of which is lost 

within the first 8 h (51% – 79%), Fig. 3.11G and 3.11H, and accounts for 6.5 – 13% of 

total polymer loss (also increased with polymer molecular weight).  Thus, a large majority 

of the polymer loss (~50%) can be attributed to the dilution effect following successful 

passing of cell surface polymers to daughter cells. In Chapter 2, DBCO-modified 

biotinylated polymers were captured for over 24 h and used to subsequently recruit cell 

impermeable streptavidin-Cy3,94 thus resulting in sole surface labelling and provides 

further proof of this. The dilution effect due to cell division would also influence the 
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presence of intracellular polymer internalised through glycan recycling.75 Kim and co-

workers’ study on BCN-AuNPs uptake in Ac4ManNAz-treated hMSCs revealed that, 

after 4 days, 40% of BCN-AuNPs were exocytosed and 60% were transferred into 

daughter cells by dilution effect.75 Following 48 h post conjugation, polymer grafting 

density decreased by a further 50 – 60% in comparison to the 24 h time point, further 

emphasising that cell division is most likely the main contributor to polymer loss. The 

ability for polymer conjugation to persist through multiple cell division processes and 

other potential biological processes demonstrates a very robust approach. Inevitably, this 

polymer was lost over time, most likely due to exocytosis of internalised polymer, 

polymer degradation and/or direct degrafting from the cell surface into cell media (as seen 

with protein coupling approaches).31   
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Figure 3.11. Polymer loss over time. (A, B) The mean fluorescence intensity of A549 

cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pHEA50 – 150-Fl (A, 5 mg.mL-1; 
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B, 10 mg.mL-1; 2.5 h) were taken from the flow cytometry distribution graphs at different 

time points (0 – 72 h) and the values were reported ± SEM of 4 biological repeats. (C, D) 

Normalised fluorescence intensity over 72 h relative to t = 0 h value for each polymer 

chain length. (E, F) Percentage decrease in fluorescence intensity ± SEM of 4 biological 

repeats of cell treated with both Ac4ManNAz (40 µM, 96 h) and DBCO-pHEA50 – 150-Fl 

over 24, 48 and 72 h. (G, H) The mean fluorescence intensity of A549 cells treated with 

DBCO-pHEA50 – 150-Fl alone ± SEM of 3 biological repeats at 0 and 8 h timepoints taken 

from the flow cytometry distribution graphs above (Fig. 3.11C and 3.11D) with 

percentage decrease values indicated in red. All graphs on the left of the blue line are 

associated with 5 mg.mL-1 DBCO-pHEA50 – 150-Fl and on the right 10 mg.mL-1. 

(ANOVA, Tukey PostHoc; ns: p > 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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3.3.6 – Glycan Cleavage Assays 

The previous results suggest that glycan trafficking is not removed with polymer 

conjugation. Cell surface bound Sia are released by sialidases, coded by NEU genes, 

either on the cell surface (Neu-3), in endosomes/lysosomes (Neu-1 and Neu-4) or in the 

cytosol (Neu-2).74,95 Sia molecules released in the lysosome return to the cytosol, via 

sialin, and are recycled, further degraded or excreted. So, to ensure that Sia release during 

glycan recycling is not completely halted by this approach and to assess the stability of 

polymer-azido glycan conjugates in the presence of sialidases, azido glycan labelled cells 

were treated with α 2-3,6,8,9 neuraminidase A (25 U.mL-1, 1.5 h) either before or after 

DBCO-pHEAn-Fl conjugation, Fig. 3.12A. α 2-3,6,8,9 neuraminidase A cleaves all linear 

and branched non-reducing terminal sialic acid residues from glycoproteins, 

glycopeptides, and oligosaccharides and thus the azido anchoring sites for polymers. 

[Note, the aim here was not to remove all Sia residues but enough to observe a difference 

in polymer grafting behaviour, as the optimum pH for neuraminidase is ~5.5].96,97 Flow 

cytometry was completed using the two neuraminidase treatment conditions and a clear 

decrease in cell fluorescence intensity, and thus polymer grafting, was observed, Fig. 

3.12B. Mean fluorescence intensity values were extracted from the flow cytometry data 

and an overall significant decrease in polymer grafting was observed with both treatment 

groups, Fig 3.12C; however, cells treated with neuraminidase before polymer conjugation 

resulted in 29 – 36% less polymer grafting, whereas neuraminidase treatment after 

polymer conjugation resulted in 13 – 24% loss of polymer. Thus, enzymatic activity may 

be perturbed due to the steric bulk of the polymer on the sialic acids making it less 

accessible to the enzymes active site for cleavage. As neuraminidase cleavage was 

apparent, Sia recycling and release is still possible even with polymer conjugation 

confirming it as a potential mechanism of polymer loss over time.  
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Figure 3.12. Neuraminidase cleavage. (A) Ac4ManNAz treated A549 cells (40 µM, 96 

h), were incubated with neuraminidase (25 U.mL-1, 1.5 h) either before or after DBCO-

pHEA50 – 150-Fl treatment (10 mg.mL-1, 2.5 h) and (B) flow cytometry was used to monitor 

changes in cellular fluorescence intensity. (C) The average fluorescence intensities of 

cells from the flow cytometry distribution graphs were plotted ± SEM of 4 biological 

repeats (ANOVA, Tukey PostHoc; ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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3.4 – Conclusions 

Here we have assessed the grafting of synthetic polymers onto metabolically labelled cell 

surface glycans, using flow cytometry and confocal microscopy, revealing several 

advantages compared to current conventional strategies. Poly(N-hydroxyethyl 

acrylamide) polymers bearing a strained alkyne (for copper-free azide/alkyne click) and 

a fluorescent reporter were controllably grafted onto azide-labelled A549 cells in a dose- 

and molecular weight-dependent manner. Over 95% of cell populations were 

homogenously labelled with polymers and cell viability was retained in all steps through 

the use of mild and rapid reaction conditions. The bio-orthogonal nature of azide-alkyne 

interactions ensured that polymer conjugation was highly specific to azido glycan labelled 

cells. Polymer coatings survived several cell division cycles and were retained for up to 

72 h, illustrating both robustness and retention of normal cell function. The majority of 

polymer loss was attributed to membrane turnover processes and the ‘dilution effects’ of 

cell division. Non-specific grafting to cell surface approaches (protein coupling, 

hydrophobic insertion and membrane fusion) are unable to label cells with high 

specificity, rely on non-native reaction conditions, suffer from extensive and rapid 

polymer loss (< 24 h) and/or result in heterogeneously labelled cell populations. Polymer 

attachment onto metabolically labelled glycans can limit these caveats and presents a 

rapid, efficient, robust and versatile method to re-engineer mammalian cell surfaces. This 

methodology will enable the development of new polymer/cell hybrids with the potential 

to embed tracking, therapeutic or recognition domains into the cell surface for the study 

of cellular interactions and cell-based therapies.  
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3.5 – Experimental 

3.5.1 Materials 

Ammonium fluoroborate (NH4BF4), dodecane thiol, tripotassium phosphate (K3PO4), 2-

bromo-2-methylpropionic acid, dichloromethane (DCM), hydrochloric acid (HCl), 

magnesium sulphate (MgSO4), hexane, 4-(dimethylamino) pyridine (DMAP), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), pentafluorophenol 

(PFP), sodium bicarbonate (NaHCO3), sodium chloride (NaCl), N-hydroxyethyl 

acrylamide (HEA), 4,4′-azobis(4-cyanovaleric acid) (ACVA), toluene, methanol, 

mesitylene, dibenzocyclooctyne-amine (DBCO-NH2), propyl amine, paraformaldehyde, 

phosphate-buffered saline (PBS) pre-formulated tablets, dimethylformamide (DMF), N-

(5-fluoresceinyl)maleimide, calcium chloride (CaCl) and magnesium chloride (MgCl) 

were purchased from Sigma Aldrich Co Ltd (Gillingham, UK) and used without further 

purification. Dulbecco phosphate buffered saline (DPBS), N-azidoacetylmannosamine-

tetraacylated (Ac4ManNAz), NucBlue® Live Cell ReadyProbes®, paraformaldehyde, 

Alamar blue, Nunc™ Lab-Tek™ II Chamber Slide™, Fisherbrand™ Sterile Cell 

Strainers, BD Sphero™ Rainbow Calibration Particles (8 Peaks 3.0-3.4 µm) and BD 

FACSFlow™ Sheath Fluid were purchased from Fisher Scientific (Loughborough, UK). 

α 2-3,6,8,9 Neuraminidase A (316,000 units.mg-1) was purchased from New England 

BioLabs (UK) LTD (Hitchin). 

3.5.2 Physical and analytical methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H, 13C and 19F NMR spectra were 

recorded on a Bruker HD-300 spectrometer at 293 K using deuterated solvents purchased 

from Sigma-Aldrich. Chemical shifts have been reported as δ in parts per million (ppm) 

relative to residual non-deuterated solvent resonances (CDCl3 1H: δ = 7.26 ppm; 13C δ = 

77.16. CD3OD 1H: δ = 3.51 ppm and 4.87 ppm; 13C δ = 47.59 ppm). Polymer 
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compositions and monomer conversions were determined using spectra obtained. Bruker 

Topspin 3.5 Software was used to process and export spectra. 

Size Exclusion Chromatography (SEC). SEC measurements were conducted using an 

Agilent Infinity II MDS instrument equipped with differential refractive index (DRI), 

viscometry (VS), dual-angle light scatter (LS) and variable wavelength UV detectors (set 

at 309 or 494 nm). The system was fitted with 2 x PLgel Mixed D columns (300 x 7.5 

mm) and a PLgel 5 µm guard column. The eluent utilised was DMF with 5 mmol NH4BF4 

additive at a flow rate of 1.0 mL.min-1 at 50 oC. Poly(methyl methacrylate) standards 

(Agilent EasyVials) were used for calibration between 955,000 – 550 g.mol-1. Samples 

were prepared in the mobile phase and passed through a nylon membrane with 0.22 µm 

pore size before injection. Agilent GPC/SEC software was used to determine 

experimental molar mass (Mn,SEC), experimental molecular weight (Mw,SEC) and dispersity 

(Ð) of synthesised polymers.  

Infrared (IR) Spectroscopy. FTIR spectra were acquired using a Jasco FTIR-4200 

(Type A) spectrometer equipped with a PIKE MIRacleTM single reflection horizontal 

accessory possessing a ZnSe single reflection crystal plate (1.8 mm surface dimensions), 

rotating high-pressure clamp (applying maximum pressure), stainless steel crystal plate 

mount and 45o angle of incidence. Analysis of dried crushed samples was completed 

following purging the setup with nitrogen for 30 min. Scans (100) were obtained between 

4000 - 400 cm-1 with a resolution of 4 cm-1. Gain, aperture, scan speed, and filter were all 

set to auto. Standard source and chamber were used along with a triglycine sulphate 

(TGS) detector. 

Fluorimetry. Fluorescence emission spectra were obtained using a Jasco FP-6500 

fluorimeter equipped with a DC-powered 150 W Xenon lamp and holographic grating 

with 1800 grooves.mm-1 modified Rowland mount. Excitation and emission bandwidths 

were set to 3 nm with a response of 1 sec and sensitivity set to medium. The scanning 
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range was set from 450 to 550 nm, with an excitation wavelength selected at 494 nm, all 

with an accuracy of ±1.5 nm and reproducibility of ±0.3 nm. A scanning speed of 100 

nm.min-1 was chosen and a data pitch of 1 nm. 

UV-Vis Spectroscopy. An Agilent Technologies Cary 60 Variable Temperature UV-Vis 

spectrometer was used to record absorbance measurements between 300 and 800 nm at a 

scan rate of 600 nm.min-1 and 1 nm data interval. Dual beam mode was used and the 

system was operated using Agilent software.  

Confocal Microscopy. Confocal imaging was completed using a Zeiss LSM 880 inverted 

microscope with 63x oil immersion objective lenses, equipped with three photomultiplier 

detectors (GaAsP, multialkali and BiG.2) and multichannel spectral imaging with an 

ultra-sensitive GASP detector. The UV and VIS Laser Modules were used to select 

excitation lasers with wavelengths of 561 nm (Cy3) and 488 nm (fluorescein). Zeiss ZEN 

(blue edition) 2.3 lite was utilised for image collection and processing. All other imaging 

was completed using an Olympus CX41 microscope equipped with a UIS-2 

20x/0.45/∞/0−2/FN22 lens (Olympus Ltd., Southend on sea, U.K.) and a Canon EOS 

500D SLR digital camera. 

Flow Cytometry. Flow cytometry was performed on a BD Influx™ cell sorter (BD 

Biosciences) running BD FACS Sortware™ software, equipped with 355-, 488-, 561-, 

and 642-nm lasers and detecting up to 24 parameters (21 fluorescence channels, two 

forward scatter channels and one side scatter). Sample analysis required the use of the 

488 nm excitation laser and 530/30 nm filter for fluorescein and Cy3 measurements. A 

100 µm nozzle was fitted, operating at a sheath and sample pressure of 20 psi and 21.5 

psi, respectively. Stream and laser alignment was performed using BD Sphero™ Rainbow 

Calibration Particles and all sample measurements consisted of a minimum of 50,000 

recorded events. Prior to sample analysis, cells were detached utilising Accutase® 

solution (Fisher Scientific) and passed through Fisherbrand™ Sterile Cell Strainers 
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(Fisher Scientific) to ensure single cell analysis. Voltage settings applied ensured that 

untreated control cells appeared at low fluorescence emission intensities. FlowJo X 

10.0.7r2 (Tree Star, Ashland, USA) was used for all statistical analysis and plotting of 

flow cytometry data.  

Statistical Analysis. Data was analysed with a one-way analysis of variance (ANOVA) 

on ranks followed by comparison of experimental groups with the appropriate control 

group (Tukey’s post hoc test). Graphpad Prism 9 was used for the analyses. 

3.5.3 General procedure for the synthesis of telechelic polymers 

Polymerisation of poly(hydroxylethyl acrylamide) pentafluorophenol ester. The 

PFP-DMP RAFT agent synthesised in Chapter 2 was used and the same polymerisation 

protocol was followed. Briefly, HEA (1.00 g, 8.69 mmol), PFP-DMP and 4,4′-azobis(4-

cyanovaleric acid) (ACVA) were dissolved in a 50:50 toluene: methanol solution (8 mL) 

at ratios presented in Table 3.1 to obtain 5 degrees of polymerisation (DP). Mesitylene 

(150 µL) was used as an internal reference and an aliquot was taken in CDCl3 for NMR 

analysis. The reaction mixture was stirred under N2 for 30 min at RT and a further 90 min 

at 70 oC. An aliquot of the post-reaction mixture was taken for NMR analysis in MeOD, 

allowing percentage conversion calculations. The polymer was reprecipitated into diethyl 

ether from methanol three times, yielding a yellow polymer product. The resulting 

product was dried under vacuum and an aliquot was taken for NMR analysis in MeOD. 

PFP-pHEAn polymers were characterised by 1H, 13C and 19F NMR, IR spectroscopy and 

SEC. NMR and SEC revealed percentage conversions and molecular weights of DP50: 

98.3 %, Mn = 10200, Mw = 12100 g.mol-1; DP75: 93.2 %, Mn = 13300, Mw = 15800 g.mol-

-1; DP100: 95.0 %, Mn = 15200, Mw = 18400 g.mol-1; DP125: 92.3 %, Mn = 17500, Mw = 

20500 g.mol-1; DP150: 94.1 %, Mn = 20200, Mw = 24500 g.mol-1. Average %yield = 89 %. 
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PFP-pHEA50: 1H NMR (300 MHz, MeOD) δppm: 8.08 ppm (br. s, HN-CH2-CH2-OH); 3.66 

ppm (105H, br. s, HN-CH2-CH2-OH); 3.37 ppm (100H, br. s, HN-CH2-CH2-OH); 3.13 

ppm (53H, br. s, backbone CH); 2.32-1.28 ppm (107H, multiple br. s, backbone CH2 and 

H10-14); 1.20 ppm (br. s, H2-9); 0.924 ppm (3H, t, J1-2 = 6.88 Hz, H1). 13C NMR (300 MHz, 

MeOD) δppm: There are no clear distinct peaks, as the signal-to-noise ratio is poor. 19F 

NMR (300 MHz, MeOD) δppm: -155.22 ppm (2F, m, F1, ortho); -161.45 ppm (1F, m, F3, 

para); -165.65 ppm (2F, m, F2, meta). IR v / cm-1: 3279 cm-1 (m-s, N-H stretch (secondary 

amine)); 3091 cm-1 (w, ar. C-H stretch); 2929 cm-1 (w, C-H asym. stretch); 2879 cm-1 (w, 

C-H asym. stretch); 1880 cm-1 - 1750 cm-1 (w (overtone), ar. C-H bend); 1643 cm-1 (s, 

C=O stretch); 1553 cm-1 (s, N-H bend); 1524 cm-1 (m, C-F stretch). 1062 cm-1 (s, C-O 

stretch); 1039 cm-1 (s, S-(C=S)-S stretch); 996 cm-1 (w, C-F stretch). 

PFP-pHEA75: 1H NMR (300 MHz, MeOD) δppm: 8.06 ppm (br. s, HN-CH2-CH2-OH); 3.66 

ppm (159H, br. s, HN-CH2-CH2-OH); 3.37 ppm (140H, br. s, HN-CH2-CH2-OH); 3.14 

ppm (81H, br. s, backbone CH); 2.34-1.27 ppm (163H, multiple br. s, backbone CH2 and 

H10-14); 1.20 ppm (14H, t, H2-9); 0.924 ppm (3H, t, J1-2 = 6.88 Hz, H1). 13C NMR (300 

MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-to-noise ratio is poor. 

19F NMR (300 MHz, MeOD) δppm: -155.25 ppm (2F, m, F1, ortho); -161.50 ppm (1F, m, 

F3, para); -165.65 ppm (2F, m, F2, meta). IR v / cm-1: 3283 cm-1 (m-s, N-H stretch 

(secondary amine)); 3090 cm-1 (w, ar. C-H stretch); 2928 cm-1 (w, C-H asym. stretch); 

2876 cm-1 (w, C-H asym. stretch); 1641 cm-1 (s, C=O stretch); 1524 cm-1 (s, N-H bend); 

1523 cm-1 (m, C-F stretch). 1062 cm-1 (s, C-O stretch); 1032 cm-1 (s, S-(C=S)-S stretch); 

997 cm-1 (w, C-F stretch). 

PFP-pHEA100: 1H NMR (300 MHz, MeOD) δppm: 8.07 ppm (br. s, HN-CH2-CH2-OH); 

3.66 ppm (203H, br. s, HN-CH2-CH2-OH); 3.37 ppm (169H, br. s, HN-CH2-CH2-OH); 

3.14 ppm (101H, br. s, backbone CH); 2.32-1.27 ppm (198H, multiple br. s, backbone 

CH2 and H10-14); 1.20 ppm (14H, t, J1-2 = 7.20 Hz, H2-9); 0.924 ppm (3H, t, J1-2 = 6.77 Hz, 
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H1). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-to-

noise ratio is poor. 19F NMR (300 MHz, MeOD) δppm: -155.24 ppm (2F, m, F1, ortho); -

161.48 ppm (1F, m, F3, para); -165.63 ppm (2F, m, F2, meta). IR v / cm-1: 3279 cm-1 (m-

s, N-H stretch (secondary amine)); 3091 cm-1 (w, ar. C-H stretch); 2932 cm-1 (w, C-H 

asym. stretch); 2871 cm-1 (w, C-H asym. stretch); 1635 cm-1 (s, C=O stretch); 1554 cm-1 

(s, N-H bend); 1525 cm-1 (m, C-F stretch). 1061 cm-1 (s, C-O stretch); 1035 cm-1 (s, S-

(C=S)-S stretch); 998 cm-1 (w, C-F stretch).  

PFP-pHEA125: 1H NMR (300 MHz, MeOD) δppm: 8.05 ppm (br. s, HN-CH2-CH2-OH); 

3.66 ppm (241H, br. s, HN-CH2-CH2-OH); 3.37 ppm (177H, br. s, HN-CH2-CH2-OH); 

3.14 ppm (120H, br. s, backbone CH); 2.31-1.29 ppm (232H, multiple br. s, backbone 

CH2 and H10-14); 1.20 ppm (14H, t, J1-2 = 6.93 Hz, H2-9); 0.923 ppm (3H, t, J1-2 = 6.93 Hz, 

H1). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-to-

noise ratio is poor. 19F NMR (300 MHz, MeOD) δppm: -155.23 ppm (2F, m, F1, ortho); -

161.44 ppm (1F, m, F3, para); -165.64 ppm (2F, m, F2, meta). IR v / cm-1: 3283 cm-1 (m-

s, N-H stretch (secondary amine)); 3092 cm-1 (w, ar. C-H stretch); 2932 cm-1 (w, C-H 

asym. stretch); 2871 cm-1 (w, C-H asym. stretch); 1642 cm-1 (s, C=O stretch); 1554 cm-1 

(s, N-H bend); 1524 cm-1 (m, C-F stretch). 1063 cm-1 (s, C-O stretch). 

PFP-pHEA150: 1H NMR (300 MHz, MeOD) δppm: 8.05 ppm (br. s, HN-CH2-CH2-OH); 

3.66 ppm (295H, br. s, HN-CH2-CH2-OH); 3.37 ppm (233H, br. s, HN-CH2-CH2-OH); 

3.14 ppm (142H, br. s, backbone CH); 2.34-1.27 ppm (282H, multiple br. s, backbone 

CH2 and H10-14); 1.20 ppm (16H, t, J1-2 = 6.45 Hz, H2-9); 0.923 ppm (3H, t, J1-2 = 6.93 Hz, 

H1). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-to-

noise ratio is poor. 19F NMR (300 MHz, MeOD) δppm: -155.24 ppm (2F, m, F1, ortho); -

161.46 ppm (1F, m, F3, para); -165.65 ppm (2F, m, F2, meta). IR v / cm-1: 3275 cm-1 (m-

s, N-H stretch (secondary amine)); 3094 cm-1 (w, ar. C-H stretch); 2927 cm-1 (w, C-H 

asym. stretch); 2879 cm-1 (w, C-H asym. stretch); 1640 cm-1 (s, C=O stretch); 1551 cm-1 
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(s, N-H bend); 1527 cm-1 (m, C-F stretch). 1061 cm-1 (s, C-O stretch); 1034 cm-1 (s, S-

(C=S)-S stretch). 

Functionalisation of PFP-pHEAn with DBCO-NH2 and reduction of thiocarbonate. 

PFP-p(HEA)n (0.20 g, 1 Eq), and dibenzocyclooctyne-amine (DBCO-NH2; 2 Eq) were 

stirred in methanol (3 mL) for 16 h. Subsequent addition of propyl amine (1.5 eq) for 2 h 

was used to ensure complete reduction of the thiocarbonate moiety to a thiol group. The 

polymer was reprecipitated into diethyl ether from methanol three times, yielding a white 

polymer product. The resulting product was dried under vacuum and DMF SEC analysis 

was completed, Table A3.2. An aliquot was also taken for NMR analysis in MeOD. The 

resulting product was dried under vacuum and DMF SEC analysis of DP50 (Mn = 12500 

g mol-1; Mw = 15300 g mol-1, and Ð = 1.22), DP75 (Mn = 19500 g mol-1; Mw = 

21300 g mol-1, and Ð = 1.09), DP100 (Mn = 20000 g mol-1; Mw = 25900 g mol-1, and Ð = 

1.30), DP125 (Mn = 20500 g mol-1; Mw = 27200 g mol-1, and Ð = 1.33) and DP150 (Mn = 

24100 g mol-1; Mw = 30400 g mol-1, and Ð = 1.26). DBCO-pHEAn polymers were also 

characterised by IR spectroscopy and fluorimetry. Average %yield = 91%. 

DBCO-p(HEA)50. 1H NMR (300 MHz, MeOD) δppm: 7.79 ppm – 7.03 ppm (br. m, aromatic 

DBCO CH); 3.66 ppm (104H, br. s, HN-CH2-CH2-OH); 3.37 ppm (br. s, HN-CH2-CH2-

OH); 3.14 ppm (53H, br. s, backbone CH); 2.36-1.16 ppm (98H, multiple br. s, backbone 

CH2). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-

to-noise ratio is poor. 19F NMR (300 MHz, MeOD) δppm: No peaks present, as expected. 

IR v / cm-1: 3283 cm-1 (m-s, N-H stretch (secondary amine)); 3089 cm-1 (w, ar. C-H 

stretch); 2930 cm-1 (w, C-H asym. stretch); 2879 cm-1 (w, C-H asym. stretch); 1875 cm-1 

- 1695 cm-1 (w (overtone), ar. C-H bend); 1644 cm-1 (s, C=O stretch); 1556 cm-1 (s, N-H 

bend)); 1253 cm-1 (w, DBCO C-N stretch);  1064 cm-1 (s, C-O stretch). 
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DBCO-p(HEA)75. 1H NMR (300 MHz, MeOD) δppm: 7.80 ppm – 7.03 ppm (br. m, aromatic 

DBCO CH); 3.66 ppm (158H, br. s, HN-CH2-CH2-OH); 3.33 ppm (br. s, HN-CH2-CH2-

OH); 3.14 ppm (76H, br. s, backbone CH); 2.36-1.21 ppm (144H, multiple br. s, backbone 

CH2). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as the signal-

to-noise ratio is poor, of interest. 19F NMR (300 MHz, MeOD) δppm: No peaks present, as 

expected. IR v / cm-1: 3284 cm-1 (m-s, N-H stretch (secondary amine)); 3093 cm-1 (w, ar. 

C-H stretch); 2930 cm-1 (w, C-H asym. stretch); 2878 cm-1 (w, C-H asym. stretch); 1643 

cm-1 (s, C=O stretch); 1555 cm-1 (s, N-H bend)); 1254 cm-1 (w, DBCO C-N stretch); 1063 

cm-1 (s, C-O stretch). 

