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P-25 CPN. UV-Vis (H2O) λmax = 419 nm, Fluo λmax = 487 nm, QY = 1.3%. CPN hydrodynamic 

diameter d = 95.3 ± 4.4 nm; CPN/CMC complex d = 105.1 ± 0.8 nm. 

P-50 CPN. UV-Vis (H2O) λmax = 400 nm, Fluo λmax = 488 nm, QY = 1.1%. CPN hydrodynamic 

diameter d = 141.6 ± 2.2 nm; CPN/CMC complex d = 150.3 ± 4.8 nm. 

 

Table 4.5. CPN characteristics. 

Polymer Mn  

(kDa) 

 λmax, abs 

(nm) 

λmax, em 

(nm) 

QY 

(%) 

Hydrodynamic Diameter (nm) % increase 

in diameter CPN only CPN + 10μM CMC 

P-0 12.2 432 495 0.6 108 ± 4.2 137 ± 4.6 27 

P-25 10.0 419 487 1.3 95 ± 4.4 105 ± 0.8 10 

P-50 12.2 400 488 1.1 142 ± 2.2 150 ± 4.8 6 

 

4.6.6 Cytotoxicity 

HeLa cells (∼10 000 cells per well) in 200 μL of complete medium were seeded into a 96-well 

plate and cultured for one day in a 5% CO2 incubator at 37 °C. CPNs with various concentrations 

(1 to 40 μM) were added and incubated for 24 h. To measure toxicity, 10 μL of MTT solution (5 

mg mL-1 in PBS) and 90 μL of complete medium were then added into each well, and the plate 

was further incubated for 4 h at 37 °C. After the MTT conversion to insoluble formazan, the 

formazan crystals were dissolved in dimethyl sulfoxide (100 μL), and the absorbance intensity 

was measured by a microplate well reader (infinite M1000 PRO, TECAN, Switzerland) at 540 

nm. Relative cell viability (%) as a function of CPN concentration was expressed as a percentage 

relative to the untreated control cells. All measurements were carried out in triplicate and 

standard deviation was included in the error bar. 
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5.1  Abstract 

A set of four conjugated polyelectrolytes (CPEs) with both rigid and flexible poly(p-

phenyleneethynylene) (PPE) and poly(p-phenylenebutadiynylene) (PPB) backbone connectivity 

is presented. Upon complexation with hyaluronic acid (HA), the PPBs undergo self-assembly 

reorganization which is clearly evident by a red-shift in their absorbance and emission maxima. 

The presence of the flexible linker in the PPB backbone further enhances this effect. Analogous 

PPE-type polymers do not show the same behavior. This unique property of the highly 

fluorescent PPB backbone warrants further investigation into the use of functionalized PPBs in 

biological applications. 

 

5.2  Introduction 

Aromatic conjugated polyelectrolytes (CPEs) are synthetic polymeric materials with excellent 

photophysical properties, intrinsic fluorescence, and structural versatility, which make these 

materials suitable for use in a variety of biological applications. Biological compatibility of CPEs 

is achieved through the introduction of positively (e.g., amine) or negatively (e.g., phosphate, 

carboxylate) charged side-chains.1 Copolymerization of additional monomers with side-chains 

containing functional units allows for the tailoring of these materials to specific applications 

including cellular imaging,2-6 sensing,7-12 and delivery13-16 of therapeutic substances. Among 

CPEs, poly(p-phenyleneethynylene)s (PPEs) and their derivatives have received much attention 

for biological applications due to their low toxicity and straightforward synthesis via palladium-

mediated coupling chemistry. In contrast, reports of the use of poly(p-phenylenebutadiynylene)s 

(PPBs) for similar purposes are scarce,17-18 mostly due to solubility issues resulting from the 

presence of the rigid, hydrophobic butadiynylenes bridging the backbone phenylene units.  

Chapter 2 reported a synthetic approach towards soluble, semi-flexible high-MW PPBs,19 which 

were then demonstrated to undergo controlled self-assembly into core-shell nanoparticles upon 
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complexation with hyaluronic acid (HA),20 a linear anionic polysaccharide with specific binding 

to cell surface receptors overexpressed in many types of cancer cells.21 The backbone of the semi-

flexible PPB polymer differs from the widely studied PPE in two ways: firstly, through the 

substitution of the ethylene conjugated bridge with the longer, more rigid butadiynylene bridge, 

and secondly, by the presence of a flexible, non-conjugated linker at small proportions (~10%). 

Previous studies of a series of conjugated poly(p-phenylenevinylene)s (PPVs) with variable 

flexible linker proportion concluded that the added flexibility contributes to more ordered 

polymer conformations and thus a more efficient self-assembly of the conjugated segments. The 

effect is diminished with higher flexible content as the conjugated segments become shorter and 

their alignment becomes progressively less entropically favorable.22-23 Based on these 

observations, It was hypothesized that the CPE reorganization upon HA complexation was a 

result of the flexibility of the backbone stemming from the presence of the linker in small 

amounts. It was subsequently demonstrated that the presence of the linker also affects the 

subcellular localization patterns of the CPEs.24 To investigate the effect of the linker on the 

biophysical behavior of CPEs, a series of semi-flexible linker-containing PPEs was synthesized in 

Chapter 4. However, the resulting polymers did not show the same dramatic self-assembly 

reorganization upon polyanion complexation that were expected from a CPE containing a semi-

flexible backbone. The observations prompted a further investigation into the factors contributing 

to the self-assembly behavior of the cationic CPEs with polyanions,  

This chapter reports the fabrication and self-assembly behavior of a set of four CPEs with PPE, 

flexible PPE, PPB, and flexible PPB structural features. The two PPB-type polymers undergo 

dramatic reorganization upon HA complexation, while the two PPE-type polymers exhibit only 

minimal aggregation changes. The complexation behavior of PPB with HA is further enhanced by 

the presence of the flexible linker, indicating that the self-assembly behavior of this class of CPEs 

can be controlled by regulating the proportion of the flexible linker in the polymer backbone. 
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5.3  Results and Discussion 

Polymer Preparation. A set of four CPEs was synthesized, having PPE, flexible PPE, PPB, and 

flexible PPB backbone structural features, respectively. All four polymers contain aromatic 

phenylene units with pendant amine side-chains to provide aqueous solubility and positive 

charge. The PPE-type polymers were fabricated using the Sonogashira coupling synthetic 

methodology allowing for the control of the amount of linker incorporation through variable 

monomer feed ratios, as described in Chapter 4. The PPB-type polymers were synthesized by 

homo- or co-polymerization of acetylene monomers under palladium-assisted copper-catalyzed 

Glaser coupling conditions as outlined in Scheme 5.1. The structures of the CPEs after 

deprotection of the amine side-chains are depicted in Figure 5.1. CPEs bearing conventional 

backbone structure are labeled PPE and PPB, while PPB-L and PPE-L denote the presence of 

the flexible linker in the polymer. 

 

Scheme 5.1. Synthesis of polymers PPB, PPB-L, PPE and PPE-L. 
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Figure 5.1. Chemical structures and graphical representations of CPEs PPB, PPB-L, PPE and 
PPE-L. 
 

CPE Characterization. All four polymers exhibit a high degree of polymerization (n > 20) and 

photophysical properties consistent with previously published results. The physical and 

photophysical properties of the four CPEs are summarized in Table 5.1. 

 

Table 5.1. Physical and photophysical properties of CPNs. 

 % 

linker 

Mn  

(g/mol)a 

PDIb  λmax, abs 

(nm)c 

λmax, em 

(nm) c,d 

QY 

(%)e 

CPE  

Diameter  

(nm)f 

CPE/HA 

Diameter 

(nm)f 

PPB - 29,800 3.09 441 468 2 96.5 ± 0.6 96.4 ± 0.8 

PPB-L ~4 16,900 2.28 445 469, 505 5 101.4 ± 1.7 103.9 ± 2.7 

PPE - 8,500 1.31 398 469 0.5 155.2 ± 14.3 104.2 ± 3.2 

PPE-L ~16 11,000 1.79 435 502 0.3 140.0 ± 1.5 113.9 ± 1.5 
a Determined by gel permeation chromatography in THF. b PDI (polydispersity index) = Mw/Mn.  
c Measured in H2O. d Excitation wavelength 400 nm in H2O. e Quantum yield in DMF measured relative to 

diphenylanthracene standard. f Single particle tracking measurement at 25°C in water. 