DBCO-p(HEA)100. 1H NMR (300 MHz, MeOD) δppm: 7.80 ppm – 7.03 ppm (br. m, 

aromatic DBCO CH); 3.66 ppm (194H, br. s, HN-CH2-CH2-OH); 3.33 ppm (br. s, HN-

CH2-CH2-OH); 3.14 ppm (95H, br. s, backbone CH); 2.35-1.29 ppm (189H, multiple br. 

s, backbone CH2). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, as 

the signal-to-noise ratio is poor, of interest. 19F NMR (300 MHz, MeOD) δppm: No peaks 

present, as expected. IR v / cm-1: 3281 cm-1 (m-s, N-H stretch (secondary amine)); 3087 

cm-1 (w, ar. C-H stretch); 2929 cm-1 (w, C-H asym. stretch); 2875 cm-1 (w, C-H asym. 

stretch); 1645 cm-1 (s, C=O stretch); 1554 cm-1 (s, N-H bend)); 1254 cm-1 (w, DBCO C-

N stretch); 1063 cm-1 (s, C-O stretch). 

DBCO-p(HEA)125. 1H NMR (300 MHz, MeOD) δppm: 7.80 ppm – 7.03 ppm (br. m, 

aromatic DBCO CH); 3.66 ppm (241H, br. s, HN-CH2-CH2-OH); 3.33 ppm (br. s, HN-

CH2-CH2-OH); 3.14 ppm (118H, br. s, backbone CH); 2.35-1.23 ppm (229H, multiple 

br. s, backbone CH2). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, 

as the signal-to-noise ratio is poor, of interest. 19F NMR (300 MHz, MeOD) δppm: No peaks 

present, as expected. IR v / cm-1: 3287 cm-1 (m-s, N-H stretch (secondary amine)); 3088 

cm-1 (w, ar. C-H stretch); 2929 cm-1 (w, C-H asym. stretch); 2877 cm-1 (w, C-H asym. 
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stretch); 1646 cm-1 (s, C=O stretch); 1552 cm-1 (s, N-H bend)); 1254 cm-1 (w, DBCO C-

N stretch); 1063 cm-1 (s, C-O stretch). 

DBCO-p(HEA)150. 1H NMR (300 MHz, MeOD) δppm: 7.80 ppm – 7.08 ppm (br. m, 

aromatic DBCO CH); 3.66 ppm (295H, br. s, HN-CH2-CH2-OH); 3.33 ppm (br. s, HN-

CH2-CH2-OH); 3.14 ppm (143H, br. s, backbone CH); 2.38-1.22 ppm (277H, multiple 

br. s, backbone CH2). 13C NMR (300 MHz, MeOD) δppm: There are no clear distinct peaks, 

as the signal-to-noise ratio is poor, of interest. 19F NMR (300 MHz, MeOD) δppm: No peaks 

present, as expected. IR v / cm-1: 3287 cm-1 (m-s, N-H stretch (secondary amine)); 3086 

cm-1 (w, ar. C-H stretch); 2930 cm-1 (w, C-H asym. stretch); 2875 cm-1 (w, C-H asym. 

stretch); 1646 cm-1 (s, C=O stretch); 1554 cm-1 (s, N-H bend)); 1254 cm-1 (w, DBCO C-

N stretch); 1063 cm-1 (s, C-O stretch). 

Fluorophore labelled DBCO-pHEAn. DBCO-p(HEA)n (0.10 g, 1 Eq), and N-(5-

fluoresceinyl) maleimide (1.3 Eq) were dissolved in DMF (1.279 mL), degassed and left 

to stir for 24 h. The yellow mixture was reprecipitated into diethyl ether from methanol 

three times, yielding a yellow fluorescent polymer product. Fluorescein conjugation was 

confirmed using fluorimetry following exhaustive dialysis. DMF SEC analysis was 

completed with the UV-Vis detector set at 494 nm, Table A3.3. Percentage dye 

functionalisation was determined using UV-Vis spectroscopy. Average %yield = 81%. 

3.5.4 Cell Culture and Metabolic Labelling 

Cell culture. Human Caucasian lung carcinoma cells (A549) were obtained from the 

European Collection of Authenticated Cell Cultures (Public Health England, UK) and 

grown in 175 cm2 Nunc cell culture flasks (ThermoFisher, Rugby, UK). Ham's F-12K 

(Kaighn's) Medium (F-12K) (Gibco, Paisley, UK) was supplemented with 10% USA-

origin fetal bovine serum (FBS) purchased from Sigma Aldrich (Dorset, UK), 100 

units.mL-1 penicillin, 100 µg.mL-1 streptomycin, and 250 ng.mL-1 amphotericin B (PSA) 
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(HyClone, Cramlington, UK). A549 cells were incubated in a humidified atmosphere of 

95% air and 5% CO2 at 37 °C. General maintenance of the cell line was completed by 

passaging every 7 days or before reaching 80% confluency and renewing culture medium 

every 3 – 4 days. Cells were dissociated using a balanced salt solution containing trypsin 

(0.25%) and EDTA (1 mM) (Gibsco) and reseeded at a density of 1.87 x 105 cells per 175 

cm2 cell culture flasks. 

Resazurin viability assay. To determine the effects of Ac4ManNAz on cell viability, 

A549 cells were plated in a 96 well plate at a density of 2 x 104 cells.mL-1 with media 

supplemented with varying concentrations of Ac4ManNAz (10 – 150 µM) and incubated 

in a humidified atmosphere of 95% air and 5% CO2 at 37 °C for 96 h. Alamar blue reagent 

(10% v/v in cell media) was added to both Ac4ManNAz treated and untreated (control) 

cells. Absorbance measurements were obtained at 570 nm and 600 nm using a BioTek 

Synergy HT microplate reader to monitor the reduction of resazurin to resorufin by viable 

cells. Cells were incubated for 4 h at 37 ºC and 5% CO2 with readings obtained every 30 

min / 1 h. Total cell viability was reported relative to control cells grown solely in cell 

culture media alone. Cytotoxicity of DBCO-p(HEA)n was assessed using a similar 

protocol. A549 cells were incubated with Ac4ManNAz (40 µM, 96 h) and DBCO-

p(HEA)n (0.156 – 10 mg.mL-1, 2.5 h) and Alamar blue reagent was added 24 h later (10% 

v/v in cell media). Cell viability was monitored relative to cells untreated with polymer 

and the procedure was repeated as described above.  

Quantitative assessment of Ac4ManNAz concentrations. A549 cells were plated in a 

12 well plate at a density of 2 x 105 cells.mL-1 with media supplemented with varying 

concentrations of Ac4ManNAz (10 – 150 µM) and incubated in a humidified atmosphere 

of 95% air and 5% CO2 at 37 °C for 96 h. Following this, cells were incubated with 

DBCO-Cy3 (50 µM, 2.5 h), in cell media, and imaged using an Olympus CX41 
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microscope. Following confirmation of successful labelling, cell detachment was 

completed utilising Accutase® solution and samples analysed using flow cytometry.  

Confocal imaging of Ac4ManNAz concentrations. A549 cells were seeded in a 12 well 

plate containing coverslips at a density of 2 x 105 cells.mL-1 with media supplemented 

with varying concentrations of Ac4ManNAz (10, 50 and 100 µM) and incubated in a 

humidified atmosphere of 95% air and 5% CO2 at 37 °C for 96 h. Following this, cells 

were incubated with DBCO-Cy3 (50 µM, 2.5 h), in fresh cell media, and stained with 

NucBlue® Live Cell ReadyProbes® Reagent. Confocal images were obtained of fixed 

samples (4% paraformaldehyde, 15 min) after mounting the coverslips onto glass slides 

using ProLong® Gold Antifade Mountant. 

Confocal imaging of DBCO-pHEAn-Fl treated A549 cells. A549 cells were seeded in 

8 well Nunc™ Lab-Tek™ II Chamber Slides™  at a density of 6.25 x 104 cell.mL-1 (1.25k 

cells per well) and incubated with media supplemented with Ac4ManNAz (40 µM) in a 

humidified atmosphere of 95% air and 5% CO2 at 37 °C for 96 h. Following three washes 

with DPBS, cells were incubated with DBCO-pHEAn-Fl polymers (10 mg.mL-1, 2.5 h) in 

cell media, washed with DPBS, stained with NucBlue® Live Cell ReadyProbes® reagent 

and fixed at multiple timepoints, 0 – 72 h post-conjugation, with 4% paraformaldehyde 

(15 min). Coverslips were sealed with ProLong® Gold Antifade Mountant and cells were 

imaged with confocal microscopy. Cells treated solely with DBCO-pHEAn-Fl polymers 

(10 mg.mL-1, 2.5 h) were also imaged to observe non-specific binding. Z-stack confocal 

images were taken and maximum intensity projection images were generated using ZEN 

(blue edition) 2.3 lite. 

Quantitative assessment of DBCO-pHEAn-Fl concentrations and effects over time. 

A549 cells were plated in a 12 well plate at a density of 2 x 105 cells.mL-1 with media 

supplemented with Ac4ManNAz (40 µM) and incubated in a humidified atmosphere of 

95% air and 5% CO2 at 37 °C for 96 h. Following this, cells were incubated with DBCO-
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pHEAn-Fl polymers (1.25 – 10 mg.mL-1, 2.5 h), washed three times with DPBS and 

imaged using an Olympus CX41 microscope. Cell detachment was completed utilising 

Accutase® solution and samples were analysed using flow cytometry. Following this, 

cells incubated with Ac4ManNAz (40 µM) and DBCO-pHEAn-Fl polymers (5 and 10 

mg.mL-1, 2.5 h) were imaged and analysed using flow cytometry 8 – 72 h post-

conjugation to establish polymer loss over time. Cells treated solely with DBCO-pHEAn-

Fl polymers (5 and 10 mg.mL-1, 2.5 h) were also analysed using flow cytometry at 0 and 

8 h time points to observe non-specific binding/uptake and its effects over time. 

Neuraminidase Assay. A549 cells were plated in a 12 well plate at a density of 2 x 105 

cells.mL-1 with media supplemented with Ac4ManNAz (40 µM) and incubated in a 

humidified atmosphere of 95% air and 5% CO2 at 37 °C for 96 h. Following this, cells 

were incubated with α 2-3,6,8,9 neuraminidase A (25 units.mL-1, 1.5 h) in DPBS 

supplemented with magnesium and calcium chloride either before or after treatment with 

DBCO-pHEAn-Fl polymers (10 mg.mL-1, 2.5 h) in cell media. Finally, treated cells were 

washed three times with DPBS, detached utilising Accutase® solution and analysed using 

flow cytometry. 
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CHAPTER 4 

Covalent Cell Surface Recruitment of 

Chemotherapeutic Polymers Enhances Selectivity 

and Activity 

 

4.1 – Abstract 

Synthetic macromolecular chemotherapeutics, inspired by host defence peptides, can 

disrupt cell membranes and are emerging as agents for the treatment of cancer and 

infections. Despite extensive macromolecular engineering, to screen for cancer-selective 

polymer complexes, off-target toxicity remains a universal caveat towards clinical 

translation. Here, metabolic oligosaccharide engineering is used to label target cells with 

azido glycans and subsequently capture strain alkyne-modified chemotherapeutic 

polycations by strain promoted azide-alkyne cycloaddition (SPAAC). Chemotherapeutic 

activity was increased by up to 10-fold (i.e. reduced EC50) towards azido-glycan labelled 

cancerous cells, by enhancing membrane permeabilisation and apoptosis pathways. 

Against a 3-D tumour model, a single dose of our chemotherapeutic polymer system 

enhanced both penetration depth and toxicity to levels comparable with doxorubicin 

treatments, in less time (from 24 h to 3 h). This conceptual approach of ‘engineering cells 

to capture polymers’ rather than ‘engineering polymers to target cells’ will bring new 

opportunities in non-traditional macromolecular therapeutics.  
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4.2 – Introduction 

Chemotherapeutic cancer treatments, although widely used, have many outstanding 

issues hindering their therapeutic performance. Cancer cells often possess intrinsic drug 

resistance and can develop multidrug resistance (MDR) over time, a stable and heritable 

process.1 This has led to the development of several distinct classes of chemotherapeutics 

including alkylating agents,2 anti-metabolites,3 topoisomerase inhibitors4 and mitotic 

inhibitors.5,6 In addition to aggressive resistance development, low aqueous solubility, 

insufficient drug accumulation, off-target toxicity and rapid clearance remain major 

drawbacks.7 Advancements in drug carrier systems may in the future mitigate some of 

these issues, but the development of drug resistance mechanisms and cellular barriers 

remain a concern.8 Drug delivery systems are also limited by burst release, off-target 

toxicity, limited efficacy of the enhanced permeation and retention (EPR) effect and 

endogenous target-receptor saturation.9,10 

Synthetic macromolecular therapeutic agents that mimic host defence peptides (HDPs) 

have been widely explored as potent antimicrobial agents.11–13 These amphiphilic, 

cationic therapeutic agents disrupt bacterial cell surfaces through electrostatic interactions 

with anionic membrane components and have improved pharmacokinetic properties 

compared to their natural counterparts.14 Synthetic and natural HDPs also possess 

tumouricidal properties, disrupting cancer cell membranes due to the increased 

expression of anionic constituents including phosphatidylserine, sialic acid, and heparin 

sulphate compared to non-cancerous cells.15–18 However, for both antimicrobial and 

anticancer applications, sole selectivity towards diseased cells is a key obstacle to their 

application;19 cancer cell death must be induced at concentrations far below that of 

healthy cells. Recent strategies to improve the therapeutic function of cationic polymer 

HDP mimics have focused on altering structural complexity (e.g. copolymers with 



  

209 

hydrophobic/philic groups) either in search of a ‘sweet spot’ where anti-tumoural activity 

exceeds intrinsic cell toxicity, Fig. 4.1A, or to improve delivery to diseased sites, Fig. 

4.1B and 4.1C.16,20–22 Self-assembled micelles consisting of mPEG (polyethylene glycol) 

and cationic polycarbonate, connected by a pH-sensitive (acetal) linker, can disassemble 

in the presence of acidic tumour microenvironments and/or in endosomes to induce 

cancer cell death via necrosis (lowest EC50 = 40 µg.mL-1 against HepG2 cells), even 

against drug-resistant cancer cells, Fig. 4.1B.22 The diblock polycarbonate significantly 

reduced tumour growth in a hepatocellular carcinoma (HCC) patient derived xenograft 

(PDX) model (Control: 1039 ± 128 mm3; polycarbonate (20 mg.mL-1): 197 ± 78 mm3). 

Similarly, triblock copolymers of PEG, guanidinium-functionalised polycarbonate and 

polylactide (PEG-PGCm-PLAn) possessed anticancer activity against multiple cell types 

(lowest EC50 = ~20 µg.mL-1 against A549 and HepG2 cells), Fig. 4.1C.21 Cell death was 

induced by rapid polymer micelle translocation followed by massive vacuolisation and 

membrane disruption. Treatment of 4T1 mouse breast tumour-bearing mice with triblock 

PGC polymers (20 mg.kg-1) lead to a ~3-fold reduction in tumour volume in vivo.21 

Although multiple treatments of both types of polycarbonate micelles did not lead to drug 

resistance, the reliance on necrosis alone does not reproduce the broad-spectrum activity 

of natural HDPs, which can induce additional (non-lytic) apoptotic mechanisms to 

minimise drug resistance development.17 In addition, non-specific electrostatic and 

hydrophobic interactions (and the EPR effect of micelles) as targeting mechanisms limits 

selectivity, so there is a demand to explore alternative methods to enhance the selectivity 

of polymer-based chemotherapeutics. 
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Figure 4.1. Examples of chemotherapeutic macromolecules developed through 

macromolecular engineering. (A) Methacrylate co-polymers with hydrophilic and 

hydrophobic domains for cancer selectivity and membrane disruption. (B) Self-assembled 

micelles consisting of mPEG-polycarbonate diblock co-polymers with a pH-sensitive 

linker (acetal) to release charged species at tumour sites for membrane disruption. (C) 

Cellular uptake of self-assembled micelles consisting of triblock copolymers of mPEG, 
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guanidinium functionalised cationic polycarbonates and polylactide promotes membrane 

damage and vacuolisation. Figures adapted from.20–22 

 

The above cancer-targeting methods focus on the ‘magic bullet’ (Ehrlich) approach, 

where the carrier is tuned to locate the disease through targeting groups, physicochemical 

tuning or by following metabolic gradients.23,24 As selectivity is the major issue amongst 

polycations we considered the opposite approach, that cancerous cells themselves can be 

tuned for the recruitment of synthetic chemotherapeutic macromolecules by introducing 

cell surface unnatural target receptors.25 Metabolic oligosaccharide engineering (MOE) 

enables the introduction of bio-orthogonal reactive ‘handles’ onto cell surfaces in vitro 

and in vivo by hijacking the promiscuous glycan biosynthetic pathways of endogenous 

sugars, which we have previously used to ‘capture’ abiotic polymeric materials with the 

correct reactive handle (e.g. azide/alkyne).26–28 Nanoparticle delivery to tumour-bearing 

mice has been accomplished in vivo utilising MOE for the delivery of imaging agents,29 

chemotherapeutic drugs30 and photodynamic therapy.31 In vivo MOE is possible through 

the use of suitably modified glycan precursors requiring endogenous enzyme cleavage 

for intracellular uptake, such as histone deacetylase and cathepsin L overexpressed in 

cancerous cells,32 or ligand-targeted liposomes to target overexpressed surface 

receptors.33,34 In addition, Park et al. devised a glycan precursor which is activated by 

intra-tumoural hydrogen peroxide for the recruitment of antibodies and a photosensitizer 

(Zn-tetraphenylporphyrin) to induce natural killer cell and reactive oxygen species-

mediated cell death, respectively.35 Therefore, we hypothesised that tumour cells 

modified with unnatural glycans would enable the covalent capture of suitably modified 

cationic HDP mimetic polymers to enhance the concentration localised at the cancer cell 

surface, whilst minimising treatment dosage to reduce off-target toxicity and increase 

selectivity. Furthermore, by targeting glycans, the cationic polymers can potentially enter 
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the cell during glycan recycling to damage the mitochondria, Golgi apparatus and nucleus 

to induce apoptosis, in addition to necrosis from membrane damage (an advantage to 

current HDP mimics).36,37 

In this Chapter, we report an alternative to the current approach of iteratively ‘engineering 

chemotherapeutic polymers to target cells’ and instead show that ‘engineering cells to 

capture polymers’ leads to major gains in efficacy and selectivity. Metabolic 

oligosaccharide engineering of cancerous cells was used to introduce azides into the 

cellular glycocalyx for the recruitment of strain-alkyne modified chemotherapeutic 

polycations, by strain promoted azide-alkyne cycloaddition (SPAAC), thus enhancing 

cytotoxic effects towards target cells. Superior EC50 values were achieved compared to 

structurally complex AMP mimics and a small molecule chemotherapeutic (doxorubicin). 

The covalent capture of chemotherapeutic polymers increased cell death via membrolytic 

and non-membrolytic processes, with improved activity against 3-D tumour models. 
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4.3 – Results and Discussion 

4.3.1 – Chemotherapeutic Polymer Synthesis 

 

 

Figure 4.2. The proposed hypothesis to enhance the activity of chemotherapeutic 

polycations. Metabolic oligosaccharide engineering introduces azides to the cell surface 

for enhanced recruitment of strain-alkyne terminated polycations, thus improving 

therapeutic efficacy towards target cells.  

 

To enhance the activity of chemotherapeutic polycations, a core hypothesis was 

established whereby the installation of azido glycans, using tetraacetylated N-

azidoacetylmannosamine (Ac4ManNAz), allows the capture of complementary strain-

alkyne terminated cationic polymers, Fig. 4.2. The exploitation of both electrostatic and 

covalent interactions was expected to enhance polycation accumulation at the cell surface 

and, hence, selectively enhance activity towards azido glycan modified cells.  
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Scheme 4.1. Synthesis route of DBCO-modified pDMAEMAn polymers. ACVA, 4,4′-

Azobis(4-cyanovaleric acid). 

Poly[2-(dimethylamino)ethyl methacrylate] (pDMAEMA) was selected as a model 

chemotherapeutic polycation, due to its well-established cytotoxicity/membrane lytic 

profile from its use as a DNA transfection and micellular stabilisation agent,38–40 to probe 

if enhanced covalent recruitment onto azido glycan labelled cells can improve its 

cytotoxic properties, Fig. 4.2. Dibenzocyclooctyne (DBCO) terminated cationic 

pDMAEMA polymers (DBCO-pDMAEMAn, 4 – 6) were synthesised via reversible 

addition−fragmentation chain-transfer (RAFT) polymerisation of DMAEMA with a 

pentafluorophenyl 2-dodecylthiocarbonothioylthio)-2-methylpropionic acid (PFP-DMP) 

RAFT agent (PFP-pDMAEMAn, 1 – 3), followed by displacement of the PFP with 

DBCO-NH2, Scheme 4.1. Successful polymerisation and DBCO conjugation was initially 

confirmed using 1H and 19F NMR, with all peak assignments listed in the experimental 

section and in good agreement with those previously reported for pDMAEMA, Fig. 

4.3.41,42 DBCO attachment was evident by the appearance of DBCO associated peaks 

within the 1H NMR aromatic region (7.74 – 7.29 ppm) and the disappearance of peaks 

associated with the PFP RAFT agent in 19F NMR, Fig. 4.4. 13C NMR spectra can be found 

in Appendix A (Fig. A4.1 – A4.3). 
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Figure 4.3. NMR polymer characterisation. 1H and 19F NMR spectra of pDMAEMAn 

before (black) and after (red) functionalisation with DBCO. As no distinguishable end 

groups were identified within the NMR spectra, all peaks were integrated relative to the 

COO-CH2 from the polymer repeat units (purple circle) to aid in peak assignment; 

however, this also reflects the minor discrepancies in expected integration values. 
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Successful polymerisation of DMAEMA, with PFP-DMP, and DBCO functionalisation 

was also confirmed by IR and SEC based on structural and size information, Fig. 4.4A 

and 4.4B. All peaks of interest within the IR spectra have been listed in the experimental 

section and are in good agreement with previously reported assignments for 

pDMAEMA.43 Peaks corresponding to the successful attachment of DBCO to the α-

terminus and removal of the trithiocarbonate end group at the ω-terminus have been 

highlighted in Fig. 4.4A. Briefly, following DBCO conjugation, peaks associated with 

the PFP ester at 1522 cm-1 (w, C-F stretch) and 915 cm-1 (w, C5F6 associated vibration) 

disappeared, along with those associated with the trithiocarbonate at 1063 cm-1 (w, S-

(C=S)-S stretch), and the appearance of DBCO aromatic overtones was observed at 1672 

– 1618 cm-1 (w, aromatic C-H stretch overtone). Importantly, the absence of primary 

amine peaks (~3300 cm-1) confirms successful removal of any free DBCO-NH2 and 

Propyl-NH2. SEC traces revealed that pDMAEMA of 3 different chain lengths were 

obtained, Fig. 4.4B, with results summarised in Table 4.1. All SEC traces showed a small 

tail at smaller molecular weights that were attributed to adsorption of pDMAEMA onto 

the SEC column, as previously mentioned by K. Matyjaszewski.44 In previous chapters, 

1H NMR spectroscopy integration values were used to obtain more accurate size 

determination compared to SEC, due to pHEAs interactions with the SEC column, 

however, integrating pDMAEMA backbone peaks relative to a known end group was not 

possible due to extensive peak overlap. Regardless, the synthesis of pDMAEMA of 3 

different molecular weights was sufficient to observe any molecular weight effects on the 

chemotherapeutic properties of our approach. To confirm successful fluorescein 

conjugation, SEC equipped with an RI and UV-Vis detector set to 494 nm was used to 

show absorbance and size overlap of DBCO-pDMAEMAn-Fl, providing definitive proof 

of dye functionalisation, whereas no absorbance was observed for PFP-DMAEMAn and 

DBCO-DMAEMAn (Fig. 4.4B). DBCO-pDMAEMAn polymers unlabelled with 
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fluorescein (4 – 6) were used for viability and cytotoxicity assays to prevent interference 

with colorimetric-based assays. 

 

 

Figure 4.4. IR and SEC polymer characterisation. (A) IR spectroscopy of pDMAEMAn 

before (black) and after (red) functionalisation with DBCO. (B) SEC measurements of 

PFP-DMAEMAn, DBCO-DMAEMAn and DBCO-DMAEMAn-Fl polymers were 

recorded using an RI detector (solid line), for size determination, and a UV detector 

(dashed line), to illustrate overlap with absorbance readings at 494 nm. 
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Table 4.1. SEC characterisation of pDMAEMAn polymers. 

Entry  Polymer  Composition [M]: 
[CTA] 

%Conv.* Mn,th
†
 / 

g.mol-1 
Mn,exp

‡
 / 

g.mol-1 
MW,exp

‡
 / 

g.mol-1 
Đ‡ DP§ 

1 PFP-50 PFP-DMAEMA50 50 91 7683 12100 14600 1.2 79 

2 PFP-100 PFP-
DMAEMA100 

100 95 15465 17700 21500 1.2 114 

3 PFP-150 PFP-
DMAEMA150 

150 93 22461 24300 29200 1.2 163 

4 DBCO-
50 

DBCO-
DMAEMA50 

  7531 12500 13900 1.1  

5 DBCO-
100 

DBCO -
DMAEMA100 

  15313 14600 16400 1.1  

6 DBCO-
150 

DBCO -
DMAEMA150 

  22309 17200 19300 1.1  

7 FL-100 DBCO-
DMAEMA100-Fl 

  15740 21800 21800 1.4  

8 FL-150 DBCO -
DMAEMA150-Fl 

  22736 23600 23600 1.4  

* Monomer conversion determined by 1H NMR spectroscopy. 
† Theoretical molecular weight calculated based on monomer conversion. 
‡ Molecular weight and dispersity (Đ = Mw/Mn) determined by GPC analysis (DMF with 5 mmol NH4BF4 
used as eluent with PMMA standards). 
§ Calculated based on Mn,exp. 