 

 

The relative linker content of PPB-L and PPE-L was determined by 1H NMR spectroscopy 

through a simple deconvolutional analysis of the peak integration values between the aromatic 

protons originating from the fully conjugated phenylene units, and the protons coming from the 

flexible linker. PPB-L contains on average approximately 4% of linker (Figure 5.2), and the 
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butadiynylene bridge in the PPB backbone gives rise to dramatic CPE reorganization upon 

polyanion complexation.  

 

Figure 5.4. Absorption spectra of polymers PPB, PPB-L, PPE and PPE-L upon complexation 
with hyaluronic acid (HA). 
 

Increased PPB aggregation upon HA complexation is further evidenced by the decreased 

emission intensity and red-shifted emission wavelengths of the PPB-based polymers, a 

phenomenon not observed in the PPE series (Figure 5.5). It is interesting to note that in both the 

PPE and the PPB polymers the decrease in emission intensity is much less pronounced in the 

semi-flexible CPEs containing the non-conjugated linker. Since conjugated polymers act as 

molecular wires, aggregation-induced quenching resulting from polyanion complexation is very 

effective in the fully conjugated PPE and PPB polymers. On the other hand, the PPB-L and 

PPE-L polymers, which contain isolated conjugated segments linked together through the 
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flexible functionality, exhibit a lower degree of quenching because a much higher concentration 

of quencher is required to elicit the same response. 

 

Figure 5.5. Emission spectra of polymers PPB, PPB-L, PPE and PPE-L upon complexation 
with hyaluronic acid (HA). 
 

The two backbone types also show marked differences in the hydrodynamic diameter of the CPEs 

(Figure 5.6). The PPB-type polymers form smaller particles than PPEs indicating tighter intra- 

and inter-chain interactions of the PPB backbone. Upon HA complexation, an interesting trend is 

observed. The mean hydrodynamic diameter of PPB and PPB-L remains virtually unchanged, 

although there is a slight shift in the size distribution towards larger particles. This observation 

can be ascribed to the formation of core-shell nanoparticles, which consist of the CPE core and an 

outer hydrophilic HA shell, as observed previously with an analogous flexible PPB-type 

polymer.20 In contrast, there is a clear decrease in the mean hydrodynamic diameter of the PPE-
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type CPEs upon HA complexation, accompanied by a more uniform particle size distribution 

shifted towards smaller sizes. The PPE-type CPEs, which are more loosely aggregated than the 

PPBs, can interact more efficiently with HA. Upon complexation, HA most likely intercalates in 

between the PPE chains. Further studies such as transmission electron microscopy imaging of the 

particles and their HA complexes will provide further explanation for the observed photophysical 

behavior and hydrodynamic diameter changes. 

 

Figure 5.6. Particle hydrodynamic diameter of polymers PPB, PPB-L, PPE and PPE-L upon 
complexation with hyaluronic acid (HA). 
 

Cellular Toxicity. The toxicity of PPB, PPB-L, PPE, and PPE-L CPNs was evaluated by MTT 

assay (Figure 5.7). All four polymers were shown to be non-toxic to cells at all concentrations 

tested (up to 30 μM). These results are consistent with the cellular toxicity data previously 

reported by the Moon research group.19, 24 The observed biocompatibility opens up avenues 
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towards the systematic investigation of the effect of backbone structure and flexibility on sub-

cellular localization patterns and delivery efficiency of biologically active substances into cells. 

 

Figure 5.7. Cell viability evaluation of PPB, PPB-L, PPE and PPE-L CPNs by MTT assay. 
CPNs of all four polymers show no cell viability inhibition at concentrations up to 30 μM. 
 

5.4  Conclusion 

In summary, a set of conjugated polymer electrolytes with PPE and PPB-type connectivity was 

fabricated. The flexibility of the rigid backbone was modulated through the introduction of a 

flexible, non-conjugated linker at small proportions. The four resulting CPEs exhibit a distinctly 

different self-assembly behavior upon HA complexation. The PPB vs PPE connectivity is the 

main driving force for this behavior, with the presence of the non-conjugated linker further 

enhancing the effect in the PPB series because of the increased chain flexibility. Further 

investigations into the role of the amount of the flexible linker will reveal the enticing possibility 

to control the self-assembly of PPBs through linker content modulation. The results show that 

PPB CPEs are highly bright, biocompatible conjugated polymer materials with unique polyanion 

interaction capabilities and large potential for future use in biological applications. 
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5.5  Outlook 

This chapter provides a systematic examination of the impact of backbone connectivity and 

flexibility on polymer aggregation properties. Due to their biocompatibility, the polymers 

prepared as part of this chapter can be used to investigate the backbone effects in vitro. Cellular 

uptake and sub-cellular localization studies can provide information about the localization 

patterns and cell uptake efficiency of the CPEs as a function of backbone structure.  

Furthermore, the demonstrated differential interaction behavior with HA points towards possible 

differences in complexation efficiency of the CPEs with other polyanions such as small 

interfering RNA (siRNA) or plasmid DNA (pDNA). CPE/siRNA and CPE/pDNA complexes can 

be used to study complexation efficiency, cellular uptake, and gene knockdown efficiency as a 

function of the polymer backbone. The understanding of the role of backbone connectivity, 

flexibility and biodegradability in these cellular processes will aid the development of 

conjugated-polymer-based vehicles for highly efficient targeted delivery of biologically active 

substances to cells. 

 

5.6  Experimental Section 

5.6.1 General. Chemicals, including solvents, were purchased from Fisher Scientific and used as 

received. Deuterated solvents were purchased from Cambridge Isotope Laboratories (Cambridge, 

MA). The average molecular weight (Mn) and polydispersity index (PDI = Mw/Mn) of the 

polymers were determined by gel permeation chromatography (GPC) against polystyrene 

standards using a Shimadzu high performance liquid chromatography (HPLC) system fitted with 

PLgel 5µm MIXED-D columns and SPD-20A ultraviolet-visible (UV-vis) detector at a flow rate 

of 1.0 mL/min. UV-vis spectra were recorded using a Varian Cary 50 Bio spectrophotometer. 

Fluorescence spectra were obtained using a FluoroLog-3 Spectrofluorometer (Jobin 

Yvon/Horiba). 9,10-diphenylanthracene (QY = 0.9) in cyclohexane was used as a fluorescence 
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standard for QY determination. Fourier transform infrared (FT-IR) spectra were recorded on a 

PerkinElmer Spectrum 100 FT-IR Spectrometer. Fine polymer powders were directly mounted on 

an attenuated total reflection (ATR) cell of the spectrometer. Nuclear magnetic resonance (NMR) 

spectra were recorded on a 400 MHz Avance Bruker NMR spectrometer. Chemical shifts were 

reported in parts per million (ppm) for 1H NMR on the δ scale based on the middle peak (δ = 2.50 

ppm) of the dimethylsulfoxide (DMSO)-d6 solvent as an internal standard. Nanoparticle 

hydrodynamic diameter was determined using single particle light scattering analysis. 

Measurements were performed with a LM10 HS (NanoSight, Amesbury, United Kingdom), 

equipped with a sCMOS camera, sample chamber with a 488 nm blue laser, and Viton 

fluoroelastomer o-ring. The samples were injected into the sample chamber with 1 mL sterile 

syringes (Restek Corporation, Pennsylvania, USA) until the liquid reached the tip of the nozzle. 

All measurements were performed in triplicate at 25°C using a LM14C temperature controller 

(NanoSight, Amesbury, United Kingdom). 

 

5.6.2 Monomer Synthesis.  

Monomer M1: The synthesis of monomer M1 is described in Chapter 2 (referred to as compound 

M4).  