 

 

PDMAEMAn polymers without the DBCO modification were also synthesised, through 

aminolysis of PFP-pDMAEMAn with propyl amine (Pr-pDMAEMAn; Pr-50, Pr-100, Pr-

150) (Scheme 4.2), to ensure that any enhanced activity of polycations towards azido 

glycan modified cells derives from the strain alkyne-terminal groups promoting covalent 

recruitment; rather than metabolic glycan labelling increasing susceptibility of cells to 

general polycation-induced cell death. Removal of the PFP group was confirmed with 19F 

NMR (Fig. A4.7 – A4.9), which can be found in Appendix A along with 1H NMR data 

(Fig. A4.4 – A4.6). 
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Scheme 4.2. Synthesis of ‘non-DBCO’ polycations. Aminolysis of PFP-pDMAEMAn 

polymers with propyl-amine to generate propyl-pDMAEMA50 (Pr-50, 9), Propyl-

pDMAEMA100 (Pr-100, 10) and Propyl-pDMAEMA150 (Pr-150, 11) 
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4.3.2 – Enhancing Chemotherapeutic Macromolecules using a Two-Step MOE 

Approach 

To enhance the chemotherapeutic properties of cationic polymers, azido glycans were 

incorporated into the cell surface glycocalyx to capture a complementary strained alkyne 

functionalised cationic polymer, localise it at the cell membrane and, hence, selectively 

enhance its activity. Three cancerous cell lines (A549, SW480 and MCF-7) were initially 

treated with tetraacylated N-azidoacetylmannosamine (Ac4ManNAz) (40 µM, 96 h) and 

incubated with DBCO-Cy3 (50 µM, 2.5 h), to confirm successful incorporation of azides 

into the glycocalyx, Fig. 4.5A – 4.5C. Highly localised cell surface fluorescence intensity 

was visualised in all cancerous cells treated with Ac4ManNAz; although, MCF-7 labelling 

appeared substantially less compared to A549 and SW480. Cells treated with DBCO-Cy3 

alone revealed minimal non-specific staining due to the highly selective and bio-

orthogonal nature of SPAAC. Flow cytometry analysis of the cells corroborated well with 

the images, revealing that MCF-7 cells exhibited ~50% less fluorescence than SW480 

and A549 cells, Fig. 4.5D – 4.5F. Unnatural glycan incorporation into the glycocalyx is 

known to vary depending on cell type, with previous reports confirming that less is 

observed for MCF-7 cells.45,46 The variances in azido sialic acid expression is likely 

governed by the heterogenous nature of cancer cell surface sialylation status or glycan 

biosynthesis timeframes.47–49 The differences in cell surface azido glycan levels were 

taken into consideration when assessing the efficiency of the strategy devised here. 

Although the average fluorescence intensity of SW480 cells was slightly less than A549 

cells, intracellular uptake of the DBCO-Cy3 dye was obvious in Ac4ManNAz treated 

A549 cells but none of the other cell types, thus less available sites for DBCO-

pDMAEMA recruitment may be present. 
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Figure 4.5. Azido glycan incorporation to the glycocalyx. (A) A549, (B) SW480 and (C) 

MCF7 cells were treated with (+) or without (-) Ac4ManNAz (40 µM, 96 h) and DBCO-

Cy3 (50 µM, 2.5 h) and imaged to visualise surface azido glycans. Flow cytometry of 

each cell type (A549, (D); SW480, (E); MCF7, (F)) was completed following incubation 

with supplemented media (grey), DBCO-Cy3 alone (blue, 2.5 h) or both Ac4ManNAz 

(40 µM, 96 h) and DBCO-Cy3 (2.5 h) (red). Red stain = Cy3. Scale bar = 50 µm. 
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Following proof of successful azido glycan incorporation, the Ac4ManNAz treated 

cancerous cell lines were subsequently incubated with DBCO-pDMAEMA50-150 (0 – 250 

µg.mL-1) for 2.5 h, to explore if MOE can enhance the chemotherapeutic properties of 

DBCO-modified cationic polymers. Cell viability was measured 24 h post-treatment with 

a resazurin reduction assay and compared to cells treated with DBCO-pDMAEMAn alone 

(Ac4ManNAz -), Fig. 4.6. In line with our core hypothesis, the chemotherapeutic activity 

of DBCO-pDMAEMAn was increased towards azido glycan labelled cells, an observation 

made by the significant decrease in cell viability of Ac4ManNAz treated cells compared 

to untreated cells at equal DBCO-pDMAEMAn concentrations. In addition, MOE reduced 

the minimum concentration required to induce significant cell death compared to control 

viable cells. DBCO-50 and DBCO-150 polymers offered slightly greater selectivity 

towards azido labelled cells compared to DBCO-100. Indeed, through careful selection 

of polymer chain length and concentrations, it was possible to identify conditions where 

unlabelled cells retained > 90 % of cell viability, whereas metabolically labelled cells 

dropped to < 20 % with DBCO-50 and DBCO-150 polymers, Fig. 4.6. The effectiveness 

of DBCO-pDMAEMAn against MCF-7 cells was slightly less influenced by Ac4ManNAz 

pre-treatments, compared to the other cell lines, which could be a reflection of the 

differences in azido sialic acid cell surface expression previously observed, Fig. 4.5. Thus, 

these results provide preliminary insight that cell surface azido glycan incorporation into 

the glycocalyx is a pivotal requirement for the enhancement of DBCO-pDMAEMAn.  
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Figure 4.6. Chemotherapeutic enhancement of DBCO-pDMAEMAn with MOE. The cell 

viability of A549, SW480 and MCF-7 cells was monitored by resazurin reduction 

following treatment with (+) or without (-) Ac4ManNAz (40 µM, 96 h) and DBCO-

pDMAEMAn (0 – 250 µg.ml-1, 2.5 h). Percentage cell viability was calculated relative to 

an untreated control sample ± SEM from five independent repeats. Statistical analysis 

was performed comparing % cell viability of Ac4ManNAz untreated and treated cells at 

equal DBCO-pDMAEMAn concentrations (above bars) and to illustrate the lowest 

DBCO-pDMAEMAn concentration required to induce significant cell death (below bars) 

(ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001). 
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Dose-response curves were plotted from the resazurin data to calculate EC50 values 

(effective concentration at which cell viability was reduced by 50%) for DBCO-

pDMAEMA50-150 against cells treated with and without Ac4ManNAz, Fig. 4.7A, which 

have been summarised in Table 4.2. In doing so, a clear sigmoidal correlation between 

log10[DMAEMA] and cell viability was visible, highlighting the regions where DBCO-

pDMAEMAn is most effective (sharp decreases in cell viability). For each cell and 

polymer combination, a drop in EC50 values was observed with the incorporation of azido 

glycans; as reflected by the shift in the ‘effective’ polymer concentration window to lower 

concentrations. Resazurin reduction cell viability assays were also completed of 

Ac4ManNAz treated and untreated cells incubated with propyl-DMAEMAn (‘non-

DBCO’ polymer) (0 – 250 µg.mL-1, 2.5 h). Dose-response curves revealed that the 

percentage cell viability of cells treated with propyl-pDMAEMAn (‘non-DBCO’ 

polymer) is unaltered by the addition of an Ac4ManNAz treatment, Fig. 4.7B, supporting 

the hypothesis that the DBCO modification of polycations is a requirement to achieve 

enhanced and selective chemotherapeutic properties towards azido glycan labelled cells. 

Interestingly, the DBCO-polymers were more potent compared to propyl-pDMAEMA, 

indicating that terminal end groups may play a role in the overall toxicity of the polymer. 

For anticancer and antimicrobial applications, polymer structure-activity relationship 

discovery is predominantly focused on co-polymerisation of cationic polymers with 

different ratios of hydrophobic polymers, to promote membrane insertion and 

disruption.20,22,50 The impact of terminal end-group alterations on polymer activity is less 

understood, however, Michl et al. revealed that polymethacrylates possessing longer 

hydrophobic Z-groups possess similar benefits to co-polymerisation with hydrophobic 

units, reducing the minimum inhibitory concentration (MIC) towards gram-positive 

bacteria.51 Although unexplored further, these results suggest that the DBCO terminal 

group may slightly enhance the membrane disruption capabilities of cationic polymers. 
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Figure 4.7. DMAEMAn cell viability dose-response curves. Dose-response curves were 

generated from resazurin reduction cell viability assays of A549, SW480 and MCF-7 cells 

treated with (dashed line) or without (solid line) Ac4ManNAz followed by either (A) 

DBCO-DMAEMAn (n = 5) or (B) propyl-DMAEMAn (n = 3) (1.95 – 250 µg.ml-1, 2.5 h). 

Percentage cell viability was calculated relative to an untreated control sample ± SEM 

from n independent repeats. DP50, black; DP100, red; DP150, blue.  

As previously mentioned, the EC50 values of DBCO-pDMAEMAn decreased towards all 

Ac4ManNAz treated cells; reported in Table 4.2. The chemotherapeutic strategy 

employed demonstrated clear cell type-dependent improvements in the EC50 of DBCO-

pDMAEMAn (i.e. the potency of the chemotherapeutic), with SW480 cells showing the 

largest reduction in EC50 (14-fold) followed by MCF-7 (4.98-fold) and A549 (4.2-fold). 

The percentage/fold decrease in DBCO-pDMAEMAn EC50 values, towards azido glycan 
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treated cells, are located in Table 4.3. The variation between cell type and changes in 

EC50 values can be attributed to differences in glycan composition (as seen before), 

metabolic and growth rates, intracellular polymer trafficking, and overall stability of cell 

type to chemical stress. DBCO-100 possessed the lowest EC50 values across all cell types, 

however, no clear correlation between increasing pDMAEMA molecular weight and 

cytotoxicity was observed; as previously reported for pDMAEMA above 3.9 – 4.8 x 104 

g.mol-1.38,52 The EC50 of DBCO-pDMAEMAn towards Ac4ManNAz treated cells was 

reduced to levels lower than those observed by the highly potent chemotherapeutic 

polycarbonate micelles previously described in Section 4.1. Diblock PEG-polycarbonate 

micelles, connected by a pH-sensitive linker, possess an EC50 value of 25 µg.mL-1 against 

MCF-7 cells (> 40 µg.mL-1 for all over cell lines)22 and triblock PEG-PGCm-PLAn 

micelles possess an EC50 value between 19.7 – 36.1 µg.mL-1 against A549 cells, 

depending on polymer composition.21 Furthermore, cells were incubated with the diblock 

and triblock polycarbonates for 72 h and 48 h, respectively, before viability assays were 

completed. Thus, our strategy of combining DBCO-pDMAEMAn and Ac4ManNAz 

treatments, to allow covalent recruitment of chemotherapeutic macromolecules, enhances 

chemotherapeutic activity to levels surpassing complex macromolecular engineering 

approaches; whilst simultaneously reducing polycationic exposure time.  

 

Table 4.2. DBCO-pDMAEMAn EC50 values determined by % cell viability. 

Polymer 

EC50 (µg.mL-1) 

A549 SW480 MCF-7 

- N3 + N3 - N3 + N3 - N3 + N3 

DBCO-50 102.0 ± 2.7 15.8 ± 0.6 >250 9.2 ± 0.3 144.6 ± 13.7 21.1 ± 0.7 

DBCO-100 19.3 ± 0.9 8.4 ± 0.3 100.7 ± 10.1 8.9 ± 0.4 65.8 ± 6.2 16.6 ± 1.6 

DBCO-150 38.7 ± 1.6 9.8 ± 0.3 166.9 ± 2.0 10.0 ± 0.5 128.0 ± 10.1 31.1 ± 1.0 
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Table 4.3. Changes in DBCO-pDMAEMAn EC50 values with Ac4ManNAz treatment 

determined by % cell viability.  

Polymer 

A549 SW480 MCF-7 

% Fold % Fold % Fold 

DBCO-50 84.5 ± 3.6 6.45 ± 0.29 > 100 - 85.4 ± 12.5 6.86 ± 0.69 

DBCO-100 56.4 ± 5.6 2.29 ± 0.13 91.2 ± 13.7 11.3 ± 1.2 74.8 ± 12.0 3.97 ± 0.54 

DBCO-150 74.6 ± 5.3 3.94 ± 0.21 94.0 ± 1.6 16.7 ± 0.8 75.7 ± 10.0 4.11 ± 0.35 

Average 71.8 ± 8.2 4.23 ± 1.21 92.6 ± 1.1* 14.0 ± 2.2* 78.6 ± 3.4 4.98 ± 0.94 
* Calculated based on DBCO-100 and DBCO-150. 
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To compare DBCO-pDMAEMAn against a conventional chemotherapeutic, azido glycan 

labelled and unlabelled cells were treated with doxorubicin (0 – 250 µg.mL-1) for 2.5 h, 

24 h and 48 h and cell viability was measured after 24 h by resazurin reduction assays, 

Fig. 4.8. Doxorubicin required over 24 h of incubation to reduce cell viability to levels 

comparable to DBCO-pDMAEMAn, compared to 2.5 h of polymer incubation, indicating 

that covalent recruitment of polycations possesses kinetic benefits over some small 

molecule chemotherapeutics. Both doxorubicin and DBCO-pDMAEMAn presented cell-

type dependent cytotoxicity, with A549 cells more susceptible to doxorubicin and SW480 

cells to DBCO-pDMAEMAn. DBCO-pDMAEMAn was able to reduce the cell viability 

of Ac4ManNAz labelled SW480 and MCF-7 cells more than doxorubicin even after 

incubation for 48 h. Thus, there is scope for polycations to be used alongside conventional 

chemotherapeutics, especially with the enhanced selectivity provided by our combination 

chemotherapeutic system. This is especially true for cells that can develop drug resistance 

towards doxorubicin, such as MCF-7, through multi-factorial processes; including phase 

I/II metabolising genes and drug efflux pump upregulation and topoisomerase II-α 

downregulation.53–55  

Doxorubicin was selected based on its multiple mechanisms of action including DNA 

intercalation, topoisomerase-II inhibition, histone eviction and reactive oxygen species 

formation (which can induce lipid peroxidation, membrane damage, DNA damage, 

oxidative stress, and apoptotic pathways).56,57 Ac4ManNAz treatment of cells was not 

expected to enhance doxorubicins many mechanisms of action, providing an additional 

test to evaluate if unnatural glycan remodelling of cell surfaces increases the susceptibility 

of cells to general chemical stress. As anticipated, no significant difference was found 

between doxorubicin action against Ac4ManNAz treated and untreated cells, based on 

cell viability assays (Fig. 4.8), further confirming that the enhanced cytotoxic action of 

pDMAEMAn is promoted by the strain-alkyne modification.  
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Figure 4.8. Conventional chemotherapeutic comparison. Percentage cell viability of 

A549, SW480 and MCF-7 cells untreated (dark grey) or treated (light grey) with 

Ac4ManNAz (40 µM, 96 h) and incubated with doxorubicin (0 – 250 µg.ml-1) for 2.5 h, 

24 h and 48 h. Cell viability was determined by resazurin assays and the data is presented 

as mean % cell viability relative to viable control cells ± SEM from four independent 

repeats. Statistical analysis was performed comparing the % cell viability of Ac4ManNAz 

untreated and treated cells at equal doxorubicin concentrations. ns: p ≥ 0.05. 
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DBCO-pDMAEMAn was subsequently tested for haemolysis and haemagglutination 

against ovine blood, a known factor to hinder the biocompatibility of some polycations, 

Fig. 4.8 and 4.9.58–60 Insignificant levels of haemolysis was found against ovine blood (< 

3%), compared to a negative control of blood incubated in Dulbecco phosphate buffered 

saline (DPBS). However, haemagglutination was observed at DBCO-100 and DBCO-150 

concentrations above 31.3 µg.ml-1. Previous polycationic chemotherapeutic papers fail to 

evaluate haemagglutination and only monitor haemolysis,21,22 however, these results 

illustrate that the absence of haemolysis is not indicative of complete blood compatibility. 

The lack of haemolysis and presence of some haemagglutination suggests that DBCO-

pDMAEMAn does not damage erythrocyte cell surfaces at lower concentrations but 

promotes cross-linking, a phenomenon previously discovered with poly-L-lysine and 

polybrene, due to changes in erythrocyte electrophoretic mobility (i.e. changes to surface 

charge).61,62 However, in vitro haemolysis and haemagglutination measurements are more 

susceptible to positive results compared to “real blood” (in vivo conditions), as plasma 

proteins adsorb onto the erythrocyte membrane to provide a protective layer.58,63,64 

Regardless, the chemotherapeutic system devised here reduced the EC50 value of DBCO-

pDMAEMAn against cancerous cells to levels lower than those required for 

haemagglutination.  
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Figure 4.9. Haemolysis studies of DBCO-pDMAEMAn against ovine blood. Ovine blood 

was incubated with DBCO-pDMAEMAn (0 – 500 µg.ml-1, 3 h) and haemolysis was 

assessed using the alkaline haematin detergent (AHD575) method.65 A negative control 

of ovine blood incubated in DPBS and a positive control of ovine blood incubated in lysis 

buffer (3 h) have been provided. The data is presented as average % haemolysis relative 

to a lysis control ± SEM from four independent repeats. Statistical analysis was performed 

comparing polymer treatments against blood incubated in DPBS alone (3 h). ns: p ≥ 0.05. 

Carried out by Alex Murray. 

 

Figure 4.10. Haemagglutination assay of DBCO-pDMAEMAn. Ovine blood was 

incubated with DBCO-pDMAEMAn (3.9 – 250 µg.ml-1, 3 h) and imaged. A negative 

control of ovine blood incubated in DPBS and a positive control of ovine blood incubated 

in polyethyleneimine (100 mg.mL-1, 3 h) have been provided. Carried out by Alex 

Murray. 



  

232 

4.3.3 – Membrane Disruption 

Chemotherapeutic and gene-transfecting polycationic polymers induce cell death 

primarily via induction of necrosis, unprogrammed cell death in response to 

overwhelming chemical or physical stimuli, resulting in damage to the cell membrane 

and loss of cytosolic contents.21,22 M. Holl and co-workers revealed that branched 

polyethyleneimine (PEI), poly-L-lysine (PLL) and amine-terminated poly(amidoamine) 

(PAMAM) dendrimers form membrane pores (15 – 40 nm in supported membranes) that 

are large enough to allow the release of molecules with a molecular weight over 140 kDa 

(lactate dehydrogenase, LDH).66 Nanoscale membrane defects form within 1 – 100 ms, 

whereas membrane resealing requires 1 – 10 s; thus, if membrane damage is extensive 

enough, membrane repair is insufficient to prevent cell death.67–69 PDMAEMA has also 

been reported to destabilise the membrane, especially polymers with a molecular weight 

above 3.9 x 104 g.mol-1.52,70 Thus, LDH release (a cytosolic enzyme involved in cellular 

respiration) was measured in cells treated with DBCO-pDMAEMAn to investigate if cell 

surface azido glycans can enhance polycationic membrane disruption capabilities 

associated with necrosis, Fig. 4.11. Ac4ManNAz treated cells experienced a significant 

increase in LDH release. The dose-response curves between DBCO-pDMAEMAn and 

LDH release shared a similar sigmoidal relationship compared  to the cell viability 

resazurin assays (Fig. 4.7A), confirming that loss of membrane integrity is a primary 

cause of cell death. In several cases, LDH release plateaued at lower levels for 

Ac4ManNAz untreated cells, compared to Ac4ManNAz treated cells, even at higher 

DBCO-pDMAEMAn concentrations; supporting the proposed hypothesis that 

electrostatic interactions alone limit the effective concentration of chemotherapeutic 

macromolecules at the cell surface compared to those subjected to MOE. Despite less 

LDH release, azido untreated cells still experienced loss of cell viability, indicating that 
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there is a threshold of membrane damage that, when surpassed, can induce cell death. 

Alternatively, a secondary mechanism could also be responsible for cell death. 

 
Figure 4.11. Cytosolic enzyme release. Percentage lactate dehydrogenase (% LDH) 

release of cells (A549, SW480 and MCF-7) either untreated (black) or treated (red) with 

Ac4ManNAz (40 µM, 96 h) and subsequently treated with DBCO-pDMAEMAn (2 – 250 

µg.ml-1, 2.5 h). Mean % LDH release was reported relative to a positive lysis control ± 

SEM from three independent repeats. Statistical analysis was performed comparing % 

LDH release of Ac4ManNAz untreated and treated cells at equal DBCO-pDMAEMAn 

concentrations. ns: p ≥ 0.05, *** p ≤ 0.001. 
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LDH release confirmed necrosis through the loss of intracellular contents. Ethidium 

iodide (EI) is a cell impermeable DNA binding dye, which can provide further 

confirmation of damage to membrane integrity by illustrating that impermeable 

extracellular components can transverse the cell membrane. Thus, cells treated with or 

without Ac4ManNAz (40 µM, 96 h) and DBCO-pDMAEMA100/150 (0 – 250 µg.mL-1, 

2.5h) were stained with calcein (green, healthy, intact membrane) and EI (red, dead, 

damaged membrane), Fig. 4.12 and 4.13 contain sample images. A gradient of EI positive 

cells emerging and calcein positive cells diminishing was observed with increasing 

DBCO-pDMAEMA concentration. The incorporation of an Ac4ManNAz pre-treatment 

noticeably increased the number of membrane damaged cells (EI positive cells) at lower 

DBCO-pDMAEMAn concentrations. Cell detachment was attempted using Accutase and 

trypsin-EDTA (0.25 %), for flow cytometry analysis, but enzymatic action was abrogated 

at higher DBCO-pDMAEMAn concentrations (above 31.3 µg.mL-1). The inability to 

suspend cells through enzymatic cleavage could be due to extensive damage to cell 

surface proteins required for enzymatic cleavage or due to enzyme degradation (despite 

washing cells); factors which have previously contributed to the loss of ribonuclease, 

pepsin, trypsin and chymotrypsin activity.71–73 Thus, flow cytometry was avoided to 

ensure that quantitative data, i.e. the number of live versus dead cells, was not biased 

towards intact cells that could be dislodged. 
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Figure 4.12. Live/dead imaging with polymer DBCO-100. Sample merged images of 

A549, SW480 and MCF-7 cells stained with calcein (green, intact membrane) and EI 

(red, damaged membrane) following treatment with (+) or without (-) Ac4ManNAz (40 

µM, 96 h) and DBCO-100 (1 – 250 µg.ml-1, 2.5 h). Scale bar = 100 µm.  
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Figure 4.13. Live/dead imaging with polymer DBCO-150. Sample merged images of 

A549, SW480 and MCF-7 cells stained with calcein (green, intact membrane) and EI 

(red, damaged membrane) following treatment with (+) or without (-) Ac4ManNAz (40 

µM, 96 h) and DBCO-100 (1 – 250 µg.ml-1, 2.5 h). Scale bar = 100 µm. 
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As flow cytometry was not possible, the percentage of live cells from images (i.e. stained 

positive for calcein) was determined relative to the total number of cells identified, Fig. 

4.14A. At equal DBCO-DMAEMA100/150 concentrations, a significant decrease in the 

percentage of live Ac4ManNAz treated cells was found compared to untreated cells. 

Similar to the previous cell viability assays, through careful selection of DBCO-150 

concentrations, EI positive cells can be minimised in ‘normal’ untargeted cells to achieve 

an average of 80% live cells versus 15% for Ac4ManNAz treated cells, confirming that 

targeted membrane disruption towards azido glycan labelled cells can be acquired. In 

addition, the minimum DBCO-DMAEMA100/150 concentration required to induce 

significant membrane damage was reduced with an Ac4ManNAz treatment.  

Dose-response curves were generated from the percentage of live cells counted, Fig. 

4.14B, to determine the EC50 values of DBCO-DMAEMA100/150 based on membrane 

permeability, Table 4.4. Similar to the LDH and resazurin cell viability dose-response 

curves, a clear shift in the sigmoidal relationship between the applied DBCO-

DMAEMA100/150 dosage and membrane permeability (i.e. decreasing % live cells) was 

observed in Ac4ManNAz treated cells towards lower concentrations. Ac4ManNAz 

treatments reduced the EC50 value of DBCO-150 by ~76%, across all cell types, and 

DBCO-100 by 61% (see Table 4.5 for all values). The similarities between the dose-

response curves and EC50 values obtained from live/dead staining and resazurin assays 

confirm that cell surface lysis is a major contributor to the enhancement in cell death 

caused by our chemotherapeutic macromolecular system, a feature that could be exploited 

for enhanced gene transfection or delivery of small molecules chemotherapeutics (a 

concept currently being investigated to enhance drug effects in MDR cells).15  
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Figure 4.14. Effect of DBCO-pDMAEMAn on membrane permeability. Percentage live 

cells were determined from images of A549, SW480 and MCF-7 cells stained with 

calcein and EI following treatment with (+) or without (-) Ac4ManNAz (40 µM, 96 h) 

and DBCO-pDMAEMAn (0 – 250 µg.ml-1, 2.5 h). Data is presented as mean % live cells 

± SEM from four independent repeats. Graphs were plotted as (A) bar graphs to display 

statistical significance and (B) dose-response curves for EC50 value determination. 

Statistical analysis compares % live cells of Ac4ManNAz untreated and treated cells at 
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equal DBCO-pDMAEMAn concentrations (above bars) and to illustrate the lowest 

DBCO-pDMAEMAn concentration required to induce significant cell death (below bars) 

(ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001). 

 

Table 4.4. Calcein/EI staining EC50 values.  

Polymer 

EC50 (µg.mL-1) 

A549 SW480 MCF-7 

- N3 + N3 - N3 + N3 - N3 + N3 

DBCO-100 39.9 ± 2.4 13.9 ± 0.4 45.2 ± 2.2 10.9 ± 1.3 12.9 ± 0.4 7.5 ± 0.3 

DBCO-150 58.8 ± 1.0 19.7 ± 1.1 108.8 ± 4.1 14.7 ± 2.2 145.8 ± 20.0 37.1 ± 2.5 

 

 

Table 4.5. Changes in DBCO-pDMAEMAn EC50 values with Ac4ManNAz treatment 

determined by calcein/EI staining (% live cells).  

Polymer 

A549 SW480 MCF-7 

% Fold % Fold % Fold 

DBCO-100 65.1 ± 5.7 2.86 ± 0.15 75.9 ± 5.2 4.15 ± 0.41 42.0 ± 3.2 1.72 ± 0.07 

DBCO-150 66.5 ± 2.1 2.99 ± 0.13 86.5 ± 4.2 7.38 ± 0.87 74.5 ± 13.3 3.93 ± 0.47 
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4.3.4 – Apoptosis-Induced Cell Death 

PDMAEMA has been reported to induce both necrosis and apoptosis (programmed cell 

death), although this varies depending on cell type and polymer molecular weight.52,74 

Therefore, investigating if MOE recruitment of DBCO-pDMAEMAn promotes and/or 

selectively enhances apoptosis pathways is crucial to demonstrate multi-mechanistic cell 

death capabilities. Initially, Annexin V-FITC and propidium iodide (PI) staining of cells 

treated with or without Ac4ManNAz (40 µM, 96 h) and incubated with DBCO-

pDMAEMAn (EC90 concentrations, 2.5 h) was completed, a standardised test for 

apoptosis, Fig. 4.15. All cell types, regardless of Ac4ManNAz, stained positive with both 

Annexin V-FITC and PI, which is indicative of late apoptosis or necrosis. Whilst this is 

a standard test for apoptosis, there is a risk of false positive/negative results as PI uptake 

is aided by the polycation-induced membrane damage. Annexin V is a biomarker that 

binds to phosphatidylserine (PS), which is translocated and externalised from the inner to 

the outer membrane during apoptosis. Previous chemotherapeutic polycation studies 

claim that the presence of PI and absence of Annexin V confirms necrosis in their 

systems,21,22 hence the rationale for completing this staining procedure, however, these 

inferences are not widely accepted as membrane permeability promotes Annexin V 

binding to PS in the inner membrane leaflet. Hence, further studies were conducted. 
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Figure 4.15. Annexin/PI staining. A549, SW480 and MCF-7 cells untreated (-) and 

treated (+) with Ac4ManNAz (40 µM, 96 h) were treated with DBCO-pDMAEMA100/150 

(2.5 h), stained with FITC Annexin V and PI and imaged. The DBCO-pDMAEMA100/150 

concentration applied was the minimum required to induce 90% cell death (to probe 

apoptosis) determined by the resazurin assays. Scale bar = 100 µm. Green = FITC 

Annexin V. Red = propidium iodide (PI). 
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Polycations can induce rapid apoptosis through perturbation of the mitochondria, 

resulting in the mitochondrial depolarisation, release of cytochrome c (Cyt-c), and 

subsequent induction of executioner caspases (cysteinyl aspartate-specific proteases), 

such as caspase-3/7.75–77 To investigate this, caspase-3/7 activation in A549 and SW480 

cell lines, pre-treated with and without Ac4ManNAz, was imaged in real-time whilst the 

cells were incubated with DBCO-pDMAEMA100/150 (0 – 125 µg.mL-1, 0 – 4 h)  (images 

in Appendix A, Figure A4.20 – A4.23). The percentage of caspase positive cells was 

determined to quantify apoptosis augmentation over time, Fig. 4.16. Rapid caspase 

activation was observed within 30 min at DBCO-pDMAEMAn concentrations above 31.3 

µg.mL-1 for A549 cells and 15.6 µg.mL-1 for SW480 cells, which increased over time. 

The rapid onset of apoptosis, which has also been documented for PLL and PEI 

polymers,37,75,77,78 supports the hypothesis that DBCO-pDMAEMA100/150 damages the 

cell membrane resulting in cytosolic internalisation and damage to membrane-bound 

organelles, particularly the mitochondria but also potentially lysosomes, endoplasmic 

reticulum and Golgi apparatus.37 Caspase activation was significantly enhanced through 

the incorporation of cell surface azido glycans at all time points measured, but particularly 

at 2.5 h incubation (same as previous assays) and with DBCO-150 (62.5 µg.mL-1, 2.5h) 

where the average number of caspase positive cells (both A549 and SW480) increased 

from 11% to 71%. 
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Figure 4.16. Apoptosis kinetics assay. Caspase activation of A549 and SW480 cells 

treated with (+, solid line) and without (-, dashed line) Ac4ManNAz (40 µM, 96 h) and 

DBCO-pDMAEMAn (0 – 125 µg.mL-1, 0.5 – 4 h) was imaged in real-time and the average 

percentage of caspase positive cells ± SEM of 4 biological repeats was determined 

(ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001). The 

increase in % caspase positive cells for cells treated with DBCO-100 (black) and DBCO-

150 (red) following azido glycan incorporation have been noted. 

 

EC50 values were calculated based on the percentage of caspase positive cells following 

incubation with DBCO-pDMAEMA100/150 for 2.5 h, Table 4.6. In comparison to the 

previous cell viability and membrane disruption assays, the EC50 values were higher than 

anticipated, Table 4.2 and 4.4, which suggests that necrosis may be the dominant 

mechanism of cell death at lower concentrations. It is possible that higher cytosolic 

DBCO-pDMAEMAn concentrations are required to induce sufficient internal damage to 

induce caspase activation, and thus apoptosis, compared to membrane permeability 
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indicators which rely on extracellular concentrations to damage the peripheral cellular 

membrane. Alternatively, caspase-3/-7 is activated following activation of caspase-9 by 

Cyt-c (or by caspase-8 if the Fas surface ligand is stimulated),79 so insufficient time may 

have been provided to allow detectable quantities of caspase-3/-7 at lower DBCO-

pDMAEMA concentrations. Caspase activation, in Fig. 4.16, continues to increase at 

lower concentrations after 2.5 h, which supports this hypothesis. Moving forward, 

caspase-9 activation, Cyt-c release and mitochondrial depolarisation could provide a 

better indication of rapid apoptosis at lower polycationic concentrations, or end-point 

caspase-3/-7 activation after 24 h should be considered, in addition to real-time 

measurements, to allow direct comparison with the resazurin cell viability assays. Despite 

this, EC50 values for DBCO-pDMAEMAn still decreased towards Ac4ManNAz treated 

cells, confirming that MOE can be used to enhance multiple cell death pathways induced 

by DBCO-modified polycations; potentially also minimising the risks of drug resistance 

development. 

 

 

Table 4.6. Caspase-3/-7 EC50 values.  

Polymer 

EC50 (µg.mL-1) 

A549 SW480 

- N3 + N3 - N3 + N3 

DBCO-100 72.4 ± 4.7 41.5 ± 3.0 68.0 ± 5.2 32.5 ± 1.6 

DBCO-150 160.9 ± 10.7 54.4 ± 4.5 134.4 ± 4.2 34.6 ± 2.6 
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Confocal imaging of A549 and SW480 cells treated with Ac4ManNAz and DBCO-

pDMAEMA100/150-Fl (125 µg.mL-1, 2.5 h) was undertaken to visualise potential 

indicators of necrosis and apoptosis cell death pathways, Fig. 4.17. Although polymer 

was visualised throughout the whole cell bodies, higher regions of fluorescence intensity 

were found co-localised with undamaged cell membrane remains, the nuclear membrane 

and surrounding apoptosis-associated morphological changes such as blebs (large 

vacuoles), apoptotic bodies and cell debris. Additional confocal images of lower DBCO-

pDMAEMA100/150-Fl concentrations can be found in Appendix A, Fig. A4.10 – A4.16, 

where polymer accumulation was localised to the cell surface and, based on many 

previous reports of DMAEMA internalisation via fluid phase endocytosis,80 potentially 

also within endosomes. These confocal images confirm both the presence of apoptosis 

and damage to the plasma membrane. The formation of large vacuoles throughout the 

cellular body could also be indicative of autophagy, which has been observed in PLL, 

PEI and PolyMetformin treated cells and can promote damage to lysosomes and the 

mitochondria; however, this is beyond the scope of this study.68,81,82 CellMask™ Deep 

Red plasma membrane staining was used to confirm the previous morphological changes, 

Fig. 4.17. Untreated cells displayed highly localised membrane staining of the peripheral 

membrane, whereas polymer treated cells resulted in extensive membrane damage 

leading to intracellular dye uptake. Thus, these images further confirm that DBCO-

pDMAEMA100/150 promotes cell death through necrosis and apoptosis and that 

polycations can be modified to produce a dual functional imaging and cytotoxic agent for 

the development of trackable polycationic chemotherapeutic agents. 
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Figure 4.17. Imaging apoptotic features. Confocal images of A549 and SW480 cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-

pDMAEMA100/150-Fl (125 µg.mL-1, 2.5 h, green) or treated with Ac4ManNAz (40 µM, 96 h), DBCO-pDMAEMA100/150 (125 µg.mL-1, 2.5 h), a nuclear 

stain (NucBlueTM, blue) and CellMask™ membrane stain (red). Blebbing/vacuoles (white arrows), apoptotic bodies and cell debris (red arrows) have 

been identified. Untreated negative control cells stained with membrane and nuclear stains have been provided for comparison. Scale bar = 10 µm
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4.3.5 – Translation to Tumour Microenvironments  

Encouraged by the above observations that covalent recruitment of chemotherapeutic 

polycations to cell surface glycans leads to enhanced chemotherapeutic activity, via both 

membrolytic and non-membrolytic processes, a more complex 3-D cellular system was 

explored. Cell monolayers do not sufficiently recapitulate tumour microenvironments, 

which alters cellular behaviours, nor the additional challenge of permeation. Thus, A549 

spheroids were formed in the presence and absence of Ac4ManNAz (40 µM, 96 h) with 

an average diameter of 595 ± 23 µm, Fig. 4.18, which is within the size range capable of 

mimicking various properties of human solid tumours including hypoxic and acidic 

environments that influence cell cycle arrest, energy metabolism and the mechanisms of 

small molecule chemotherapeutics that rely on oxygen species.83,84 Confirmation of 

successful labelling of spheroids with azido glycans was achieved by confocal 

microscopy with a DBCO-Cy3 dye, Fig. 4.19. 

 

 

Figure 4.18. Schematic of spheroids formed in Ac4ManNAz and treated with DBCO-

polycation (chemotherapeutic spheroid strategy #1). 
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Figure 4.19. Formation of spheroids in Ac4ManNAz, proof of azido glycan spheroid 

labelling. Maximum intensity confocal images of A549 spheroids formed in the presence 

(+) and absence (-) of Ac4ManNAz (40 µM, 96 h) and treated with DBCO-Cy3 (50 µM, 

2 h, red) and NucBlueTM nuclear stain (blue). Scale bar = 100 µm.  
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Spheroids formed in the presence and absence of Ac4ManNAz were subsequently treated 

with a single dose of DBCO-100 or DBCO-150 (0 – 250 µg.mL-1, 3 h), stained with 

CellToxTM reagent, which binds to the DNA of cells with impaired membrane integrity, 

and imaged, Fig. 4.20A. Spheroids incubated with complete media or lysis buffer were 

also stained with CellToxTM reagent to provide a positive and a negative control, 

respectively, Fig. 4.20B. [Images were recoloured to show dead cells as red. Original 

images are in Fig. A4.28 and A4.29]. A clear increase in the number of dead cells was 

found in spheroids formed in Ac4ManNAz and treated with both DBCO-100 and DBCO-

150, Fig. 4.20C. Spheroid cell death counts increased by an average of ~1.8-fold when 

MOE recruitment of DBCO-150 was used and the largest increase (2.3-fold) was noted 

at the lowest concentration tested, 25 µg.mL-1. As expected from a single-dose treatment, 

extensive cell damage was localised to the spheroid periphery, rather than the interior, 

due to the size of the spheroid and absence of flux and additional fluid recycling 

mechanisms; however, this is expected to improve with multiple polymer treatments and 

with the addition of in vivo circulatory networks. Conventional small molecule 

chemotherapeutics are also unable to damage the entirety of spheroids of these 

dimensions through single treatments;85,86 thus, these findings are highly promising and 

comparable to clinically relevant pharmaceutical compounds.  
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Figure 4.20. Chemotherapeutic macromolecules against a 3-D tumour model labelled 

during spheroid formation. (A) A549 spheroids were grown in the presence (+) or absence 

(-) of Ac4ManNAz (40 µM, 96 h), treated with a single dose of DBCO-pDMAEMA100/150 

(3 h), and dead cells were stained with CellToxTM (red) and imaged. (B) Negative (DPBS) 

controls and lysis positive controls have been provided for comparison. (C) The number 

of dead cells per average spheroid area (0.235 mm2) was calculated from the confocal 

images. Scale bar = 100 µm. 



  

251 

An ATP (CellTiter-Glo® 3D) cell viability assay was employed to determine the overall 

cell death of spheroids formed in Ac4ManNAz supplemented and unsupplemented media 

and subjected to a single dose of DBCO-100 or DBCO-150 (0 – 500 µg.mL-1, 3 h), Fig. 

4.21A and 4.21B. The formation of spheroids in Ac4ManNAz increased the potency of 

DBCO-modified polycations, decreasing viability more than unmodified spheroids at 

equal polymer concentrations. The performance of DBCO-150 polymers was noticeably 

improved, with significant decreases in spheroid viability observed at all concentrations 

tested. However, high concentrations (62.5 µg.mL-1 or above) were required to penetrate 

the spheroid core and reduce cell viability below 55%; confirming that low concentrations 

of DBCO-pDMAEMAn result in cell death localised to the spheroid surface in the absence 

of flux mechanisms. DBCO-100 saw similar benefits towards spheroids formed in 

Ac4ManNAz, however, these were less significant compared to DBCO-150; a reflection 

of the results obtained from monolayer studies. Spheroids formed in the presence and 

absence of Ac4ManNAz were also treated with doxorubicin (0 – 500 µg.mL-1), for 24 h, 

to compare a small molecule chemotherapeutic against the polycationic chemotherapeutic 

strategy devised here, Fig. 4.21C. Azido glycan incorporation allowed DBCO-100 and 

DBCO-150 polymers to decrease spheroid viability to levels comparable with 

doxorubicin between 62.5 and 250 µg.mL-1 in considerably less time (from 24 h to 3 h), 

despite monolayer viability studies revealing that doxorubicin is more potent towards 

A549 cells. DBCO-pDMAEMA100/150’s ability to exploit both necrosis- and apoptosis-

mediated cell death pathways enhances spheroid penetration depth at low incubation 

times, which could be exploited in combination with small molecule chemotherapeutics 

to aid in increasing spheroid core delivery.22 Thus, we have demonstrated that our two-

step MOE and chemotherapeutic macromolecular system selectively enhances the 

cytotoxic effects of polycationic macromolecules towards both 2-D labelled cells and 3-

D tumour models.  
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Figure 4.21. Total cell viability of spheroids formed in Ac4ManNAz. Spheroids formed 

in the presence (+) and absence (-) of Ac4ManNAz (40 µM, 96 h) were treated with either 

(A) DBCO-100 (3 h), (B) DBCO-150 (3 h) or (C) Doxorubicin (24 h) and viability was 

measured using a CellTiter-Glo® 3D cell viability assay. The data is represented by mean 

± SEM of 6 biological repeats (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, *p ≤ 0.05, **p ≤ 

0.01).  

 

To better recapitulate a tumour and in vivo scenario, pre-formed spheroids (72 h) were 

treated with Ac4ManNAz (40 µM, 96 h) and, once azido glycan incorporation was 

confirmed, subjected to a single dose of DBCO-100 and DBCO-150 (0 – 500 µg.mL-1, 3 

h), Fig. 4.22. The formation of spheroids requires three main stages: (1) the formation of 

cell aggregates via integrin, selectin and cadherin interactions; (2) cadherin expression 

and accumulation promoted by aggregation; (3) spheroid compaction through homophilic 

cadherin-cadherin interactions.87,88 Although MOE does not affect E-cadherin expression, 

downregulation of genes associated with integrins involved in cell-cell and cell-ECM 

(extracellular matrix) interactions has been observed.89 Thus, MOE of spheroids 

following initial formation was devised to eliminate concerns over potential differences 

in spheroid packing due to alterations in cell-cell adhesion. 
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Figure 4.22. Schematic of pre-formed spheroids treated with Ac4ManNAz and DBCO-

modified polycations (chemotherapeutic spheroid strategy #2). 

Pre-formed spheroids incubated with and without Ac4ManNAz (40 µM, 96 h) were 

stained with DBCO-Cy3 to confirm successful integration of azido glycan throughout the 

spheroid, Fig. 4.23, despite the increase in spheroid size and contraction compared to the 

previous spheroid approach.  

 

Figure 4.23. Spheroids treated with Ac4ManNAz post-formation, proof azido glycan 

spheroid labelling. Maximum intensity projection confocal images of pre-formed A549 

spheroids (72 h) treated with (+) or without (-) Ac4ManNAz (40 µM, 96 h) and with 

DBCO-Cy3 (50 µM, 2 h, red) and NucBlueTM nuclear stain (blue). Scale bar = 100 µm. 
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The overall spheroid viability of pre-formed A549 spheroids treated with Ac4ManNAz 

and either DBCO-100, DBCO-150 or doxorubicin was determined by a CellTiter-Glo® 

3D cell viability assay (Fig. 4.24A – 4.24C). A significant decrease in spheroid viability 

was observed towards Ac4ManNAz treated spheroids with both cationic polymers at all 

concentrations tested, compared to spheroids that received only polymer treatments. The 

increased size of the spheroids reduced the effectiveness of doxorubicin considerably, 

whereas the DBCO-modified polymers were less affected. Consequently, spheroids 

treated with both Ac4ManNAz and DBCO-modified polycations out-performed the small 

molecule chemotherapeutic at concentrations above 31.3 µg.mL-1. Thus, treatment of 

spheroids with Ac4ManNAz post-formation does not appear to critically impede the 

labelling capabilities of MOE, covalent recruitment of DBCO-modified polycations and 

chemotherapeutic macromolecular functionality.  

 

Figure 4.24. Application of chemotherapeutic macromolecules to a 3-D tumour model, 

labelled after spheroid formation. Pre-formed spheroids were spheroids treated with (+) 

and (-) without Ac4ManNAz (40 µM, 96 h), followed by a single dose of either (A) 

DBCO-100 (3 h), (B) DBCO-150 (3 h) or (C) doxorubicin (24 h) (0 – 500 µg.mL-1) and 

viability was measured using a CellTiter-Glo® 3D cell viability assay. The data is 

represented by mean ± SEM of 6 biological repeats (ANOVA, Tukey PostHoc; ns: p ≥ 

0.05, *p ≤ 0.05, **p ≤ 0.01). Scale bar = 100 µm. 
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4.4 – Further Discussion and Conclusion 

Polycationic chemotherapeutic macromolecules, inspired by host defence peptides 

(HDPs), have the potential to address drug-resistance development in cancerous cells.20–

22 However, the selectivity of natural HDP and synthetic polycationic mimics relies on 

the overexpression of anionic cell surface constituents on target diseased cells. Here, 

metabolic oligosaccharide engineering (MOE) was used to install cell surface chemical 

receptors onto cancerous cells, to selectively enhance the cytotoxicity of a polycationic 

chemotherapeutic agent through covalent recruitment. By improving the selectivity of 

chemotherapeutic macromolecules towards targeted cancerous cells, the intrinsic 

cytotoxicity of AMP/HDP polymer mimics can be minimised. Therefore, chemical 

remodelling of cellular targets provides an alternative solution to achieve 

chemotherapeutic macromolecule selectivity, instead of iterative tuning of 

chemotherapeutic macromolecular composition and architecture. 

Strain alkyne-terminated poly(dimethylaminoethyl methacrylate) (DBCO-pDMAEMAn) 

was selected as the prototypical cationic macromolecular therapeutic agent to target MOE 

cancerous cells. Cell surface azido glycan chemical receptors were introduced into the 

glycocalyx of cancerous cells, using tetraacetylated N-azidoacetylmannosamine 

(Ac4ManNAz), to covalently recruit DBCO-pDMAEMAn by strain promoted azide-

alkyne cycloaddition (SPAAC). DBCO-pDMAEMA’s activity increased up to 10-fold 

(i.e. decrease in EC50 value) against a panel of Ac4ManNAz treated cell lines by 

improving membrane disruption capabilities and enhancing the rapid activation of 

apoptosis pathways associated with organelle damage, particularly the mitochondria; a 

process likely promoted by polycation internalisation through membrane disruption 

and/or via endocytic or glycan recycling pathways. Conditions were identified where less 

than 20 % of azido glycan labelled cells remained viable compared to over 90 % of 
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unlabelled cells, demonstrating that chemotherapeutic macromolecule selectivity towards 

targeted cells can be achieved without complex alterations to the therapeutic agent. 

Previous chemotherapeutic macromolecules designed to address drug resistance 

development induce cell death primarily through damage to the membrane alone or 

vacuole formation (but not apoptosis).20–22 Thus, targeting multiple cell death pathways 

using MOE and DBCO-modified chemotherapeutic polycations, which better mimic the 

broad-spectrum activity of natural HDPs,17 may help tackle drug-resistant cancerous cells 

and avoid future resistance development. 

Finally, our two-step MOE and chemotherapeutic system was applied to two 3-D 

spheroid models intended to more accurately reproduce an in vivo tumour environment. 

DBCO-pDMAEMA action was significantly improved towards spheroids formed in the 

presence of Ac4ManNAz, demonstrating that DBCO-pDMAEMA can penetrate 3-D 

cellular environments; however, extreme concentrations were required to reduce spheroid 

viability below 50 % due to the absence of flux mechanisms. Secondly, spheroids were 

formed in the absence of Ac4ManNAz and subsequently metabolically labelled to take 

into account any potential defects in spheroid packing, due to cell-cell contact alterations, 

and to assess whether spheroids can be labelled with azido glycans post-formation; a 

closer representation of what might be applied in vivo. Again, spheroid viability was 

significantly reduced in MOE-treated spheroids, demonstrating that the increased size and 

contraction of the Ac4ManNAz treated pre-formed spheroids did not prevent azido glycan 

incorporation and DBCO-pDMAEMA’s activity. Conversely, doxorubicin’s 

performance reduced substantially, to levels where clear benefits were observed with our 

chemotherapeutic strategy. Thus, DBCO-pDMAEMA’s ability to exploit both necrosis- 

and apoptosis-mediated cell death pathways could be used in combination with small 

molecule chemotherapeutics to aid in increasing spheroid core delivery. Previously, we 

have reported that DMAEMA polymers, like many other HDP polymer mimics, possess 
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antimicrobial properties against mycobacterium smegmatis90,91 and that, in a separate 

study, asymmetric azido trehalose analogues can be used to incorporate azides onto m. 

smeg.92 Thus, the combination of metabolic glycan labelling to recruit DBCO-modified 

HDP mimics may provide usefulness in antimicrobial applications, as well as exploring 

further chemotherapeutic and gene transfection options. 

The universal nature of this platform may overcome the long-standing selectivity issues 

associated with synthetic chemotherapeutic macromolecules derived from host defence 

peptide. Engineering target cells to recruit chemotherapeutic macromolecules, rather than 

the current reliance on macromolecule engineering alone, offers a conceptually new 

approach to improve therapeutic efficacy and will help advance the discovery and 

application of polymeric therapeutics as active agents, rather than just as carriers. 
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4.5 – Experimental 

4.5.1 Materials 

2-(Dimethylamino)ethyl methacrylate (DMAEMA), 4,4′-azobis(4-cyanovaleric acid) 

(ACVA), dioxane, hexane, tetrahydrofuran (THF), mesitylene, dibenzocyclooctyne-

amine (DBCO-NH2), propyl amine, N-(5-fluoresceinyl)maleimide (≥90%, HPLC grade), 

chloroform-d (CDCl3, 99.8%), doxorubicin hydrochloride (98%), Triton X-100 and 

sucrose were purchased from Sigma Aldrich Co Ltd (Gillingham, UK). Dulbecco 

phosphate buffered saline (DPBS), N-azidoacetylmannosamine-tetraacylated 

(Ac4ManNAz), NucBlue® Live Cell ReadyProbes® Reagent, resazurin tablets, 

LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells, CellEvent Caspase-3/7 

Detection Reagent, CellMask™ Deep Red Plasma membrane stain, Molecular Probes™ 

Dead Cell Apoptosis Kit with Annexin V FITC and PI, Thermo Scientific™ Pierce™ 

LDH Cytotoxicity Assay Kit, sodium hydroxide, magnesium chloride, Tris-HCl, 

Fisherbrand™ Sterile Cell Strainers, BD Sphero™ Rainbow Calibration Particles (8 

Peaks 3.0-3.4 µm) and BD FACSFlow™ Sheath Fluid were purchased from Fisher 

Scientific (Loughborough, UK). CellTox™ Green Cytotoxicity Assay and CellTiter-

Glo® 3D Luminescent Cell Viability Assay were purchased from Promega (Wisconsin, 

USA). CELLview™ Culture dish, 35 mm, TC treated, 4 compartments were purchased 

from Greiner Bio-One (Stonehouse, UK). Ovine blood was purchased from TCS 

Biosciences (Buckingham, UK). All reagents were used as purchased, without further 

purification.  

4.5.2 Physical and Analytical Methods 

Size Exclusion Chromatography (SEC). An Agilent Infinity II MDS instrument 

equipped with differential refractive index (DRI), viscometry (VS), dual-angle light 

scatter (LS) and variable wavelength UV-Vis detectors (set at 494 nm) was used for all 
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SEC analysis. The system was fitted with 2 x PLgel Mixed D columns (300 x 7.5 mm) 

and a PLgel 5 µm guard column. The eluent utilised was DMF with 5 mmol NH4BF4 

additive at a flow rate of 1.0 mL.min-1 at 50 oC. Poly(methyl methacrylate) standards 

(Agilent EasyVials) were used for calibration between 955,000 – 550 g.mol-1. Samples 

were prepared in the mobile phase and passed through a nylon membrane with 0.22 µm 

pore size prior to injection. Agilent GPC/SEC Software was used to determine 

experimental molar mass (Mn,exp), experimental molecular weight (Mw,exp) and dispersity 

(Ð) of synthesized polymers. 

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H and 19F NMR spectra were 

recorded on a Bruker HD-300 spectrometer and 13C NMR spectra on a Bruker HD-400 

spectrometer, both operating at 293 K using deuterated solvents purchased from Sigma-

Aldrich. Chemical shifts were reported as δ in parts per million (ppm) relative to residual 

non-deuterated solvent resonances (CDCl3 1H: δ = 7.26 ppm; 13C δ = 77.16 ppm). 

Polymer compositions and monomer conversions were determined using spectra 

obtained. Bruker Topspin 3.5 Software was used to process and export spectra.  