 

Scheme 5.2. Synthetic route towards monomer M2. 

 

Monomer M2: Dithiopropionic acid (1.0 g, 4.76 mmol) was dissolved in anhydrous 

tetrahydrofuran (THF) (20 mL) in a round bottom flask, which was evacuated and filled with 

nitrogen. N-methylmorpholine (1.10 mL, 9.99 mmol) was added, and the suspension was allowed 
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to stir until the entire solid was dissolved. Isobutyl chloroformate (1.25 mL, 9.61 mmol) was 

added, and the mixture was allowed to stir at room temperature for 15 min. A solution of 4-

ethynylaniline (1.17 g, 9.99 mmol) in anhydrous THF (10 mL) was prepared under a N2 

atmosphere and transferred into the reaction flask using a cannula. The reaction was allowed to 

proceed overnight, after which the reaction mixture was hot-filtered. The filtrate was concentrated 

in vacuo, and the resulting solid was precipitated overnight from the DCM / THF solvent system. 

Yield: 775 mg (74%). High-resolution mass spectrometry (MS) (ESI+): theoretical 431.0858 m/z; 

experimental 431.0801 m/z [M+Na+].  1H NMR (400 MHz, DMSO-d6): δ 2.75 (t, J=7.07 Hz, 2 H) 

3.01 (t, J=7.07 Hz, 2 H) 4.08 (s, 1 H) 7.40 (d, J=8.60 Hz, 2 H) 7.60 (d, J=8.84 Hz, 2 H) 10.21 (s, 

1 H). 13C NMR (150 MHz): δ ppm 169.5, 139.7, 132.4, 118.9, 116.1, 83.5, 79.7, 36.1, 33.4. 

Monomer M3: The synthesis of monomer M3 is described in Chapter 2 (referred to as compound 

11).  

Monomer M4: The synthesis of monomer M4 is described in Chapter 2 (referred to as aryl iodide 

linker M3).  

 

5.6.3 Polymer synthesis. General procedure: A Schlenk flask was charged with appropriate 

monomers, Pd[Cl2(PPh3)2] and CuI. The Schlenk flask was evacuated and filled with N2. A 

solution of dimethylformamide (DMF) (4 mL) and triethylamine (TEA) (1 mL) was degassed 

with N2, and 2 mL of the mixed solution was transferred to the Schlenk flask via a cannula. The 

reaction was heated at 70°C for 18 h. The solution was then cooled to room temperature and 

transferred dropwise to cold ether, resulting in precipitation. After centrifugation (2 min, 4,000 

rpm), the supernatant was decanted, the precipitate was re-dissolved in DMF (1 mL) and the 

purification method was repeated. The resulting polymer in DMF (1mL) was characterized by gel 

permeation chromatography (GPC) and its absorption/emission profile was measured. The 

material was then reprecipitated in pure ether, the supernatant was decanted and the precipitated 
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polymer was allowed to dry under high vacuum for 4 hours prior to FTIR and 1H NMR 

characterization. 

PPB: Using the general polymerization procedure described above, the polymerization of 

monomer M1 (10.0 mg, 0.0188 mmol) in the presence of Pd[Cl2(PPh3)2] (2.6 mg, 0.00375 mmol) 

and CuI (3.4 mg, 0.0178 mmol) yielded polymer PPB. 1H NMR (400 MHz, DMSO-d6): δ 7.10 (s, 

1H), 3.99 (br m, 4H), 3.55 (br m, 2H), 3.30 (br m, 2H), 2.91 (br m, 2H), 1.15 (s, 9H).  GPC: Mw = 

92,000 g/mol, Mn = 29,800 g/mol, PDI = 3.09. UV-Vis (DMF) λmax = 452 nm, Fluo λmax = 479 

nm, QY = 21%.  

PPB-L: Using the general polymerization procedure described above, the polymerization of 

monomers M1 (10.0 mg, 0.0188 mmol) and M2 (0.9 mg, 0.00209 mmol) in the presence of 

Pd[Cl2(PPh3)2] (2.9 mg, 0.00417 mmol) and CuI (3.8 mg, 0.0198 mmol) yielded polymer PPB-L. 