Infrared (IR) Spectroscopy. FTIR spectra were acquired using an Agilent Cary 630 

FTIR (Agilent Technologies, Connecticut, USA) spectrometer equipped with a single 

reflection diamond ATR accessory with a 45º angle of incidence, a 1 mm diameter 

sampling surface (200 μm active area) and a rotating pressure clamp (applying maximum 

pressure). Scans (128) were obtained of dried, crushed samples between 4000 - 650 cm-1 

with a spectral resolution  < 2 cm-1, wavenumber accuracy of 0.05 cm-1 and wavenumber 

reproducibility of 0.005 cm-1. Gain, aperture, scan speed and filter were all set to auto. 

Agilent MicroLab Software, version B.05.4, was used to process and export spectra. 

Confocal Microscopy. Confocal imaging was completed using a Zeiss LSM 880 inverted 

microscope with 100x, 63x, 40x and 20x oil immersion objective lenses, equipped with 

three photomultiplier detectors (GaAsP, multialkali and BiG.2) and multichannel spectral 
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imaging with an ultra-sensitive GASP detector. The UV and VIS Laser Modules allowed 

selection of six lasers with wavelengths of 633, 594, 561, 543, 514, 488, 458 and 405 nm. 

Zeiss ZEN (black edition) 2.3 lite was utilised for image collection and processing. All 

other imaging was completed using an Olympus CX41 microscope equipped with a UIS-

2 20x/0.45/∞/0−2/FN22 lens (Olympus Ltd., Southend-on-Sea, U.K.) and a Canon EOS 

500D SLR digital camera. 

UV-Vis Spectroscopy. An Agilent Technologies Cary 60 Variable Temperature UV-Vis 

spectrometer was used to record absorbance measurements of DBCO-DMAEMA100/150-

Fl polymers, for polymer: dye ratio calculations, between 300 and 800 nm at a scan rate 

of 600 nm.min-1 and 1 nm data interval. Dual beam mode was used and the system was 

operated using Agilent software. 

Flow Cytometry. Flow cytometry was performed on a BD Influx™ cell sorter (BD 

Biosciences) running BD FACS Sortware™ software, equipped with 355-, 488-, 561-, 

and 642-nm lasers and detecting up to 24 parameters (21 fluorescence channels, two 

forward scatter channels and one side scatter). Sample analysis required the use of the 

488 nm excitation laser and 530/30 nm filter for Cy3 measurements. A 100 µm nozzle 

was fitted, operating at a sheath and sample pressure of 20 psi and 21.5 psi, respectively. 

Stream and laser alignment was performed using BD Sphero™ Rainbow Calibration 

Particles. The number of events recorded for A549 and SW480 cells were 100,000 and 

20,000 for MCF-7 cells. Prior to sample analysis, cells were detached utilising Accutase® 

solution (Fisher Scientific) and passed through Fisherbrand™ Sterile Cell Strainers 

(Fisher Scientific) to ensure single cell analysis. Voltage settings applied ensured that 

untreated control cells appeared at low fluorescence emission intensities. FlowJo X 

10.0.7r2 (Tree Star, Ashland, USA) was used for all statistical analysis and plotting of 

flow cytometry data.  
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Statistical Analysis. Data was analysed with a one-way analysis of variance (ANOVA) 

on ranks followed by a comparison of experimental groups with the appropriate control 

group (Tukey’s post hoc test). GraphPad Prism 8 (La Jolla, California, USA) was used 

for all statistical analysis including the plotting and determination of EC50 and EC90 

values. 

4.5.3 Synthesis of Azide-Reactive Chemotherapeutic Polymers 

Polymerisation of 2-(Dimethylamino)ethyl Methacrylate (PFP-50 – PFP-150). 2-

(Dimethylamino)ethyl methacrylate (DMAEMA, 2.00 g, 12.7 mmol), 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid pentafluorophenyl ester (PFP-

DMP) and 4,4′-azobis(4-cyanovaleric acid) (ACVA) were dissolved in dioxane (10 mL) 

at ratios presented in Table 1 to obtain 3 degrees of polymerisation (DP). Mesitylene (150 

µL) was used as an internal reference and an aliquot was taken in CDCl3 for NMR 

analysis. The reaction mixture was stirred under N2 for 30 min at RT and a further 18 h 

at 70 oC. An aliquot of the post-reaction mixture was taken for NMR analysis in CDCl3, 

allowing percentage conversion calculations. The polymer was reprecipitated into cold 

hexane from THF three times, yielding a yellow polymer product. The resulting product 

was dried under vacuum, analysed by IR spectroscopy and an aliquot was taken for NMR 

analysis in CDCl3. NMR percentage conversion and SEC results are presented in Table 

4.1.  

PFP-pDMAEMA50. 1H NMR (300 MHz, CDCl3) δppm: 4.06 ppm (100H, s, CH2-O); 2.57 

ppm (100H, br. s, CH2-N); 2.28 ppm (302H, s, N-(CH3)2, H12); 2.08-1.70 ppm (106H, 

multiple br. s, backbone CH2 and H13-14); 1.40-1.20 ppm (20H, br. s, H2-11); 1.13-0.774 

ppm (153H, backbone CH3, H1). Solvent peaks: 3.75 ppm and 1.83 ppm (m, THF) 

solvent peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: -152.5 ppm (2F, 

d, J1-2 = 18.6 Hz, F1, ortho); -158.0 ppm (1F, t, J1-2 = 22.8 Hz, F3, para); -162.3 ppm (2F, 
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t, J1-2 = 20.5 Hz, F2, meta). 13C NMR (400 MHz, CDCl3) δppm: 63.1 ppm (CH2-O), 57.2 

ppm (CH2-N), 45.7 ppm (N-(CH3)2) and 44.8 ppm (backbone quaternary C). Solvent 

peaks: 77.04 ppm (t, CDCl3). IR v / cm-1: 3025 - 2689 cm-1 (w, C-H stretch); 2820 cm-1 

(w, asym. C-H stretch (N-CH3)); 2768 cm-1 (w, sym. C-H stretch (N-CH3)); 1724 cm-1 (s, 

C=O stretch); 1522 cm-1 (w, C-F stretch); 1455 cm-1 (m, C-H bend (CH2)), 1171 cm-1 (s, 

C-O stretch); 1144 cm-1 (s, C-N stretch), and 1062 cm-1 (w, S-(C=S)-S stretch). 

%yield = 81%. 

PFP-pDMAEMA100. 1H NMR (300 MHz, CDCl3) δppm: 4.05 ppm (200H, s, CH2-O); 2.56 

ppm (200H, br. s, CH2-N,); 2.28 ppm (602H, s, N-(CH3)2, H12); 2.09-1.70 ppm (206H, 

multiple br. s, backbone CH2 and H13-14); 1.40-1.19 ppm (20H, br. s, H2-11); 1.14-0.774 

ppm (303H, backbone CH3, H1). Solvent peaks: 3.75 ppm and 1.85 ppm (m, THF) 

solvent peak and 7.27 ppm (s, CDCl3). 13C NMR (400 MHz, CDCl3) δppm: 63.1 ppm (CH2-

O), 57.2 ppm (CH2-N), 45.7 ppm (N-(CH3)2) and 44.8 ppm (backbone quaternary C). 

Solvent peaks: 77.04 ppm (t, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: -152.5 ppm (2F, 

d, J1-2 = 17.4 Hz, F1, ortho); -158.0 ppm (1F, t, J1-2 = 22.5 Hz, F3, para); -162.3 ppm (2F, 

t, J1-2 = 20.1 Hz, F2, meta). IR v / cm-1: 3027 - 2693 cm-1 (w, C-H stretch); 2821 cm-1 (w, 

asym. C-H stretch (N-CH3)); 2770 cm-1 (w, sym. C-H stretch (N-CH3)); 1724 cm-1 (s, 

C=O stretch); 1522 cm-1 (w, C-F stretch); 1456 cm-1 (m, C-H bend (CH2)). 1172 cm-1 (s, 

C-O stretch); 1145 cm-1 (s, C-N stretch), 1063 cm-1 (w, S-(C=S)-S stretch), 915 cm-1 (w, 

C5F6 associated vibration). %yield = 83%. 

PFP-pDMAEMA150. 1H NMR (300 MHz, CDCl3) δppm: 4.06 ppm (300H, s, CH2-O); 2.56 

ppm (300H, br. s, CH2-N,); 2.28 ppm (902H, s, N-(CH3)2, H12); 2.09-1.72 ppm (306H, 

multiple br. s, backbone CH2 and H13-14); 1.38-1.20 ppm (20H, br. s, H2-11); 1.14-0.772 

ppm (453H, backbone CH3, H1). Solvent peaks: 3.75 ppm and 1.85 ppm (m, THF) 

solvent peak and 7.27 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: -152.5 ppm (2F, 

d, J1-2 = 18.4 Hz, F1, ortho); -158.0 ppm (1F, t, J1-2 = 20.7 Hz, F3, para); -162.3 ppm (2F, 
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t, J1-2 = 20.5 Hz, F2, meta). 13C NMR (400 MHz, CDCl3) δppm: 63.0 ppm (CH2-O), 57.2 

ppm (CH2-N), 45.8 ppm (N-(CH3)2) and 44.7 ppm (backbone quaternary C). Solvent 

peaks: 77.04 ppm (t, CDCl3). IR v / cm-1: 2972 - 2651 cm-1 (w, C-H stretch); 2821 cm-1 

(w, asym. C-H stretch (N-CH3)); 2770 cm-1 (w, sym. C-H stretch (N-CH3)); 1722 cm-1 (s, 

C=O stretch); 1522 cm-1 (w, C-F stretch); 1456 cm-1 (m, C-H bend (CH2)). 1172 cm-1 (s, 

C-O stretch); 1144 cm-1 (s, C-N stretch), 1063 cm-1 (w, S-(C=S)-S stretch), 915 cm-1 (w, 

C5F6 associated vibration). %yield = 83%. 

Functionalisation of PFP-pDMAEMAn with DBCO-NH2 (DBCO-50 – DBCO-150). 

PFP-pDMAEMAn (0.20 g, 1 Eq), and dibenzocyclooctyne-amine (DBCO-NH2; 2 Eq) 

were stirred in THF (3 mL) for 16 h. Addition of propyl amine (1.5 eq) for 2 h was used 

to ensure complete reduction of the thiocarbonate moiety to a thiol group. The polymer 

was reprecipitated into cold hexane from THF three times, yielding a white polymer 

product. The resulting product was dried under vacuum and DMF SEC analysis was 

completed, Table 4.1. IR and NMR (in CDCl3) analysis was also completed.  

DBCO-pDMAEMA50: 1H NMR (300 MHz, CDCl3) δppm: 7.73-7.31 ppm (br. m, aromatic 

DBCO CH)) 5.19-5.11 ppm (DBCO CH2-N), 4.06 ppm (s, CH2-O); 2.56 ppm (br. s, 

CH2-N,); 2.28 ppm (s, N-(CH3)2); 2.12-1.75 ppm (multiple br. s, backbone CH2); 1.15-

0.772 ppm (backbone CH3). Solvent peaks: 3.75 ppm and 1.83 ppm (m, THF) solvent 

peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: Peaks have disappeared. 

13C NMR (400 MHz, CDCl3) δppm: 63.0 ppm (CH2-O), 57.1 ppm (CH2-N), 45.8 ppm (N-

(CH3)2) and 44.8 ppm (backbone quaternary C). Solvent peaks: 77.04 ppm (t, CDCl3). 

IR v / cm-1: 3043 - 2693 cm-1 (w, multiple C-H stretch); 2819 cm-1 (w, asym. C-H stretch 

(N-CH3)); 2776 cm-1 (w, sym. C-H stretch (N-CH3)); 1719 cm-1 (s, C=O stretch); 1676-

1620 cm-1 (w, aromatic C-H stretch overtone), 1452 cm-1 (m, C-H bend (CH2)), 1173 cm-

1 (s, C-O stretch); 1143 cm-1 (s, C-N stretch). %yield = 86%. 
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DBCO-pDMAEMA100: 1H NMR (300 MHz, CDCl3) δppm: 7.72-7.29 ppm (br. m, aromatic 

DBCO CH)) 5.20-5.13 ppm (DBCO CH2-N), 4.06 ppm (s, CH2-O); 2.56 ppm (br. s, 

CH2-N,); 2.28 ppm (s, N-(CH3)2); 2.11-1.75 ppm (multiple br. s, backbone CH2); 1.17-

0.771 ppm (backbone CH3). Solvent peaks: 3.75 ppm and 1.83 ppm (m, THF) solvent 

peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: Peaks have disappeared. 

13C NMR (400 MHz, CDCl3) δppm: 63.0 ppm (CH2-O), 57.3 ppm (CH2-N), 45.9 ppm (N-

(CH3)2) and 44.9 ppm (backbone quaternary C). Solvent peaks: 77.04 ppm (t, CDCl3). 

IR v / cm-1: 3033 - 2693 cm-1 (w, multiple C-H stretch); 2819 cm-1 (w, asym. C-H stretch 

(N-CH3)); 2776 cm-1 (w, sym. C-H stretch (N-CH3)); 1720 cm-1 (s, C=O stretch); 1672-

1618 cm-1 (w, aromatic C-H stretch overtone), 1455 cm-1 (m, C-H bend (CH2)), 1171 cm-

1 (s, C-O stretch); 1143 cm-1 (s, C-N stretch). %yield = 87%. 

DBCO-pDMAEMA150: 1H NMR (300 MHz, CDCl3) δppm: 7.74-7.29 ppm (br. m, aromatic 

DBCO CH)) 5.21-5.12 ppm (DBCO CH2-N), 4.06 ppm (s, CH2-O); 2.56 ppm (br. s, 

CH2-N,); 2.28 ppm (s, N-(CH3)2); 2.08-1.74 ppm (multiple br. s, backbone CH2); 1.12-

0.779 ppm (backbone CH3). Solvent peaks: 3.75 ppm and 1.83 ppm (m, THF) solvent 

peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: Peaks have disappeared. 

13C NMR (400 MHz, CDCl3) δppm: 63.0 ppm (CH2-O), 57.3 ppm (CH2-N), 45.9 ppm (N-

(CH3)2) and 44.9 ppm (backbone quaternary C). Solvent peaks: 77.04 ppm (t, CDCl3). 

IR v / cm-1: 3040 - 2693 cm-1 (w, C-H stretch); 2821 cm-1 (w, asym. C-H stretch (N-

CH3)); 2770 cm-1 (w, sym. C-H stretch (N-CH3)); 1722 cm-1 (s, C=O stretch); 1676-1626 

cm-1 (w, aromatic C-H stretch overtone), 1454 cm-1 (m, C-H bend (CH2)), 1172 cm-1 (s, 

C-O stretch); 1144 cm-1 (s, C-N stretch). %yield = 84%. 

Fluorophore labelled DBCO-pDMAEMAn (FL-100 – FL-150). DBCO-pDMAEMAn 

(0.10 g, 1 Eq), and N-(5-fluoresceinyl)maleimide (1.5 Eq) were dissolved in DMF (2 mL), 

degassed and left to stir for 24 h. The yellow mixture was reprecipitated into cold hexane 

from THF three times, yielding a yellow fluorescent polymer product. DMF SEC analysis 
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was completed with the UV-Vis detector set at 494 nm to demonstrate size separation and 

absorbance overlap, Figure 4.4B. Average %yield = 82%. 

Non-DBCO Propyl-pDMAEMAn (Pr-50 – Pr-150). PFP-pDMAEMAn (0.20 g, 1 Eq), 

and propyl amine (excess) was stirred in THF (3 mL) for 4 h. The polymer was 

reprecipitated into cold hexane from THF three times, yielding a white polymer product. 

The resulting product was dried under vacuum and an aliquot was taken for NMR analysis 

in CDCl3. Average %yield = 83%. 

Pr-pDMAEMA50: 1H NMR (300 MHz, CDCl3) δppm: 4.06 ppm (s, CH2-O); 2.57 ppm 

(100H, br. s, CH2-N,); 2.28 ppm (300H, s, N-(CH3)2); 2.04-1.75 ppm (100H, multiple br. 

s, backbone CH2); 1.11-0.778 ppm (150H, backbone CH3). Solvent peaks: 3.75 ppm 

and 1.83 ppm (m, THF) solvent peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, 

CDCl3) δppm: Peaks have disappeared. %yield = 81%. 

Pr-pDMAEMA100: 1H NMR (300 MHz, CDCl3) δppm: 4.06 ppm (s, CH2-O); 2.57 ppm (br. 

s, CH2-N,); 2.28 ppm (s, N-(CH3)2); 2.17-1.65 ppm (multiple br. s, backbone CH2); 

1.12-0.778 ppm (backbone CH3). Solvent peaks: 3.75 ppm and 1.83 ppm (m, THF) 

solvent peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: Peaks have 

disappeared. %yield = 83%. 

Pr-pDMAEMA150: 1H NMR (300 MHz, CDCl3) δppm: 4.06 ppm (s, CH2-O); 2.57 ppm (br. 

s, CH2-N,); 2.29 ppm (s, N-(CH3)2); 2.10-1.74 ppm (multiple br. s, backbone CH2); 

1.12-0.765 ppm (backbone CH3). Solvent peaks: 3.75 ppm and 1.83 ppm (m, THF) 

solvent peak and 7.26 ppm (s, CDCl3). 19F NMR (300 MHz, CDCl3) δppm: Peaks have 

disappeared. %yield = 85%. 
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4.5.4 General Cell Culture  

Cell Lines. Human Caucasian lung carcinoma cells (A549, Cat. No. 86012804), human 

Caucasian Dukes’ type B colorectal adenocarcinoma cells (SW480, Cat. No. 87092801), 

and human Caucasian breast adenocarcinoma derived from metastatic site (MCF-7, Cat. 

No. 86012803) were obtained from European Collection of Authenticated Cell Cultures 

(Public Health England, UK).  

Cell Culture. A549, SW480, and MCF-7 cells were grown in Ham's F-12K (Kaighn's) 

Medium (F-12K), Advanced Dulbecco’s Modified Eagle’s Medium (Advanced DMEM) 

and Dulbecco’s Modified Eagle’s Medium - high glucose (DMEM - high glucose), 

respectively, supplemented with 10% fetal bovine serum (FBS) and 100 units.mL-1 

penicillin, 100 µg.mL-1 streptomycin, and 250 ng.mL-1 amphotericin B (PSA). Cells were 

incubated at 37 °C and 5% CO2 and passaged every 3 – 4 days, before reaching 70 – 80% 

confluency. Cells were dissociated using a balanced salt solution containing trypsin 

(0.25%) and EDTA (1 mM). 

4.5.5 General Protocol for Metabolic Labelling of Cell Lines 

A549 (250k), SW480 (500k) and MCF-7 (1 million) cells were seeded in 100 x 20 mm 

TC-treated cell culture dishes in complete cell media supplemented with N-

azidoacetylmannosamine-tetraacylated (Ac4ManNAz, 40 µM) in a humidified 

atmosphere of 95% air and 5% CO2 at 37 °C for 72 h. Azido modified cells were 

dissociated using Accutase® solution for subsequent experiments, except for proof of 

successful azido glycan labelling. To prove successful labelling, Ac4ManNAz treated and 

untreated cells were stained with DBCO-Cy3 (50 µM, 2.5 h), in cell media, and imaged 

using an Olympus CX41 microscope. Following confirmation of successful labelling, cell 

detachment was completed utilising Accutase® solution and samples were analysed using 
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flow cytometry. Cells untreated with Ac4ManNAz and DBCO-Cy3 were also provided 

as a comparison.   

4.5.6 DBCO-pDMAEMAn and Doxorubicin Treatment and Viability Studies  

Resazurin Assay. A549 and SW480 cells, treated and untreated with Ac4ManNAz (as 

described above), were seeded in a 96 well plate at a density of 5k cells per well and 

MCF-7 cells at a density of 15k cells per well, all in the presence and absence of 

Ac4ManNAz (40 µM) for 24 h. Following DPBS washes (x3), all cells were incubated 

with complete media supplemented with either DBCO-p(DMAEMA)50–150 (0 – 250 

µg.ml-1) or doxorubicin (0 – 250 µg.ml-1) for 2.5 h. Cells were also plated at half-cell 

density and incubated with doxorubicin for 24 h and 48h. Chemotherapeutic solutions 

were replaced with fresh complete media, following DPBS washes (x3), and cells were 

incubated for 24 h. Cell viability was determined by replacing all solutions with 

alamarBlue® reagent (10% v/v in cell media). Absorbance measurements were obtained 

at 570 nm and 600 nm every 30 min / 1 h for 4 h to monitor the reduction of resazurin to 

resorufin by viable cells. Control cells untreated and treated with Ac4ManNAz were also 

treated with alamarBlue® solution to provide a maximum resazurin reduction value of 

viable cells, along with background measurements of alamarBlue® reagent alone (10% 

v/v in cell media). Percentage cell viability was reported relative to the respective viable 

cell controls, either cells untreated or treated with Ac4ManNAz. Five biological repeats 

were completed.  

4.5.7 DBCO-pDMAEMAn Membrane Permeability Assays  

LDH Assay. A549 and SW480 cells, treated and untreated with Ac4ManNAz (as 

described above), were seeded in a 96 well plate at a density of 10k cells per well and 

MCF-7 cells at a density of 15k cells per well, all in the presence and absence of 

Ac4ManNAz (40 µM) for 24 h. Following DPBS washes (x3), all cells were incubated 
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with complete media supplemented with DBCO-p(DMAEMA)100/150 (0 – 250 µg.ml-1) 

for 2.5 h. Lysis solution, provided by the Thermo Scientific™ Pierce™ LDH Cytotoxicity 

Assay Kit (10 µL prepared in ultrapure H2O), was added to Ac4ManNAz treated and 

untreated cells in complete media (100 µL), for 45 min, to determine maximum lactate 

dehydrogenase (LDH) release. Ultrapure water (10 µL) was also added to polymer treated 

and untreated cells (negative control), following the 2.5 h incubation, to maintain the 

same conditions as lysis controls. The supernatants of polymer treated cells, the lysis 

controls and untreated negative controls were transferred to a separate 96 well plate (50 

µL) and LDH reaction mixture (50 µL) was added to the supernatants (50 µL) for 30 mins 

at RT. Stop solution (50 µL), provided by the Thermo Scientific™ Pierce™ LDH 

Cytotoxicity Assay Kit, was added and absorbance readings were recorded at 490 nm and 

680 nm to monitor active LDH release from plasma membrane damage and as a 

background subtraction measurement, respectively. Three biological repeats were 

completed. 

Calcein/Ethidium Iodide Staining. A549 and SW480 cells, treated and untreated with 

Ac4ManNAz (as described above), were seeded in a 96 well plate at a density of 10k cells 

per well and MCF-7 cells at a density of 15k cells per well, all in the presence and absence 

of Ac4ManNAz (40 µM) for 24 h. Following DPBS washes (x3), all cells were incubated 

with complete media supplemented with DBCO-p(DMAEMA)50–150 (0 – 250 µg.ml-1) for 

2.5 h. The polymer solutions were removed, cells washed with DPBS (x3) and incubated 

in complete media for 24 h. Cells were stained with ethidium iodide (2 µM) and calcein 

(2 µM) in DPBS (100 µL) for 40 mins at RT. Ac4ManNAz untreated and treated cells 

were also stained as control viable cell samples. Cells were imaged with an Olympus 

CX41 microscope equipped with a UIS-2 20x/0.45/∞/0−2/FN22 lens using phase contast 

and blue (calcein) and green (ethidium) excitation lasers. Cells were counted using 
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ImageJ and values were reported as percentage live cells relative to the total number of 

cells (four biological repeats were completed).  

4.5.8 DBCO-pDMAEMAn Ovine Blood Compatibility Testing  

Haemolysis. Ovine blood (TCS Biosciences, UK) was centrifuged at 2000 rpm for 5 min 

and re-suspended in DPBS to generate a 30% haematocrit solution. The ovine blood 

solution (100 µL) was transferred to a 96 well plate and incubated with DBCO-

pDMAEMA100/150 (100 µL, 3h). Blood incubated with either lysis buffer (0.32 M sucrose, 

5 mM magnesium chloride, 1% triton X-100, 10 mM Tris HCl pH 7.8) or DPBS, for 3 h, 

was completed to provide a positive and negative control, respectively. Wells filled with 

DPBS alone (200 µL) was provided as a vehicle control for background subtraction. After 

three hours, the cells were centrifuged at 3700 rpm for 5 min and the alkaline haematin 

D-575 (AHD575) assay was conducted. Briefly, 8 µL of the supernatant from each well 

was added to 100 µL of AHD solution (2.5 w/v% triton-X100 and 0.1 M NaOH in water) 

and absorbance measurements were recorded at 580 nm. Values were reported as 

%haemolysis (four biological repeats were completed). Carried out by Alex Murray. 

%ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎580 − 𝑉𝑉𝑎𝑎ℎ𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎 𝐶𝐶𝑎𝑎𝐴𝐴𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎580

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑎𝑎𝑃𝑃𝑎𝑎 𝐶𝐶𝑎𝑎𝐴𝐴𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎580 − 𝑉𝑉𝑎𝑎ℎ𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎 𝐶𝐶𝑎𝑎𝐴𝐴𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎580
 x 100 

 

Haemagglutination. Ovine blood (0.3% haemocrit) was incubated with DBCO-

pDMAEMA100/150 (3.9 – 250 µg.ml-1) for 3 h at RT in a round bottom 96 well plate. A 

positive control of Ovine blood incubated with polyethylenimine (100 mg.ml-1) and a 

negative control of ovine blood incubated in DPBS were prepared for comparison. 

Carried out by Alex Murray. 

4.5.9 Probing Apoptosis Pathways 

Annexin/ PI. A549 and SW480 cells (40 µM, 72 h), treated and untreated with 

Ac4ManNAz (as described above), were seeded in a 96 well plate at a density 10k cells 
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per well and MCF-7 cells at a density 15k cells per well for 24 h. Following this, all cells 

were incubated with complete media supplemented with DBCO-pDMAEMA100/150 (EC90 

concentration determined by cell viability data, 2.5 h), washed with DPBS and stained 

with FITC Annexin V/Dead Cell Apoptosis Kit (Invitrogen). Briefly, DPBS was replaced 

with a solution consisting of Annexin-Binding buffer (75 µL), FITC Annexin (25 µL) 

and Propidium Iodide (PI) (2 µL of 100 µg.mL-1) and allowed to incubate at RT for 15 

min. Cells were subsequently washed with Annexin-Binding Buffer (x3) and fresh buffer 

was added. Cells were imaged on an Olympus CX41 microscope equipped with a UIS-2 

20x/0.45/∞/0−2/FN22 lens using a phase contrast channel and with blue (FITC Annexin) 

and green (PI) excitation lasers. 

Caspase-3/7 Kinetics Apoptosis Assay. A549 and SW480 cells, treated and untreated 

with Ac4ManNAz (as described above), were seeded in a 96 well plate at a density of 10k 

cells per well, in the presence and absence of Ac4ManNAz (40 µM), for 24 h. Following 

DPBS washes (x3), the cells were incubated with complete media supplemented with 

CellEvent Caspase-3/7 Detection Reagent (5 µM) and DBCO-p(DMAEMA)100/150 (0 – 

125 µg.ml-1). Images were taken at 0.5, 1, 2.5 and 4 h time intervals on an Olympus CX41 

microscope with a phase contrast channel and a blue excitation laser. Ac4ManNAz 

untreated and treated cells were treated with CellEvent Caspase-3/7 Detection Reagent (5 

µM) as control viable cells. Cells were counted using ImageJ and values were reported 

as percentage caspase positive cells relative to the total number of cells. Four biological 

repeats were completed. 

4.5.10 Confocal Imaging of Necrosis- and Apoptosis-Mediated Morphological 

Changes 

Fluorescent Chemotherapeutic Polymer. Ac4ManNAz treated and untreated A549 and 

SW480 cells (5k cells) were seeded in CELLview™ Culture dishes in the presence and 

absence of Ac4ManNAz (40 µM) and allowed to attach for 24 h. Cells were washed with 
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DPBS (x3) and subsequently incubated with DBCO-p(DMAEMA)100/150-Fl for 2.5 h. 

Polymer solutions were removed and replaced with Leibovitz's L-15 Medium with no 

phenol red, following x3 DPBS washes. Z-stack confocal imaging was completed 

immediately afterwards using a Plan-Apochromat 63x/1.40 Oil DIC M27 objective lens, 

488 nm excitation laser (2.0% power), filters set to 493 – 634 nm, a master gain of 750, 

digital gain of 1.00 and no digital offset. MBS: MBS 488, MBS_InVis: Plate and DBS1: 

Mirror beam splitters were selected and the pinhole size was kept at 1 AU (54 µm). Z-

stacks were taken at 2.0 zoom every z = 0.41 µm until the whole cell was imaged. Images 

collected possessed dimensions of x: 792, y: 792, z: 10 – 12, channels: 2 (FITC and DIC), 

16-bit. Averaging was kept to line 8 and pixel dwell 0.67 µs. Maximum intensity 

projection images and 3D reconstructions were produced using Zen 2.3 (blue edition). 

Staining Cell Membrane. Proceeding imaging, cells treated with DBCO-

p(DMAEMA)100/150 for 2.5 h were washed with DPBS (x3) and stained with CellMask™ 

Deep Red Plasma membrane Stain (25 µg.mL-1, 100 µL) for 30 min at RT. Cells were 

washed with DPBS (x3) and stained with NucBlue® Live Cell ReadyProbes® Reagent (5 

min at RT) in L15 media with no phenol red. Z-stack confocal imaging was completed 

using a Plan-Apochromat 63x/1.40 Oil DIC M27 objective lens; Ch1: 405 nm, ChS1: 488 

nm, Ch2: 633 nm excitation lasers all set to 2.0% power; filters set to Ch1: 410 – 483 nm, 

ChS1: 490 – 632 nm and Ch2: 638 – 747 nm; master gain of Ch1: 650, ChS1: 700 and 

Ch2: 700 – 1000; digital gain of 1.0 and no digital offset. MBS: MBS 488/561/633, 

MBS_InVis: MBS -405, DBS1: Mirror beam splitters were selected and the pinhole size 

was kept at 1 AU (42 µm). Z-stacks were taken of 2.0 zoom every z = 0.41 µm until the 

whole cell was imaged.  Images collected possessed dimensions of x: 956, y: 956, z: 10 

– 12, channels: 4 (DAPI, FITC, Deep Red, DIC), 16-bit. Averaging was kept to line 8 

and pixel dwell 0.55 µs. Maximum intensity projection images and 3D reconstructions 

were produced using Zen 2.3 (blue edition). 
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4.5.11 Polymer Degrafting Post-Treatment  

Ac4ManNAz treated and untreated A549 and SW480 cells were seeded in a black opaque 

96 well plate (10k cells per well) in the presence and absence of Ac4ManNAz (40 µM) 

for 24 h. Following this, cells were washed with DPBS (x3) and incubated with complete 

media supplemented with varying concentrations of DBCO-pDMAEMA100/150-Fl (0 – 

250 µg.ml-1, 100 µL) for 2.5 h. The polymer solutions were removed, cells washed with 

DPBS (x3) and replaced with complete media. Fluorescence measurements were 

recorded using a BioTek Synergy HT microplate reader using a 488 nm excitation later 

and 528 filter immediately, 0.5 h, 1 h, 2 h and 4 h post-treatment. At each time point, 

supernatants were collected, replaced with fresh media and the fluorescence of both cells 

and supernatants were recorded. Four biological repeats were completed. Data is located 

in the Appendix 

4.5.12 General Protocol for Metabolic Labelling of Spheroids 

A549 spheroids were metabolically labelled using two approaches: (1) spheroid 

formation in Ac4ManNAz (4 days) and (2) pre-formed spheroids (for 3 days) were 

subsequently treated with Ac4ManNAz (4 days). For method (1), A549 cells were seeded 

in an ultralow attachment U-bottom plate at a seeding density of (2k cells per well) in the 

presence and absence of Ac4ManNAz (40 µM). The plate was centrifuged at 2k RPM for 

10 min and spheroids were allowed to grow for 96 h in a humidified atmosphere of 95% 

air and 5% CO2 at 37 °C. For method (2), A549 cells were seeded in an ultralow 

attachment U-bottom plate at a seeding density of (1k cells per well) centrifuged at 2k 

RPM for 10 min and allowed to form for 72 h. Following removal of media, the preformed 

spheroids were treated with or without Ac4ManNAz (40 µM) supplemented media for 96 

h.  Spheroids made using both approaches were subsequently treated with polymer 

solutions, or doxorubicin, and subjected to cell viability and cytotoxicity assays (see 

section 4.5.14). 
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4.5.13 Proving Successful Azido Glycan Incorporation in 3-D Tumour models 

To confirm Ac4ManNAz recruitment with both methods, spheroids were stained with 

DBCO-Cy3 (50 µM, 2.5 h) and NucBlue® Live Cell ReadyProbes® Reagent (15 min). 

Confocal Z-stack imaging was completed on a Zeiss LSM 880 microscope equipped with 

a EC Plan-Neofluar 10x/0.30 M27 objective lens, Ch1: 405 and Ch2: 514 nm excitation 

lasers (2.0% power), filters set to Ch1: 411 – 531 nm and Ch2: 538 – 680 nm, a master 

gain of Ch1: 750 and Ch2: 1000, digital gain of Ch1: 1.00 and Ch2: 2.00 and no digital 

offset. MBS: MBS 458/514, MBS_InVis: MBS -405 and DBS1: Mirror beam splitters 

were selected and the pinhole size was kept at 1 AU (43 µm). Images collected possessed 

dimensions of x: 2048, y: 2048, z: 33, channels: 3 (DAPI, Cy3, DIC), 16-bit. Z-stacks 

were taken every 5 µm, averaging was kept to line 8 and pixel dwell 0.52 µs. Spheroids 

untreated with Ac4ManNAz were also incubated with DBCO-Cy3, stained with 

NucBlue® Live Cell ReadyProbes® Reagent and imaged using the above conditions as 

a negative control. Maximum intensity projection images and 3D reconstructions were 

produced using Zen 2.3 (blue edition). 

4.5.14 DBCO-pDMAEMAn Spheroid Cytotoxicity and Viability Assays 

CellToxTM Cytotoxicity Assay. A549 spheroids formed in the presence and absence of 

Ac4ManNAz (Method (1) from section 4.5.12) were treated with DBCO-

pDMAEMA100/150 at an appropriate set of concentrations (25, 62.5 and 250 µg.ml-1) for 

3 h. Polymer solutions were subsequently removed, spheroids were washed with DPBS 

(2x) and cell media was added (100 µL). CellToxTM Green reagent (100 µL, 2X 

concentration) was subsequently added and cells were allowed to incubate at RT for 15 

min. Spheroids were centrifuged at 2k RPM for 5 min to ensure homogeneity of assay 

solutions and to collect spheroids at the bottom of U bottom 96 well plates. Z-stack 

confocal imaging was completed using an EC Plan-Neofluar 10x/0.30 M27 objective 

lens, a 488 nm excitation laser (2.0% power), filter set to 493 – 634 nm, master gain of 



  

274 

550, digital gain of 1.00 and no digital offset. MBS: MBS 488, MBS_InVis: Plate, DBS1: 

Mirror beam splitters were selected and the pinhole size was kept at 1 AU. Images 

collected possessed dimensions of x: 2048, y: 2048, z: 30, channels: 2 (FITC and DIC), 

16-bit. Z-stacks were taken every 5 µm, averaging was kept to line 8 and pixel dwell 0.52 

µs. Ac4ManNAz treated and untreated spheroids that were untreated with polymer 

solutions were analysed as above as negative controls. A lysis control was also prepared 

by adding lysis solution provided by the CellTox™ Green Cytotoxicity Assay (4 μL per 

100 μL) for 30 min, as a positive control. Maximum intensity projection images, 3D 

reconstructions were produced using Zen 2.3 (blue edition). Dead cells were converted 

from green to red to avoid confusion, original images are located in Appendix A. 

Spheroid Viability Assay. A549 spheroids, produced using both protocols from section 

4.5.12, were incubated with DBCO-pDMAEMAn (31.3 – 500 μg.mL-1, 100 μL) for 3 h 

or doxorubicin (31.3 – 500 μg.mL-1, 100 μL) for 24 h in a humidified atmosphere of 95% 

air and 5% CO2 at 37 °C. The polymer solutions were removed and spheroids were 

washed with DPBS (x3). Fresh media was added (100 μL) and an equal volume of 

CellTiter-Glo®. The plate was placed on a plate shaker for 10 min to ensure lysis and 

subsequently allowed to equilibrate for 25 min at RT. The solutions were transferred into 

an opaque white plate suitable for luminescence measurements collected using a BioTek 

Synergy HT microplate reader. A solution containing fresh media (100 μL) and CellTiter-

Glo® was measured for background subtraction and percentage cell viability was 

calculated relative to polymer untreated Ac4ManNAz treated and untreated A549 

spheroids. Five/six biological repeats were completed. 

%𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝑒𝑒 𝑉𝑉𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑎𝑎 =
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴 𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎𝐶𝐶𝑎𝑎𝑒𝑒 𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎 − 𝐵𝐵𝑎𝑎𝐴𝐴𝐵𝐵𝐵𝐵𝐴𝐴𝑎𝑎𝐿𝐿𝐴𝐴𝑒𝑒 𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎
𝑉𝑉𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝑒𝑒 𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎 − 𝐵𝐵𝑎𝑎𝐴𝐴𝐵𝐵𝐵𝐵𝐴𝐴𝑎𝑎𝐿𝐿𝐴𝐴𝑒𝑒 𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎

 x 100 
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CHAPTER 5 

Conclusions and Future Work   

 

In this thesis, metabolic oligosaccharide engineering (MOE) was used to introduce 

unnatural cell surface bound glycans, which act as bio-orthogonal chemical receptor sites, 

for the subsequent recruitment of reversible addition-fragmentation transfer (RAFT) 

synthesised polymeric materials. The universal nature of this platform provides the ability 

to develop functional cell-polymer hybrids, with substantial benefits over conventional 

polymer grafting strategies, and to enhance the cytotoxic properties of chemotherapeutic 

macromolecules, inspired by host defence peptides (HDPs), towards target cells. 

In Chapter 2, the first reported example of MOE for the recruitment of RAFT synthesised 

polymers was introduced. Tetraacylated N-azidoacetylmannosamine (Ac4ManNAz) 

hijacks the promiscuous sialic acid biosynthetic pathway of mammalian cells, to provide 

an abundance of cell surface localised azido glycans that are easily accessible for polymer 

capture. Rapid recruitment of poly(N-hydroxyethyl acrylamide) polymers (pHEA), 

functionalised with a highly reactive strained alkyne (dibenzocyclooctyne, DBCO) and a 

fluorescent reporter, to cell surface azido glycans provides a simple, yet elegant, system 

to re-engineer cell surfaces with synthetic materials with immense versatility. Post-

polymerisation modifications of the RAFT synthesised polymer can be altered with ease, 

by replacing the polymer fluorescent moiety with a ligand, to introduce protein-ligand 

interactions to the cell surface for over 24 h. Thus, the universal nature of this platform 

can be extended to introduce cell surface non-native functionality using chemical, rather 
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than genetic, means for potential applications within cell-based therapies and to study cell 

surface interactions. 

Quantitative assessment of the newly engineered cell-polymer hybrids, produced using 

the approach devised in Chapter 2, demonstrated that MOE can be used as a polymer 

grafting-to cell surface strategy with substantial benefits compared to conventional non-

specific approaches. Cell surface azido glycan incorporation can be controlled through 

modulation of the applied concentration to ensure sufficient cell surface coverage for 

polymer grafting, whilst maintaining cytocompatiblity. Homogenous polymer grafting to 

nearly entire cell populations (> 95%), in a dose- and molecular weight-dependent 

manner, removes the need for cell sorting to obtain predictable cell surface grafting 

densities and expands the usefulness of polymer re-engineering approaches to 

applications where linker size is of functional importance. The bio-orthogonal nature of 

azide-alkyne interactions ensures highly specific polymer conjugation towards azido 

glycan labelled cells, despite the myriad of biological components within cell media, and 

that cell viability is maintained through mild and rapid reaction conditions. Polymer 

coatings survive several mitotic divisions, illustrating both robustness and retention of 

proliferative capacity, enabling the development of new polymer/cell hybrids with the 

potential to controllably embed tracking, therapeutic or recognition domains into the cell 

surface. Cell surface localised polymers were reduced predominantly by the dilution 

effects of cell division. In addition, intracellular glycan trafficking of polymer-glycan 

conjugates was observed, increasing the versatility of polymer re-engineering of cell 

surfaces for the potential intracellular translocation of polymers functionalised with 

different cargo. Our study provides a guide to re-engineer cell surfaces using a simple, 

robust and bio-orthogonal approach for future exploitation in biomedical and 

biotechnological fields. To further establish polymer re-engineering of cell surfaces as a 

tool for cell-based therapies, conjugation of materials possessing different functionalities 
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including ligands to induce cell-cell adhesion and stimulate effector to target responses 

will be explored. Mechanistic understanding of polymer-glycan conjugate recycling 

could be further explored through organelle staining and monitoring co-localisation with 

recycled fluorescent glycoproteins (transferrin) to determine the possibility for 

intracellular delivery of small molecules and cell impermeable pro-apoptotic peptides. 

Finally, a universal platform to overcome the long-standing selectivity issues associated 

with synthetic chemotherapeutic macromolecules, inspired by host defence peptide, was 

established using MOE. We demonstrate that strain alkyne (dibenzocyclooctyne) 

modifications of a simple polycationic chemotherapeutic polymer 

(poly(dimethylaminoethyl methacrylate), pDMAEMA) can enhance cytotoxic activity 

towards a panel of Ac4ManNAz treated cancerous cells (up to 10-fold), by improving 

membrane disruption capabilities and the rapid induction of apoptosis pathways 

associated with organelle damage. Strain alkyne-modified pDMAEMA target 

Ac4ManNAz treated cells through covalent recruitment, reducing EC50 values to levels 

lower than structurally complex host defence peptide mimics; whilst simultaneously 

lowering polycationic exposure times. Thus, extensive macromolecular engineering is not 

required to achieve potent and selective chemotherapeutic macromolecules. Both our 

polycation strategy and doxorubicin (a small molecule chemotherapeutic) offered 

different cell-type dependent cytotoxicity, so there is scope for polycations to be used 

alongside conventional chemotherapeutics; especially for cells that can develop drug 

resistance towards conventional drugs. Against 3-D tumour models treated with 

Ac4ManNAz, a single dose of our chemotherapeutic polymer system enhanced 

penetration depth and toxicity to levels beyond those achieved with doxorubicin 

treatments, in less time (from 24 h to 3 h). The exploitation of both necrosis- and 

apoptosis-associated pathways could be used to aid in increasing spheroid core delivery 

of small molecule chemotherapeutics, which are hindered by increased spheroid size and 
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contraction. In addition to enhancing chemotherapeutic macromolecules, we anticipate 

MOE recruitment of polycations to be useful for antimicrobial applications and gene 

transfection. Engineering target cells to recruit chemotherapeutic macromolecules, rather 

than the current reliance on macromolecule engineering alone, offers a conceptually new 

approach to improve therapeutic efficacy and will help advance the discovery and 

application of polymeric therapeutics as active agents, rather than just as carriers. Future 

studies will be directed towards enhancing the chemotherapeutic properties of highly 

potent host defense peptide mimics towards target cells, including guanidinium-

functionalised polycarbonates, to determine if selectivity can be further extended to 

polycations with enhanced membrane lytic properties. In addition, combining bio-

orthogonal cell line-specific tagging of glycoproteins and chemotherapeutic polycations 

modified with complementary functional groups will be attempted to target selected cells 

within co-cultures, a crucial next step before in vivo translation. Finally, exploitation of 

charged polymers and glycan recycling pathways may provide a new platform for 

delivery of polyplexes, improving on current polymer-based gene delivery systems.  
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5.1 – Critical Assessment of Experimental Methods 

This section contains a critically assessment of the initial experimental synthesis 

approaches taken, to provide the reader with guidance on future improvements that can 

be made to the synthesis of polymers for the re-engineering of cell surfaces, to generate 

cell-polymer hybrids, and for the production of potent chemotherapeutic macromolecules 

inspired by host defense peptides. 

As mentioned in Chapter 2, poly(N-hydroxyethyl acrylamide) (pHEA) was selected as 

the initial polymer for re-engineering of cell surfaces using metabolic oligosaccharide 

engineering due to its versatility, cytocompatibility, water solubility, antifouling and 

surface hydration properties. Cytocompatibility is crucial to ensure that cells are able to 

survive the conjugation process and the antifouling properties of pHEA minimise non-

specific interactions with the cell surface through protein adsorption, whilst also ensuring 

long-term stability in biological matrices. Although pHEA polymers possess the ideal 

properties to ensure successful re-engineering of cell surfaces, additional polymers exist 

that may also present usefulness in the generation of cell-polymer hybrids. Poly(ethylene 

glycol) (PEG) shares many of the beneficial properties of pHEA and has been extensively 

used for the re-engineering of cell surfaces using protein coupling and hydrophobic 

insertion approaches, predominantly to mask cell surface antigens. In addition, poly(2-

oxazoline)s (POx), produced by living cationic ring-opening polymerisation of 2-

oxazolines, have been investigated as PEG alternatives for material coatings, micelle and 

nanoparticle drug delivery systems and hydrogels, predominantly due to the surgence in 

cases of patients possessing anti-PEG antibodies. POx possesses similar properties to 

PEG and remains unexplored in the field of polymer cell surface re-engineering. Although 

PEG and POx may be suitable alternatives, pHEA polymers possess the advantage of 

being more water soluble, so can be dissolved in cell media at high concentrations, and 
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can be synthesised by reversible addition fragmentation transfer (RAFT) polymerisation. 

RAFT allows the polymerisation of multiple monomers, without requiring pure solvents, 

to produce polymers with versatile functional end groups and with good control over size 

and dispersity, unlike free radical polymerisation. Compared to other reversible 

deactivation radical polymerisation (RDRP) strategies, RAFT polymerisation doesn’t 

require the use of cytotoxic catalysts, unlike atom transfer radical polymersation (ATRP), 

or high temperatures and lengthy polymerisation times, which are disadvantages of 

nitroxide radical polymerisation (NRP). Thus, RAFT polymerisation was deemed the 

most appropriate technique for the synthesis of materials for re-engineering cell surfaces. 

A pentafluorophenyl (PFP) ester functionalised 2-(dodecylthiocarbonothiolythio)-2-

methylpropanoic acid (DMP) RAFT agent was employed to synthesise telechelic pHEA 

polymers, so that the resulting polymer could be monitored for dibenzocyclooctyne 

(DBCO) functionalisation using 19F NMR, to ensure complete substitution by aminolysis. 

The RAFT agent also enabled the synthesis of polymers varying in molecular weight to 

determine a molecular weight dependence on cell surface grafting densities. For the 

purposes of our studies, PFP-DMP was a suitable RAFT agent to conclude that polymer 

re-engineering of cell surfaces using metabolic oligosaccharide engineering and strain 

alkyne modified pHEA is possible in a highly controllable manner, however several 

improvements could be made to the RAFT synthesis approach. Firstly, PFP-DMP is a 

good homolytic leaving group, however the stability of the tertiary radical (methacrylate) 

results in slow re-initiation, due to electronic stabilisation and steric factors, resulting in 

polymers of larger dispersities. Typically, good R-groups are groups that mimic monomer 

radicals. In addition, the dodecyl end chain is unnecessary and reduces the polarity of the 

RAFT agent, so a shorter chain end could be selected. One of the main advantages of 

RAFT polymerisation, compared to other RDRP approaches, is the ability to control the 

livingness of the system through modulation of initiator concentration. However, the 
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studies described here used a RAFT agent to initiator ratio (4,4′-azobis(4-cyanovaleric 

acid, ACVA) of 1 : 0.2, which equates to a percentage livingness of 83.3% for the 

polymerisation systems, thus not all polymers possessed the desired functional end 

groups. Complete end-group fidelity was not required for these proof-of-concept studies, 

however this may be important in the future if the conjugation of a therapeutic is desirable 

and should be taken into consideration. Increasing end group fidelity is possible by 

reducing the initiator concentration, however a balance is required to ensure reaction 

speed isn’t reduced. To compensate for the decreased polymerisation kinetics, the 

polymerisation rate can be increased through the use of higher temperatures, increased 

monomer concentration and/or the use of an initiator with higher decomposition rate 

coefficient (e.g. by substituting ACVA for 2,2′-azobis[2-(2-imidazolin-2-yl)propane] 

dihydrochloride, VA-044).  

The chemotherapeutic macromolecule designed to demonstrate that MOE can enhance 

the recruitment, and thus the cytotoxic effects, of polycations consisted of DBCO 

functionalised poly[2-(dimethylamino)ethyl methacrylate] (pDMAEMA). PDMAEMA 

was selected as a model chemotherapeutic polycation, due to its well-established 

cytotoxicity/membrane lytic profile from its use as a DNA transfection and micellular 

stabilisation agent. Some of the above improvements for the RAFT synthesis of pHEA 

polymers will also apply to the synthesis of pDMAEMA. Following confirmation that 

MOE can enhance the induction of necrosis and apoptosis-mediated cell death pathways 

induced by polycations, in both 2-D and 3-D cell models, future studies can be directed 

towards testing more potent polycations. Quarternary ammonium-functionalised 

polycarbonates and guanidinium functionalised polycarbonates have demonstrated 

promising chemotherapeutic activity against multiple cancerous cell lines and tumours, 

due to the membrane lytic properties of highly charged polymers. MOE recruitment of 

pDMAEMA was able to reduce EC50 values to concentrations far lower than these 
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materials, thus we anticipate that highly charged polymers may also benefit from the 

chemotherapeutic macromolecule recruitment strategy devised here. The antimicrobial 

and tumourcidal activity of natural host defense peptides depends on the balance between 

charged and hydrophobic domains. The charged domain allows accumulation at 

membrane surfaces of tumour cells, via electrostatic interaction, whereas membrane 

disruption is mediated by hydrophobic interactions with the membrane lipid domain. 

Although membrane disruption is possible using cationic polymers alone, co-

polymerisation of highly charged polymers with varying compositions of hydrophobic 

monomers (e.g. alkyl methacrylates) would likely further enhance the activity and 

selectivity of synthetic chemotherapeutic macromolecules towards target cells when 

combined with MOE recruitment. Thus, combining chemotherapeutic macromolecule 

engineering and metabolic oligosaccharide engineering is likely to help advance the 

discovery and application of polymeric therapeutics as potent active agents. 
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APPENDICES 

Appendix A – Supplementary Information 

Supporting Information for Chapter 1 

Table A1.1. Polymer grafting-to cell surface applications using conventional approaches. 

References are located in Chapter 1. 

Cell Type   Polymer Conjugation Type Application Ref 

Arxula 
adeninivorans 
LS3 

PAH, PSS and outer layer of 
lactate dehydrogenase 

Electrostatic deposition, 
LbL assembly 

Yeast nanocapsules and 
increasing substrate 
spectrum 

251 

Allochromatium 
vinosum  

Different combinations of PSS, 
PAA or PGA (anion) with PAH 
or PDDA (cation)  

Electrostatic deposition, 
LbL assembly 

Nanoencapsulation of 
microbes 

252 

B Lymphocytes Cell penetrating peptide (CPP)-
PEG-Lipid (DPPE) Lipid insertion Cellular adhesion to 3D 

PS microfibers 
140 

Bacillus subtilis 
spores PDDA and PSS or PLL and PGA Electrostatic deposition, 

LbL assembly 
Spore encapsulation and 
retention of function 

253 

Borrelia 
burgdorferi 

Octadecanoyl, hexadecanoyl and 
dodecanoyl fatty acid conjugates 
of 5-aminofluorescein 

Hydrophobic trans-
insertion 

Cell surface fluorescent 
probe 

254 

CCRF-CEM 

Biotin-PEG-lipid (DPPE), 
streptavidin, biotin and 
streptavidin-FITC 

Lipid insertion and 
Biotin-streptavidin LbL 
assembly 

Proof-of-concept for 
future strategic use in 
islet cells 

255 

PolyDNA–PEG-lipid (DPPE)  Lipid insertion Controlling cell-cell and 
cell-substrate adhesion 

137,13

8 

Cell penetrating peptide (CPP)-
PEG-Lipid (DPPE) Lipid insertion Cellular adhesion to 3D 

PS microfibers 
140 

CHO 

Mucin mimic glycopolymers - 
(Poly(MVK) functionalised with 
1,2-dipalmitoyl-glycero-3-
phosphoethanolamino, octadecyl, 
or pyrene end groups followed by 
α/β-aminooxy GalNAc or β-
aminooxy LacNAc backbone 
functionalisation)  

Hydrophobic Insertion 

Probing glycopolymer 
behaviours with 
fluorescence correlation 
spectroscopy 

120 

DPPE-poly(MVK) functionalised 
with sialo-terminated glycans Hydrophobic Insertion 

Hypersialylation for 
siglec-based NK cell 
immunoevasion 

123 

Lipid glycopolymers 
functionalised with galectin 
binding glycans (acrylamide 
polymers terminated with DPPE 
and Alexa dye/ FRET donor and 
backbone functionalised with 
disaccharide lactose. 