1H NMR (400 MHz, DMSO-d6): δ 10.41 (s, 0.02H), 7.73 (m, 0.04H), 7.56 (m, 0.09H), 7.29 (s, 

1H), 6.71 (s, 1.03H), 4.18 (br m, 2.12H), 3.74 (br m, 2.19H), 3.49 (m, 3.02H), 3.11 (m, 2.28H), 

1.34 (s, 10.68H).  GPC: Mw = 38,600 g/mol, Mn = 16,900 g/mol, PDI = 2.28. UV-Vis (DMF) λmax 

= 448 nm, Fluo λmax = 478 nm, QY = 22%.  

PPE: Detailed synthesis of polymer PPE is described elsewhere.24 

PPE-L: Using the general polymerization procedure described above, the polymerization of 

monomers M1 (6.8 mg, 0.0127 mmol), M3 (7.0 mg, 0.00951 mmol) and M4 (2.7 mg, 0.00317 

mmol) in the presence of Pd[Cl2(PPh3)2] (1.8 mg, 0.00254 mmol) and CuI (0.6 mg, 0.00301 

mmol) yielded polymer PPE-L. 1H NMR (400 MHz, DMSO-d6): δ 10.281 (s, 0.07H), 7.77-7.70 

(m, 0.24H), 7.48 (m, 0.24H), 7.16 (s, 1H), 6.70 (s, 1.25H), 4.21 (br m, 2.26H), 3.79 (br m, 

2.36H), 3.52 (m, 2.59H), 3.09 (m, 2.90H), 1.41-1.35 (s, 14.40H).  GPC: Mw = 28,700 g/mol, Mn = 

11,000 g/mol, PDI = 1.79. UV-Vis (DMF) λmax = 430 nm, Fluo λmax = 475 nm, QY = 24%.  
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5.6.4 CPN Formation. General procedure: A polymer solution in DMSO-d6 was added to a 

stirred mixture of trifluoroacetic acid (2 mL) and acetic acid (2 mL) and allowed to stir at room 

temperature for 2 days. The mixture was then diluted by addition of acetic acid (10 mL), and 

added dropwise (2 drops/s) to 500 mL water (18 Ω) while stirring. Using a solvent-resistant stir 

cell fitted with a 30 kDa-MWCO membrane, the solution was concentrated to approximately 10 

mL, and dialyzed against 1.5 L of water. The solution was subsequently filtered through a 

cellulose syringe filter (0.45 µm) and stored for future use. 

PPB CPN. UV-Vis (H2O) λmax = 441 nm, Fluo λmax = 468 nm, QY = 2.0%.  

PPB-L CPN. UV-Vis (H2O) λmax = 445 nm, Fluo λmax = 469, 505 nm, QY = 5.1%. 

PPE CPN. UV-Vis (H2O) λmax = 398 nm, Fluo λmax = 469 nm, QY = 0.5%. 

PPE-L CPN. UV-Vis (H2O) λmax = 435 nm, Fluo λmax = 502 nm, QY = 0.3%. 

 

5.6.5 Cytotoxicity. HeLa cells (∼10 000 cells per well) in 200 μL of complete medium were 

seeded into a 96-well plate and cultured for one day in a 5% CO2 incubator at 37 °C. CPNs with 

various concentrations (1 to 30 μM) were added and incubated for 24 h. To measure toxicity, 10 

μL of MTT solution (5 mg mL-1 in PBS) and 90 μL of complete medium were then added into 

each well, and the plate was further incubated for 4 h at 37 °C. After the MTT conversion to 

insoluble formazan, the formazan crystals were dissolved in dimethyl sulfoxide (100 μL), and the 

absorbance intensity was measured by a microplate well reader (infinite M1000 PRO, TECAN, 

Switzerland) at 540 nm. Relative cell viability (%) as a function of CPN concentration was 

expressed as a percentage relative to the untreated control cells. All measurements were carried 

out in triplicate and standard deviation was included in the error bar. 