Hydrophobic insertion 

Measuring and extending 
lifetime and diffusion of 
Galectin binding 
glycopolymers inserted 
into the membrane using 
FRET, by Galectin-
Mediated Cross-Linking 

256 
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E. Coli 

Octadecanoyl, hexadecanoyl and 
dodecanoyl fatty acid conjugates 
of 5-aminofluorescein 

Hydrophobic trans-
insertion 

Cell surface fluorescent 
probe 

254 

Chitosan (polycation) followed 
by alginate, HA, or DNA. 

Electrostatic Interaction, 
LbL assembly 

Encapsulate E. Coli 
without hindering 
function 

257 

Ext-/- ESCs 

Heparan sulphate 
neoproteoglycans (acrylamide 
polymer, backbone functionalised 
with diGAGs. TAMRA dye and 
DPPE terminal group) 

Hydrophobic insertion 

Rescue FGF2-mediated 
kinase activity and 
promoted neural 
specification 

125 

Fibroblasts 

Cell penetrating peptide (CCP)-
PEG-Lipid (DPPE) 

Lipid insertion Cellular adhesion to 3D 
PS microfibers 

140 

PolyA20-PEG-NHS and polyT20-
`PEG-NHS 

Protein conjugation 
Controlling cell-cell and 
cell-substrate adhesion  

258 

HEK293 

DPPE-PEG-NH2 followed by 
sodium alginate and PLL 

Hydrophobic insertion 
followed by electrostatic 
LbL assembly 

Model system for the 
development of islet cell 
encapsulation systems 

106 

Alkyl-PVA-Thiol followed by 
Urokinase-Mal 

Hydrophobic insertion 
Model system for the 
development of islet cell 
encapsulation systems 

111 

Biotin-PEG-Lipid, streptavidin, 
biotin Hydrophobic insertion 

Model system for the 
development of islet cell 
encapsulation systems 

259 

HeLa PolyA20-PEG-NHS and polyT20-
`PEG-NHS Protein conjugation Controlling cell-cell and 

cell-substrate adhesion  
258 

Hepatocytes Cell penetrating peptide (CCP)-
PEG-Lipid (DPPE) Lipid insertion Cellular adhesion to 3D 

PS microfibers 
140 

Jurkat 
Lymphocytes 

DPPE-poly(MVK) functionalised 
with sialo-terminated glycans Hydrophobic Insertion 

Hypersialylation for 
siglec-based NK cell 
immunoevasion 

123 

PolyA20-PEG-NHS and polyT20-
`PEG-NHS Protein conjugation Controlling cell-cell and 

cell-substrate adhesion  
258 

K562 DPPE-poly(MVK) functionalised 
with sialo-terminated glycans 

Hydrophobic Insertion 
Hypersialylation for 
siglec-based NK cell 
immunoevasion 

123 

MELN derived 
from MCF-7 PDADMAC and PSS Electrostatic LbL 

assembly 

Permeable encapsulation 
system for low MW 
molecules 

158 

MCF-7 

DPPE-poly(MVK) functionalised 
with sialo-terminated glycans Hydrophobic Insertion 

Hypersialylation for 
siglec-based NK cell 
immunoevasion 

123 

PolyA20-PEG-lipid(DPPE) and 
polyT20-PEG-lipid(DPPE) Hydrophobic insertion Controlling cell-cell 

adhesion and invasion 
136 

MCF-10A 

PolyA20-PEG-lipid(DPPE) and 
polyT20-PEG-lipid(DPPE) Hydrophobic insertion Controlling cell-cell 

adhesion and invasion 
136 

PolyA20-PEG-NHS and polyT20-
`PEG-NHS Protein conjugation Controlling cell-cell and 

cell-substrate adhesion  
258 

MSC 

PLL and HA Electrostatic LbL 
assembly 

Stem cell permeable 
encapsulation system  

157 

NHS‐biotin and streptavidin 
conjugated P‐ or L‐selectin 
binding nucleic acid aptamers 

Protein conjugation 
(lysine residues) 

Promote HUVEC 
endothelial or leukocyte 
cell binding  

260 
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E‐selectin‐binding oligopeptide 
conjugated PEG-Lipid (DPPE) 

Hydrophobic Insertion 
Cell adhesion onto E-
selectin surface, as a 
model for hypoxic tissue 

141 

Neo-NHDF PLL Electrostatic Interaction 
Temporary speckled 
coating for bioprocessing 

261 

Neural stem cells 
Gelatin followed by alginate 
loaded with IGF-1 

Electrostatic LbL 
assembly 

IGF enhanced 
proliferation of NSCs and 
encapsulation 

262 

Neurospora 
crassa 

PAH and PSS with final layer 
PAH-FITC 

Electrostatic LbL 
assembly 

Nanocapsules for fungus 263 

Islet Cells 

Biotin-PEG-lipid (DPPE), LbL of 
streptavidin and biotin (x10) and 
modification with urokinase or 
with heparin 

Lipid insertion and 
Biotin-streptavidin LbL 
assembly 

Preventing blood-
mediated inflammatory 
response 

255 

DPPE-PEG-NH2 followed by 
sodium alginate and PLL 

Hydrophobic insertion 
followed by electrostatic 
LbL assembly 

Encapsulation without 
inhibiting insulin release 
function 

106 

Alkyl-PVA-Thiol followed by 
Urokinase-Mal 

Hydrophobic insertion 
Islet encapsulation and 
increasing fibrinolytic 
properties  

111 

NHS-Biotin or tissue factor P-
biotin, avidin and heparin 

Protein conjugation 
(lysine residues) 

Inhibit instant blood 
mediated inflammatory 
response 

109 

NHS-PEG-Phosphine and azido-
Thrombomodulin  

Protein conjugation 
(lysine residues) 

Bioactive coatings. 
Increase protein C 
production to reduce 
islet-mediated 
thrombogenicity 

110 

DPPE-PEG-Mal conjugated to 
thiol-Thrombomodulin or thiol-
Urokinase 

Hydrophobic insertion Bioactive coatings 114 

DPPE-PEG-PVA Hydrophobic insertion Ultra-thin coating 107 

PEG-DPPE Hydrophobic insertion Improve graft survival in 
intraportal transplantation 

105 

Oligo(dT)20−PEG-(DPPE or 
DPSE) followed by oligo(dA)20-
Urokinase 

Hydrophobic insertion Bioactive coating through 
DNA hybridisation 

112,11

3 

Star-PEG-Chondroitin Sulfate-
NHS 

Protein conjugation 
(lysine residues) 

Improve transplantation 
clinical efficacy 

264 

PLL-PEG-Biotin followed by 
streptavidin 

Electrostatic LbL 
assembly Islet cell encapsulation 116 

PEG-SPA Protein conjugation 
(lysine residues) 

Long-Term 

Islet Allograft Survival 
102 

SPA-PEG-SPA followed by  

PLL, PAL or PEI followed by 
PEG-SPA 

Protein conjugation 
(lysine residues) followed 
by electrostatic LbL 
assembly 

Amplified PEGylation, 
Long-Term Islet 
Allograft Survival 

103 

PAH or PDADMAC followed by 
PSS 

Electrostatic LbL 
assembly 

Immune Protection of 
Human Pancreatic Islets 

115 

Monosuccinimidyl PEG or 
disuccinimidyl PEG followed by 
albumin 

Protein conjugation 
(lysine residues) 

Improved 
xenotransplantation of 
islet grafts 

104 
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PLL-g-PEG followed by alginate 
Electrostatic LbL 
assembly 

In vivo application of 
PEM-engineered cells 

117 

PLL-g-PEG-biotin, PLL-g-PEG-
hydrazide, PLL-g-PEG-azide 
followed by alginate-N3, biotin or 
hydrazide followed by Cy3-Strep, 
DBCO-PEG-Biotin or Fl-
Alginate(CHO) 

Electrostatic LbL 
assembly 

Noncovalent Cell Surface 
Engineering with 
Cationic Graft 
Copolymers 

118 

PEG-DPSE, PEG-DMPE, PEG-
DPPE or PVA-Alkyl 

Hydrophobic insertion Encapsulation 143 

PEG-NHS 
Protein conjugation 
(lysine residues) 

Encapsulation of fully-
MHC mismatched islet 
allografts 

265 

Heparin-DOPA 
Unknown (believed to 
interact with lysine 
residues) 

Prolonged survival of 
intrahepatic transplanted 
islets in a xenograft 
model 

266 

PolyT20-PEG-lipid(DPPE)  Hydrophobic insertion 
Islet cell encapsulation 
with immunosuppressant 
(Sertoli) secreting cells 

135 

PBMCs Cyanuric chloride activated 
mPEG Protein conjugation  Preventing T-Cell 

Activation 
98 

Rat E18 
hippocampal 
neurons  

Chondroitin sulfate GAGs on 
DOTAP and DOPE liposomes 

Liposomal infusion 
(hydrophobic 
interactions) 

Directing neuronal 
signalling – 
neurotrophin-mediated 
signalling 

124 

RBC 

SPA-mPEG, BTC-mPEG, NHS-
mPEG 

Protein conjugation 
(lysine residues) 

Universal RBCs by 
chemical camouflage to 
increase in vivo 
circulation time 

95,96 

Cyanuric chloride-mPEG Protein conjugation  

Chemical camouflage – 
phagocytosis resistance, 
preventing Parasite 
invasion by masking 
surface glycoproteins, 
decrease agglutination in 
presence of antibodies  

91,93,9

7,98 

Mal-PEG Protein conjugation 
(Cysteine residues) 

Mask Surface antigens to 
generate universal RBCs 

94 

Synthetic glycolipids -synthetic 
constructs incorporating A, B, 
acquired‐B, and Lea blood group 
determinants 

Hydrophobic insertion Altering RBC antigens 267 

Cell penetrating peptide (CPP)-
PEG-Lipid (DPPE) Lipid insertion Cellular adhesion to 3D 

PS microfibers 
140 

Saccharomyces 
cerevisiae TA and PVPON Hydrogen bonding, LbL 

assembly 
Layer‐by‐Layer Nano‐
Encapsulation of yeast 

268 

Sertoli  PolyA20-PEG-lipid(DPPE)  Hydrophobic insertion 
Islet cell encapsulation 
with immunosuppressant 
secreting cells 

135 

TC-71 PLL Electrostatic Interaction Temporary coating for 
bioprocessing 

261 

T-lymphocytes Cyanuric chloride-mPEG Protein conjugation  Immunocamouflage to 
prevent GVHD 

98,99 
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Cell penetrating peptide (CPP)-
PEG-Lipid (DPPE) Lipid insertion 

Cellular adhesion to 3D 
PS microfibers 

140 

Treponema 
pallidum, 

Octadecanoyl, hexadecanoyl and 
dodecanoyl fatty acid conjugates 
of 5-aminofluorescein 

Hydrophobic trans-
insertion 

Cell surface fluorescent 
probe 

254 

U2OS PLL Electrostatic Interaction Temporary coating for 
bioprocessing 

261 
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Supporting Data for Chapter 2 

2.1 – Additional Polymer Characterisation 

All full spectra that have not been included in the main chapter have been placed here. 

2.1.1 – Full NMR Spectra  

 

Figure A2.1. 1H NMR (300 MHz, CDCl3) spectrum of DMP. 
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Figure A2.2. 1H NMR (300 MHz, CDCl3) spectrum of PFP-DMP. 

 

Figure A2.3. 1H NMR (300 MHz, CD3OD) spectrum of PFP-pHEA50. 
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Figure A2.4. 13C NMR (300 MHz, CD3OD) spectrum of PFP-pHEA50. 

 

Figure A2.5. 1H NMR (300 MHz, CD3OD) spectrum of PFP-pHEA100. 
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Figure A2.6. 13C NMR (300 MHz, CD3OD) spectrum of PFP-pHEA100. 

 

Figure A2.7. 1H NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA50. 
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Figure A2.8. 13C NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA50. 

 

Figure A2.9. 1H NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA100. 
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Figure A2.10. 13C NMR (300 MHz, CD3OD) spectrum of DBCO-pHEA100. 
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2.1.2 – Full IR Spectra  
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Figure A2.11. Full IR spectrum of DBCO-pHEAn. 
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2.1.3 – Full SEC Spectra  
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Figure A2.12. Full SEC spectrum of PFP-pHEAn. 
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2.2 – Extra Images 

2.2.1 – Proof of Cell Surface Azido Glycans 

 

Figure A2.13. A549 cells (40k) untreated with Ac4ManNaz were incubated with DBCO-

Cy5 (50 µM, 1 h) to demonstrate minimal non-specific binding and uptake. Red = DBCO-

Cy5. Blue = DAPI (nuclear) stain. Scale bar = 50 µm. Three biological repeats. 
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Figure A2.14. A549 cells (40k) were treated with Ac4ManNaz (50 µM, 72 h) and 

incubated with DBCO-Cy5 (50 µM, 1 h) to demonstrate minimal non-specific binding 

and uptake. Red = DBCO-Cy5. Blue = DAPI (nuclear) stain. Scale bar = 50 µm. Three 

biological repeats. 
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Figure A2.15. A549 cells (40k) were treated with Ac4ManNaz (50 µM, 72 h), incubated 

with DBCO-Cy5 (50 µM, 1 h) and imaged 24 h post conjugation. Red = DBCO-Cy5. 

Blue = DAPI (nuclear) stain. Scale bar = 50 µm. Three biological repeats. 
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2.2.2 – DBCO-pHEAn-Fl Recruitment to Cell Surfaces 

 

Figure A2.16. Live cell imaging of A549 (40k) untreated with Ac4ManNaz (50 µM, 72 

h) and DBCO-pHEA50-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-pHEA50-Fl. Scale bar 

= 100 µm. Three biological repeats. 

 

Figure A2.17. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA50-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-pHEA50-Fl. Scale bar = 

100 µm. Three biological repeats. 
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Figure A2.18. Live cell imaging of A549 (40k) untreated with Ac4ManNaz (50 µM, 72 

h) and DBCO-pHEA100-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-pHEA100-Fl. Scale 

bar = 100 µm. Three biological repeats. 

 

 

Figure A2.19. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (0.5 – 10 mg.mL-1, 1 h). Green = DBCO-pHEA100-Fl. Scale bar 

= 100 µm. Three biological repeats. 
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Figure A2.20. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA50-Fl (10 mg.mL-1, 1 h) taken at different time intervals. Green = 

DBCO-pHEA50-Fl. Scale bar = 100 µm. Three biological repeats. 

 

 

Figure A2.21. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (5 mg.mL-1, 1 h) taken at different time intervals. Green = 

DBCO-pHEA100-Fl. Scale bar = 100 µm. Three biological repeats. 
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Figure A2.22. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (10 mg.mL-1, 1 h) taken at different time intervals. Green = 

DBCO-pHEA100-Fl. Scale bar = 100 µm. Three biological repeats. 

 

 

Figure A2.23. Live cell imaging of A549 (40k) treated with Ac4ManNaz (50 µM, 72 h) 

and DBCO-pHEA100-Fl (5 mg.mL-1, 1 h) taken at different time intervals. Green = 

DBCO-pHEA100-Fl. Scale bar = 100 µm. Three biological repeats. 
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2.2.2 – Biomolecule Capture with DBCO-pHEAn-Biotin  

 

Figure A2.24. Confocal images of A549 cells (40k) untreated with Ac4ManNaz (50 µM, 

72 h) but still treated with DBCO-pHEA50-Biotin (DP50, 50 µM, 1 h) and streptavidin-

Cy3 (50 µM, 1 h). Red – streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar = 50 

µm. Three biological repeats. 
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Figure A2.25. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA50-Biotin (DP50, 50 µM, 1 h) and streptavidin-Cy3 (50 µM, 1 h). Red – 

streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar = 50 µm. Three biological 

repeats. 
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Figure A2.26. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA50-Biotin (DP50, 50 µM, 1 h) and, after 24 h, streptavidin-Cy3 (50 µM, 

1 h). Red – streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar = 50 µm. Three 

biological repeats. 
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Figure A2.27. Confocal images of A549 cells (40k) untreated with Ac4ManNaz (50 µM, 

72 h) but still treated with DBCO-pHEA100-Biotin (DP100, 50 µM, 1 h) and streptavidin-

Cy3 (50 µM, 1 h). Red – streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar = 50 

µm. Three biological repeats. 
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Figure A2.28. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA100-Biotin (DP100, 50 µM, 1 h) and streptavidin-Cy3 (50 µM, 1 h). Red 

– streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar = 50 µm. Three biological 

repeats. 
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Figure A2.29. Confocal images of A549 cells (40k) treated with Ac4ManNaz (50 µM, 72 

h), DBCO-pHEA100-Biotin (DP100, 50 µM, 1 h) and, after 24 h, streptavidin-Cy3 (50 

µM, 1 h). Red – streptavidin-cy3. Blue – DAPI (nuclear) stain. Scale bar = 50 µm. Three 

biological repeats. 

 

 

 

 

 

 

 



  

319 

Supporting Data for Chapter 3 

3.1 – Additional Polymer Characterisation 

All polymer characterisation data is located here including NMR, IR, SEC, UV-Vis and 

fluorimetry data. Complete chemical shifts and assigned IR peaks have been reported in 

the experimental section. 

3.1.1 – NMR Spectra  

Polymerisation of HEA with PFP-DMP was confirmed by 1H NMR integration values 

which were used to calculate the DP values for five polymers of different chain lengths, 

Fig. A3.1 and Table 3.1. In addition, all peaks in both 1H and 19F NMR spectra, Fig. A3.1 

and A3.2, matched those reported in Chapter 2. DBCO displacement of the PFP ester was 

confirmed by removal of 19F NMR peaks and the appearance of DBCO aromatic peaks 

in 1H NMR (7.0 – 7.8 ppm). During DBCO functionalisation, the trithiocarbonate was 

cleaved revealing a thiol at the ω-terminus, confirmed by the disappearance of peaks 

associated with the (CH2)11CH3 end group in 1H NMR spectra. All changes to 1H NMR 

spectra have been indicated by red asterisks.  
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Figure A3.1. 1H NMR (300 MHz, CDCl3/MeOD) spectrum of pHEA50 – 150 before 

(black) and after (blue) DBCO functionalisation. Changes have been highlighted by red 

asterisks. 
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Figure A3.2. 19F NMR (300 MHz, CDCl3/MeOD) spectrum of pHEA50 – 150 before 

(black) and after (blue) DBCO functionalisation.  
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3.1.2 – IR Spectra  

IR spectroscopy was used to confirm successful polymerisation of HEA with PFP-DMP, 

with the appearance of peaks associated with pHEA N-H stretching and bending (3278 

cm-1 and 1552 cm-1) and also C=O (1640 cm-1), C-O (1063 cm-1) and C-F (997 cm-1) 

stretching associated with the PFP ester, Fig. A3.3. Displacement of PFP with DBCO was 

evident by the disappearance of C-F stretching and appearance of DBCO C-N stretching 

(1118 cm-1), Fig. A3.3. 
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Figure A3.3. IR spectra of pHEA50 – 150 before (black) and after (blue) DBCO 

functionalisation. Unchanged functional groups (red), DBCO specific (blue) and PFP 

specific (black) functional groups have been highlighted. 
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3.1.3 – SEC Graphs  

SEC analysis of PFP-pHEAn and DBCO-pHEAn was used to confirm that polymers of 

five different molecular weights were synthesised, Fig. A3.4. DBCO-pHEAn was 

subsequently coupled to fluorescein to capitalise on both ends of the pHEA polymer and 

successful conjugation was confirmed by SEC equipped with a 494 nm UV-Vis detector 

to show absorbance and size overlap of DBCO-pHEAn-Fl to provide definitive proof of 

functionalisation, Fig. A3.5. Size-based SEC measurements have been reported for 

DBCO-pHEAn, Table A3.1, and DBCO-pHEAn-Fl, Table A3.2. 

 

 

Figure A3.4. DMF SEC of pHEAn before (solid line) and after (dashed line) DBCO 

functionalisation. 
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Figure A3.5. DMF SEC results of DBCO-p(HEA)n-Fl with an RI (Black) and photodiode 

array detector set at 494 nm (green). 
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Table A3.1. DBCO-pHEAn polymer SEC results. 

Polymer  Mn,th
†
 / g.mol-1 Mn,exp

‡
 / g.mol-1 MW,exp

‡
 / g.mol-1 Đ‡ 

DBCO-pHEA50 6019 12500 15300 1.22 

DBCO-pHEA75 8408 19500 21300 1.09 

DBCO-pHEA100 11239 20000 25900 1.30 

DBCO-pHEA125 13526 20500 27200 1.33 

DBCO-pHEA150 16611 24100 30400 1.26 
† Theoretical molecular weight calculated based on monomer conversion for PFP-pHEAn polymers. 
‡ Molecular weight and dispersity (Đ = Mw/Mn) determined by GPC analysis (DMF with 5 mmol NH4BF4 
used as eluent with PMMA standards). 

 

 

 

Table A3.2. DBCO-pHEAn-Fl polymer SEC results. 

Polymer  Mn,th
†
 / g.mol-1 Mn,exp

‡
 / g.mol-1 MW,exp

‡
 / g.mol-1 Đ‡ Polymer: dye* 

PFP-pHEA50 6446 17900 21800 1.23 1 : 0.92 

PFP-pHEA75 8835 22300 26600 1.19 1 : 0.91 

PFP-pHEA100 11666 25000 30400 1.22 1 : 0.93 

PFP-pHEA125 13953 31700 39400 1.24 1 : 1.02 

PFP-pHEA150 17038 34400 42300 1.23 1 : 1.02 
† Theoretical molecular weight calculated based on monomer conversion for PFP-pHEAn polymers. 
‡ Molecular weight and dispersity (Đ = Mw/Mn) determined by GPC analysis (DMF with 5 mmol NH4BF4 
used as eluent with PMMA standards). 
* Calculated using UV-Vis spectroscopy with Fluorescein calibration curve and Mn,th based on 1H NMR of 
original polymer.  
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3.1.4 – Fluorescence Measurements  

 

Figure A3.6. Fluorescence spectra of DBCO-p(HEA)n before (black) and after (green) 

functionalisation with fluorescein. 
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3.1.5 – UV-Vis 

 

Figure A3.7. (A) UV-Vis spectrum of DBCO-pHEAn-Fl polymers and (B) the calibration 

graph of Fluorescein-5-maleimide used to calculate polymer: dye ratios in Table A3.2. 
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3.2 – Extra Images 

3.2.1 – DBCO-Cy3 Azido Glycan Conjugation 

 

Figure A3.8. Maximum intensity projection confocal images of A549 cells treated with 

Ac4ManNAz (10 µM, 96 h) and DBCO-Cy3 (20 – 100 µM, 2.5 h). Scale bar = 20 μm. 

Red = DBCO-Cy3. Blue = DAPI (nuclear) stain. 
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Figure A3.9. Maximum intensity projection confocal images of A549 cells treated with 

Ac4ManNAz (50 µM, 96 h) and DBCO-Cy3 (20 – 100 µM, 2.5 h). Scale bar = 20 μm. 

Red = DBCO-Cy3. Blue = DAPI (nuclear) stain. 
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Figure A3.10. Maximum intensity projection confocal images of A549 cells treated with 

Ac4ManNAz (100 µM, 96 h) and DBCO-Cy3 (20 – 100 µM, 2.5 h). Scale bar = 20 μm. 

Red = DBCO-Cy3. Blue = DAPI (nuclear) stain. 
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Figure A3.11. A549 cells treated with Ac4ManNAz (10 – 50 µM, 96 h) and DBCO-Cy3 

(50 µM, 2.5 h) prior to flow cytometry. Scale bar = 100 μm. Red = DBCO-Cy3.  
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Figure A3.12. A549 cells treated with Ac4ManNAz (75 – 150 µM, 96 h) and DBCO-Cy3 

(50 µM, 2.5 h) prior to flow cytometry. Scale bar = 100 μm. Red = DBCO-Cy3.  
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3.2.2 – DBCO-pHEAn-Fl Recruitment to Cell Surfaces 

 

Figure A3.13. Untreated A549 cells (no Ac4ManNAz and DBCO-pHEAn-Fl) were 

imaged to visualise background fluorescence. Scale bar = 100 µm. Green = Fluorescein. 
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Figure A3.14. A549 cells not treated with Ac4ManNAz but still treated with DBCO-

pHEA50 – 100-Fl polymers varying in chain length (10 mg.mL-1, 2.5 h) to determine the 

extent of non-specific binding. Images were taken immediately before flow cytometry. 

Scale bar = 100 µm. Green = Fluorescein. 
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Figure A3.15. A549 cells treated with Ac4ManNAz (40 µM, 96 h) and DBCO-pHEA50 – 

100-Fl polymers varying in chain length (10 mg.mL-1, 2.5 h). Images were taken 

immediately before flow cytometry. Scale bar = 100 µm. Green = Fluorescein. 
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3.2.3 – DBCO-pHEAn-Fl Degrafting  

 

Figure A3.16. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA50-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. Green = 

DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Figure A3.17. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA75-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. Green = 

DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Figure A3.18. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA100-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. Green = 

DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Figure A3.19. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA125-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. Green = 

DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Figure A3.20. Confocal imaging of A549 cells treated with Ac4ManNAz (40 µM, 96 h) 

and DBCO-pHEA150-Fl (10 mg.mL-1, 2.5 h) over time. Scale bar = 20 μm. Green = 

DBCO-pHEAn-Fl. Blue = DAPI (nuclear) stain. 
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Figure A3.21. Images taken of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA50 –75-Fl (DP50 and DP75, 10 mg.mL-1, 2.5 h) at multiple timepoints post-

conjugation (0 – 72 h). Images were taken immediately before flow cytometry. Scale bar 

= 100 µm. Green = Fluorescein. 
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Figure A3.22. Images taken of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA100 –125-Fl (DP100 and DP125, 10 mg.mL-1, 2.5 h) at multiple timepoints 

post-conjugation (0 – 72 h). Images were taken immediately before flow cytometry. Scale 

bar = 100 µm. Green = Fluorescein. 
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Figure A3.23. Images taken of A549 cells treated with Ac4ManNAz (40 µM, 96 h) and 

DBCO-pHEA150-Fl (DP150, 10 mg.mL-1, 2.5 h) at multiple timepoints post-conjugation 

(0 – 72 h). Images were taken immediately before flow cytometry. Scale bar = 100 µm. 

Green = Fluorescein. 
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Supporting Data for Chapter 4 

4.1 – Additional NMR Spectra 

 

Figure A4.1. 13C NMR (400 MHz, CDCl3) of pDMAEMA50 before (black) and after 

(red) functionalisation with DBCO.  
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Figure A4.2. 13C NMR (400 MHz, CDCl3) of pDMAEMA100 before (black) and after 

(red) functionalisation with DBCO.  

 



  

347 

 

Figure A4.3. 13C NMR (400 MHz, CDCl3) of pDMAEMA150 before (black) and after 

(red) functionalisation with DBCO.  

 

Figure A4.4. 1H NMR (300 MHz, CDCl3) of propyl-pDMAEMA50. 
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Figure A4.5. 1H NMR (300 MHz, CDCl3) of propyl-pDMAEMA100. 

 

Figure A4.6. 1H NMR (300 MHz, CDCl3) of propyl-pDMAEMA150. 
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Figure A4.7. 19F NMR (300 MHz, CDCl3) of propyl-pDMAEMA50. 

 

 

Figure A4.8. 19F NMR (300 MHz, CDCl3) of propyl-pDMAEMA100. 

 

 

Figure A4.9. 19F NMR (300 MHz, CDCl3) of propyl-pDMAEMA150. 
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4.1 – DBCO-DMAEMAn-Fl Imaging 

 

Figure A4.10. A549 chemotherapeutic imaging. Maximum intensity projection confocal 

images of A549 cells treated with (+) or without (-) Ac4ManNAz (40 µM, 96 h) and 

treated with either (A) DBCO-pDMAEMA100-Fl (FL-100) or (B) DBCO-

pDMAEMA150-Fl (FL-150) (31.3 – 125 µg.ml-1, 2.5 h). Scale bar = 20 µm. Green = 

DBCO-pDMAEMAn-Fl. 
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Figure A4.11. SW480 chemotherapeutic imaging. Maximum intensity projection 

confocal images of SW480 cells treated with (+) or without (-) Ac4ManNAz (40 µM, 96 

h) and treated with either (A) DBCO-pDMAEMA100-Fl (Fl-100) or (B) DBCO-

pDMAEMA150-Fl (Fl-150) (31.3 – 125 µg.ml-1, 2.5 h). Scale bar = 20 µm. Green = 

DBCO-pDMAEMAn-Fl. 

 

 

 



  

352 

4.2 – Membrane Stain Following Polymer Treatment 

 

Figure A4.12. Control membrane undamaged cells. Maximum intensity projection 

confocal images of A549 and SW480 cells treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h), stained with CellMaskTM membrane stain (red) and NucBlueTM nuclear 

stain (blue). Control viable cell images were provided for comparison to demonstrate the 

extent of membrane damage in polymer treated cells. Scale bar = 20 µm.  
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Figure A4.13. Membrane damaged A549 cells by DBCO-100. Maximum intensity 

projection confocal images of A549 cells treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h) and stained with CellMaskTM membrane stain (red) and NucBlueTM nuclear 

stain (blue) following treatment with DBCO-pDMAEMA100 (DBCO-100, 31.3 – 125 

µg.ml-1, 2.5 h). Scale bar = 20 µm.  
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Figure A4.14. Membrane damaged A549 cells by DBCO-150. Maximum intensity 

projection confocal images of A549 cells treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h) and stained with CellMaskTM membrane stain (red) and NucBlueTM nuclear 

stain (blue) following treatment with DBCO-pDMAEMA150 (DBCO-150, 31.3 – 125 

µg.ml-1, 2.5 h). Scale bar = 20 µm. 
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Figure A4.15. Membrane damaged SW480 cells by DBCO-100.  Maximum intensity 

projection confocal images of SW480 cells treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h) and stained with CellMaskTM membrane stain (red) and NucBlueTM nuclear 

stain (blue) following treatment with DBCO-pDMAEMA100 (DBCO-100, 31.3 – 125 

µg.ml-1, 2.5 h). Scale bar = 20 µm. 
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Figure A4.16. Membrane damaged SW480 cells by DBCO-150. Maximum intensity 

projection confocal images of SW480 cells treated with (+) and without (-) Ac4ManNAz 

(40 µM, 96 h) and stained with CellMaskTM membrane stain (red) and NucBlueTM nuclear 

stain (blue) following treatment with DBCO-pDMAEMA150 (DBCO-150, 31.3 – 125 

µg.ml-1, 2.5 h). Scale bar = 20 µm. 
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4.3 – Annexin/PI Imaging 

 

Figure A4.17. Annexin/PI A549 imaging. Ac4ManNAz untreated (-) and treated (+) 

A549 cells were treated with DBCO-pDMAEMA100/150 (DBCO-100 or DBCO-150, 2.5 

h) and stained with FITC Annexin V and PI. EC90 polymer concentrations were used. 

Scale bar = 100 µm. Green = FITC Annexin V. Red = propidium iodide (PI).  
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Figure A4.18. Annexin/PI SW480 imaging. Ac4ManNAz untreated (-) and treated (+) 

SW480 cells were treated with DBCO-pDMAEMA100/150 (DBCO-100 or DBCO-150, 

2.5 h) and stained with FITC Annexin V and PI. EC90 polymer concentrations were used. 

Scale bar = 100 µm. Green = FITC Annexin V. Red = propidium iodide (PI).  
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Figure A4.19. Annexin/PI MCF-7 imaging. Ac4ManNAz untreated (-) and treated (+) 

MCF-7 cells were treated with DBCO-pDMAEMA100/150 (DBCO-100 or DBCO-150, 2.5 

h) and stained with FITC Annexin V and PI. EC90 polymer concentrations were used. 

Scale bar = 100 µm. Green = FITC Annexin V. Red = propidium iodide (PI).  
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4.4 – Caspase Activation 

 

Figure A4.20. Real-time A549 caspase activation imaging following DBCO-100 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and untreated (-) 

A549 cells incubated with DBCO-pDMAEMA100 (DBCO-100, 0 – 125 µg.ml-1) and 

CellEvent Caspase-3/7 Detection Reagent for 4h. Images were taken at 0.5, 1, 2.5 and 4 

h time points. Images of cells incubated with CellEvent Caspase-3/7 Detection Reagent 

alone in cell media were provided as control viable cells. Scale bar = 100 µm. Green = 

caspase positive cells. 
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Figure A4.21. Real-time A549 caspase activation imaging following DBCO-150 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and untreated (-) 

A549 cells incubated with DBCO-pDMAEMA150 (DBCO-150, 0 – 125 µg.ml-1) and 

CellEvent Caspase-3/7 Detection Reagent for 4h. Images were taken at 0.5, 1, 2.5 and 4 

h time points. Images of cells incubated with CellEvent Caspase-3/7 Detection Reagent 

alone in cell media were provided as control viable cells. Scale bar = 100 µm. Green = 

caspase positive cells. 
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Figure A4.22. Real-time SW480 caspase activation imaging following DBCO-100 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and untreated (-) 

SW480 cells incubated with DBCO-pDMAEMA100 (DBCO-100, 0 – 125 µg.ml-1) and 

CellEvent Caspase-3/7 Detection Reagent for 4h. Images were taken at 0.5, 1, 2.5 and 4 

h time points. Images of cells incubated with CellEvent Caspase-3/7 Detection Reagent 

alone in cell media were provided as control viable cells. Scale bar = 100 µm. Green = 

caspase positive cells. 
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Figure A4.23. Real-time SW480 caspase activation imaging following DBCO-150 

treatment. Sample images of Ac4ManNAz (40 µM, 96 h) treated (+) and untreated (-) 

SW480 cells incubated with DBCO-pDMAEMA150 (DBCO-150, 0 – 125 µg.ml-1) and 

CellEvent Caspase-3/7 Detection Reagent for 4h. Images were taken at 0.5, 1, 2.5 and 4 

h time points. Images of cells incubated with CellEvent Caspase-3/7 Detection Reagent 

alone in cell media were provided as control viable cells. Scale bar = 100 µm. Green = 

caspase positive cells. 
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4.5 – DMAEMA Grafting/Degrafting  

 
Figure A4.24. Polymer degrafting from A549 cell surface. Fluorescence measurements 

of A549 cells either untreated (solid line) or treated (dashed line) with Ac4ManNAz (40 

µM, 96 h) and treated with DBCO-pDMAEMA100/150-Fl (7.8 – 250 µg.ml-1, 2.5 h) were 

recorded 0 – 4 h post-treatment (black). The supernatant was removed at each time point 

and the cumulative fluorescence intensity (red) was plotted. Data is reported as mean 

fluorescence intensity ± SEM (n = 4). 
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Figure A4.25. Polymer degrafting from SW480 cell surface. Fluorescence measurements 

of SW480 cells either untreated (solid line) or treated (dashed line) with Ac4ManNAz 

(40 µM, 96 h) and treated with DBCO-pDMAEMA100/150-Fl (7.8 – 250 µg.ml-1, 2.5 h) 

were recorded 0 – 4 h post-treatment (black). The supernatant was removed at each time 

point and the cumulative fluorescence intensity (red) was plotted. Data is reported as 

mean fluorescence intensity ± SEM (n = 4). 
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4.6 – Spheroid Toxicity Imaging 

  

Figure A4.26. Preliminary spheroid screening Part 1. Spheroids were treated with (+) and 

without (-) Ac4ManNAz (40 µM, 96 h) and treated with DBCO-pDMAEMA100/150 (0.078 

– 2.5 mg.ml-1, 3 h). CellToxTM green was used to stain membrane permeable cells.  
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Figure A4.27. Preliminary spheroid screening Part 2. Spheroids were treated with (+) and 

without (-) Ac4ManNAz (40 µM, 96 h) and treated with DBCO-pDMAEMA100/150 (0 – 

0.039 mg.ml-1, 3 h) were stained with CellToxTM green to test for toxicity. A lysis control 

has also been provided for comparison. 
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Figure A4.28. Ac4ManNAz spheroid toxicity controls. Maximum intensity projection 

confocal images of spheroids treated with (+) and without (-) Ac4ManNAz (40 µM, 96 h) 

were incubated with media (negative control) or lysis buffer (positive control) for 2.5 h 

and subsequently stained with CellToxTM green.  
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Figure A4.29. Unmodified spheroid confocal images. Maximum intensity projection 

confocal images of spheroids treated with (+) and without (-) Ac4ManNAz (40 µM, 96 h) 

and treated with DBCO-pDMAEMA100/150 (25 – 250 µg.ml-1, 3 h). CellToxTM green was 

used to stain dead cells. 
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Appendix B – Preliminary Antimicrobial Data  

In Chapter 4, the chemotherapeutic properties of dibenzocyclooctyne (DBCO) 

functionalised poly[2-(dimethylamino)ethyl methacrylate] (pDMAEMA) were enhanced 

towards mammalian cells treated with tetraacetylated N-azidoacetylmannosamine. In 

Appendix B, we provide preliminary data towards investigating if the incorporation of 

azido trehalose into cell surface trehalose mycolates can enhance the antimicrobial 

properties of DBCO-pDMAEMAn; as described at the end of Chapter 4. 

Mycobacterium Smegmatis (M. Smegmatis) was cultured in Middlebrook 7H9 media 

supplemented with no sugar, trehalose (100 µM) or azido trehalose (100 µM) and 

subsequently treated with DBCO-DMAEMAn (0 – 250 µg.mL-1, 2.5 h), synthesised in 

Chapter 4. A resazurin assay was initially completed to investigate if azido trehalose 

labelling of mycobacterium could enhance the antimicrobial properties of a strain alkyne 

modified polycation, Fig. B1.1. No substantial differences were found in the bactericidal 

concentration of DBCO-pDMAEMAn in each of the respective treatment groups.  
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Figure B1.1. Identifying bactericidal concentration of DBCO-pDMAEMAn with 

resazurin assay. M. Smegmatis was cultured in (A) complete Middlebrook 7H9 media 

alone or supplemented with (B) trehalose (100 µM) or (B) azido trehalose (100 µM) and 

subsequently treated with DBCO-pDMAEMA50-150 (0 – 250  µg.mL-1, 2.5 h). Cells were 

washed and resazurin was added 24 h later. Images were taken 24 h later. Red boxes 

indicate concentrations where resazurin was not converted to resorufin. 
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Unlike the resazurin reduction assay developed for mammalian cells in Chapter 4, a direct 

correlation between M. Smegmatis cell number and resazurin reduction is not obtained 

when studying minimum inhibitory concentrations and minimum bactericidial 

concentrations of antimicrobial agents. Thus, a second test was attempted whereby the 

growth of M. Smegmatis was measured following the above treatments, Fig. B1.2. Again, 

azido trehalose appeared to have no impact on the antimicrobial properties of DBCO-

pDMAEMAn. 

 

 

Figure B1.2. Growth curves of M. Smegmatis following treatment with no sugar, 

trehalose (100 µM) or azido trehalose (100 µM) and subsequently treated with DBCO-

pDMAEMA50-150 (0 – 250  µg.mL-1, 2.5 h). 
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Experimental Section 

Materials  

Synthesis. All dimethylaminoethyl methacrylate (DMAEMA) polymers used here were 

synthesised and characterised in Chapter 4. 

Microbiology Section 

Bacterial Strains and Growth Conditions. Mycobacterium smegmatis MC2155 

(ATCC-700084) was grown in  Middlebrook 7H9 media supplemented with 0.2% 

glycerol and 0.05% Tween 80 (complete Middlebrook 7H9 media). 

Azido Labelling of mycobacteria and Controls. M. smegmatis was grown overnight 

and diluted to an OD600 of 0.2 in complete Middlebrook 7H9 media (25 mL) 

supplemented with nothing, trehalose (100 µM) or azido trehalose (100 µM), synthesised 

by Dr Collette Guy from Liz Fullam’s group, and incubated at 37 °C with shaking (180 

RPM) until an OD600 of 0.6. Cells were centrifuged (4000 RPM, 10 min, 4 °C), washed 

with PBS (3x), resuspended in 1 mL of complete Middlebrook 7H9 Broth and treated 

with DBCO-pDMAEMAn as described below. 

DBCO-pDMAEMAn Treatment. Azido labelled and control unlabelled cells were 

diluted 100-fold in complete Middlebrook 7H9 media (~1-2 x 105 CFU/mL) and plated 

in a V-bottom 96 well plate. Cells were incubated with the DBCO-pDMAEMAn (0 – 250 

µg.mL-1) polymers made in Chapter 4 for 2.5 h at 37 °C. Cells were centrifuged (4000 

RPM, 10 min, 4 oC), washed with PBS (3x) and resuspended in complete Middlebrook 

7H9 media (100 µL) for the subsequent assays. Rifampicin was used as a positive control. 

Determination of Antibacterial Activity. Antibacterial activity was measured in two 

ways: (1) DBCO-pDMAEMA treated cells, as described above, were transferred to a flat 

bottom 96 well plate, incubated for 24 h at 37 °C and 25 μL resazurin was subsequently 
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added (one resazurin tablet (VWR) in 30 mL sterile PBS). Cells were further incubated 

for 24 h and absorbance measurements were recorded at 570 nm and 600 nm for resazurin 

reduction calculations. Two biological and two technical repeats were completed. (2) 

DBCO-pDMAEMAn treated cells, as described above, were diluted a further 10-fold, in 

complete Middlebrook 7H9 media and transferred to a flat bottom 96 well plate. 

Absorbance measurements were recorded at 600 nm to measure the growth of surviving 

M. Smegmatis.  
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(1) Richards, S. J., Jones, A., Tomás, R. M. F. & Gibson, M. I. Photochemical “In-

Air” Combinatorial Discovery of Antimicrobial Co-polymers. Chem. - A Eur. J. 

24, 13758–13761 (2018). 

(2) Tomás, R. M. F., Martyn, B., Bailey, T. L. & Gibson, M. I. Engineering Cell 

Surfaces by Covalent Grafting of Synthetic Polymers to Metabolically-Labeled 

Glycans. ACS Macro Lett. 7, 1289–1294 (2018). 

(3) Tomás, R. M. F. & Gibson, M. I. Optimization and Stability of Cell–Polymer 

Hybrids Obtained by “Clicking” Synthetic Polymers to Metabolically Labeled 

Cell Surface Glycans. Biomacromolecules 20, 2726–2736 (2019).  

(4) Bailey, L. T., Stubbs, C., Murray, K., Tomás, R. M. F., Otten, L. & Gibson, M. I. 

Synthetically Scalable Poly(ampholyte) Which Dramatically Enhances Cellular 

Cryopreservation. Biomacromolecules, 20, 3104-3114 (2019).  

(5) Tomás, R. M. F., Bailey, T. L., Hasan, M. & Gibson, M. I., Extracellular 

Antifreeze Protein Significantly Enhances the Cryopreservation of Cell 

Monolayer. Biomacromolecules, 20, 3864-3872 (2019).  

(6) Parker, H. L., Tomás, R. M. F., Furze, C. M., Guy, C. S. & Fullam, E. Asymmetric 

trehalose analogues to probe disaccharide processing pathways in mycobacteria. 

Org. Biomol. Chem., 18, 3607-3612 (2020).  

(7) Tomás, R. M. F. & Gibson, M. I. 100th Anniversary of Macromolecular Science 

Viewpoint: Re-Engineering Cellular Interfaces with Synthetic Macromolecules 

Using Metabolic Glycan Labeling ́. ACS Macro Lett. 9, 991–1003 (2020). 



  

376 

(8) Murray, K. A., Tomás, R. M F. & Gibson, M. I. Low DMSO Cryopreservation of 

Stem Cells Enabled by Macromolecular Cryoprotectants. ACS Appl. Bio Mater.,  

3, 5627-5632 (2020). 

(9) Tomás, R. M. F. & Gibson, M. I. Covalent Cell Surface Recruitment of 

Chemotherapeutic Polymers Enhances Selectivity and Activity. Chem. Sci 12. 

4557–4569 (2021). 

 

 

 

 

 

 

 

 

 

 



  

377 



  

378 



  

379 



  

380 

 



  

381 

 



  

382 

 



  

383 



  

384 



  

385 



  

386 

 



  

387 

 

 

 



  

388 



  

389 



  

390 



  

391 



  

392 



  

393 



  

394 



  

395 



  

396 



  

397 



  

398 

 



  

399 



  

400 



  

401 



  

402 



  

403 



  

404 



  

405 



  

406 



  

407 



  

408 



  

409 

 



  

410 



  

411 



  

412 



  

413 



  

414 



  

415 



  

416 



  

417 



  

418 

 



  

419 



  

420 



  

421 



  

422 



  

423 



  

424 

 



  

425 

 



  

426 



  

427 



  

428 



  

429 



  

430 



  

431 



  

432 



  

433 



  

434 



  

435 



  

436 



  

437 



  

438 

 



  

439 



  

440 



  

441 



  

442 



  

443 



  

444 

 



  

445 



  

446 



  

447 



  

448 



  

449 



  

450 



  

451 



  

452 



  

453 



  

454 



  

455 



  

456 



  

457 
 


	Contents
	List of Figures
	List of Schemes
	List of Tables
	Abbreviations
	Acknowledgements
	Declaration
	Abstract
	CHAPTER 1
	Introduction: Polymer Re-engineering of Cell Surfaces
	1.1 – Overview: Re-engineering Cell Surfaces
	1.2 – Background
	1.2.1 Living Cell Candidates as Biomedical Tools
	1.2.2 Are Native Cells for Cell-Based Therapies Enough?
	1.2.3 ‘The Future’: Gene-Editing in Cell-Based Therapies
	1.2.4 Challenges of Re-engineering Cell Surfaces using Genetic Approaches.
	1.2.5 Chapter Aims

	1.3 – Recruitment of Natural and/or Synthetic Polymers to Endogenous Membrane Components
	1.3.1 Chemical and Physical Re-engineering of Cell Surfaces
	1.3.2 Development of Encapsulation Systems
	1.3.3 Modulating Cell-Signalling Pathways
	1.3.4 Recycling Artificial Cell Surface Receptors and Glycopolymers
	1.3.4 Cell-Cell and Cell-Substrate Interactions

	1.4 – Current Challenges with Conventional Approaches
	1.4.1 – Protein Conjugation
	1.4.2 – Electrostatic Interactions
	1.4.3 – Hydrophobic Insertion/Liposomal Fusion
	1.4.3 – Enzyme-Mediated
	1.4.4 – Grafting-From
	1.4.5 – Cell Surface Re-engineering Criteria

	1.5 – Metabolic Oligosaccharide Engineering
	1.5.1 ‘Hijacking’ Endogenous Glycan Pathways with Unnatural Sugars
	1.5.2 Sialic Acid Biosynthetic Pathway

	1.6 – Recruiting Polymeric Materials with MOE
	1.6.1 Altering Cell-Cell Interactions by Capturing Biomolecules
	1.6.2 Cell Surface Re-Engineering with DNA Aptamers
	1.6.3 In Vivo Nanoparticle Imaging.
	1.6.4 Nanoparticle Drug Delivery

	1.7 – Polymerisation Strategies
	1.7.1 Living Polymerisation
	1.7.2 Reversible Addition Fragmentation Transfer Polymerisation
	1.7.3 Post-polymerisation End-Group Functionalisation

	1.8 – Project Aims and Objectives
	1.9 – Thesis Summary
	1.10 – References

	CHAPTER 2
	Proof-of-concept: Engineering Cell Surfaces by Covalent Grafting of Synthetic Polymers to Metabolically Labelled Glycans
	2.1 – Abstract
	2.2 – Introduction
	2.3 – Results and Discussion
	2.3.1 – Telechelic Polymer Synthesis
	2.3.2 – Proof of Azido Glycan Incorporation
	2.3.3 – Cell Surface pHEA Grafting
	2.3.4 – Recruiting Bioactive Polymers

	2.4 – Conclusions
	2.5 – Experimental
	2.5.1 Materials
	2.5.2 Physical and analytical methods
	2.5.3 General procedure for the synthesis of telechelic polymers
	2.5.4 Cell Culture and Metabolic Labelling

	2.6 – References

	CHAPTER 3
	Quantitative Assessment of Cell-Polymer Hybrids Obtained by ‘Clicking’ Synthetic Polymers to Metabolically Labelled Cell Surface Glycans
	3.1 – Abstract
	3.2 – Introduction
	3.3 – Results and Discussion
	3.3.1 – Telechelic Polymer Synthesis
	3.3.2 – Azido Glycan Incorporation
	3.3.3 – Controllable Grafting to Cell Surfaces
	3.3.4 – Selectivity Towards Azido Glycan Labelled Cells
	3.3.5 – Cell Surface PHEA Duration
	3.3.6 – Glycan Cleavage Assays

	3.4 – Conclusions
	3.5 – Experimental
	3.5.1 Materials
	3.5.2 Physical and analytical methods
	3.5.3 General procedure for the synthesis of telechelic polymers
	3.5.4 Cell Culture and Metabolic Labelling

	3.6 – References

	CHAPTER 4
	Covalent Cell Surface Recruitment of Chemotherapeutic Polymers Enhances Selectivity and Activity
	4.1 – Abstract
	4.2 – Introduction
	4.3 – Results and Discussion
	4.3.1 – Chemotherapeutic Polymer Synthesis
	4.3.2 – Enhancing Chemotherapeutic Macromolecules using a Two-Step MOE Approach
	4.3.3 – Membrane Disruption
	4.3.4 – Apoptosis-Induced Cell Death
	4.3.5 – Translation to Tumour Microenvironments

	4.4 – Further Discussion and Conclusion
	4.5 – Experimental
	4.5.1 Materials
	4.5.2 Physical and Analytical Methods
	4.5.3 Synthesis of Azide-Reactive Chemotherapeutic Polymers
	4.5.4 General Cell Culture
	4.5.5 General Protocol for Metabolic Labelling of Cell Lines
	4.5.6 DBCO-pDMAEMAn and Doxorubicin Treatment and Viability Studies
	4.5.7 DBCO-pDMAEMAn Membrane Permeability Assays
	4.5.8 DBCO-pDMAEMAn Ovine Blood Compatibility Testing
	4.5.9 Probing Apoptosis Pathways
	4.5.10 Confocal Imaging of Necrosis- and Apoptosis-Mediated Morphological Changes
	4.5.11 Polymer Degrafting Post-Treatment
	4.5.12 General Protocol for Metabolic Labelling of Spheroids
	4.5.13 Proving Successful Azido Glycan Incorporation in 3-D Tumour models
	4.5.14 DBCO-pDMAEMAn Spheroid Cytotoxicity and Viability Assays

	4.6 – References

	CHAPTER 5
	Conclusions and Future Work
	5.1 – Critical Assessment of Experimental Methods

	APPENDICES
	Appendix A – Supplementary Information
	Supporting Information for Chapter 1
	Supporting Data for Chapter 2
	Supporting Data for Chapter 3
	Supporting Data for Chapter 4

	Appendix B – Preliminary Antimicrobial Data
	Appendix C – Publications