 

5.6.6 CPN/HA complex formation. Sodium hyaluronate (HA, MW 100,000 g/mol) was 

purchased from Lifecore and used as received. A stock solution was prepared by dissolving 2.00 
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mg of HA in 2.0 mL deionized water. The CPN/HA complex was formed by mixing CPN (~0.1 

optical density) with HA (10 μM) for 10 minutes. 
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CHAPTER VI 

General Conclusions 

 

Synthesis of new functional conjugated polymers is of great interest for the development of CP-

based delivery vehicles for use in disease therapy. The novel concept of the development of 

materials which exhibit flexibility, biodegradability, and fluorescence as a function of the 

polymer backbone is presented in this dissertation. The combined Sonogashira/Glaser coupling 

conditions provide a relatively straightforward synthetic pathway towards flexible PPBs with 

preserved fluorescent properties, even though the control over the amount of flexibility is limited 

due to the nature of the reactions involved. Modified Sonogashira coupling and smart monomer 

design allow for the statistical control over the flexibility in PPEs. Due to the non-conjugated 

nature of the flexible linker, the flexibility control also enables the modulation of the 

photophysical properties of the resulting materials. 

Flexible PPBs were shown to be non-toxic to cells, and exhibited different cellular behavior than 

that which is typically observed in regular PPEs. Flexible PPBs were also subsequently 

demonstrated to undergo self-assembly changes upon complexation with polyanions as evidenced 

by photophysical spectral changes and particle size distribution measurements. Flexible PPEs did 

not show the same effect when complexed with polyanions. This observation prompted a 

systematic investigation into the effect of flexibility and backbone connectivity on polymer self-

assembly behavior. The more rigid and hydrophobic PPB backbone was shown to be a key 

component necessary for polymer chain rearrangement upon complexation. The added flexibility 

enhanced the effect in the PPB series but only minimally influenced the PPE reorganization.  

While basic understanding of synthetic control and the effect of backbone structural features on 

CPN behavior is the first step towards the development of efficient drug delivery vehicles, there 
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are many additional factors which affect the CPN behavior that have not been closely considered 

in this dissertation. One of the main factors is the chemical structure of the pendant ionic side-

chains. The flexible PPBs presented in Chapter 2 were functionalized exclusively with side-

chains containing primary amines. The PPE series presented in Chapter 4 was decorated with 

alternating non-polar (i.e., triethylene glycol) and ionic (i.e., guanidinium) side-chains. The hope 

for the guanidinium group was to introduce chemical functionality which would improve cellular 

uptake efficiency of the CPNs relative to the amine-only counterparts, and influence sub-cellular 

localization. Unfortunately, this series of polymers was toxic to cells even at very low 

concentrations, and a direct comparison of cellular behavior between the flexible PPB and PPE 

could, therefore, not be made at the time. For this reason, all polymers in Chapter 5 were 

designed to contain only primary amine side-chains, and are thus directly comparable. The future 

of this project lies in the investigation of the cellular uptake behavior, sub-cellular localization 

patterns, and delivery efficiency of CPNs prepared from the flexible and rigid PPEs and PPBs 

presented in Chapter 5. 

The ability to control the length of the conjugated segments within a polymer chain in a one-pot 

fashion opens up interesting opportunities for further exploration of the modulation of the 

polymer photophysical properties. The current PPEs and PPBs have green emission which 

coincides with the autofluorescence of many biological substances. For biological applications, 

materials with red-shifted emission are, therefore, of great interest. Modification of linker design 

in the flexible synthetic methodology developed in Chapter 4 has the potential to yield such red-

shifted materials. An asymmetrical, non-conjugated flexible linker containing an electron-

donating aromatic moiety on one end and an electron-withdrawing one on the other will result in 

the formation of conjugated segments containing donor-acceptor pairs on the segment ends. The 

donor-acceptor interaction is known to decrease the magnitude of the HOMO-LUMO gap, 

pushing the emission towards the red. 
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Another avenue of future research, which has been alluded to on multiple occasions throughout 

this dissertation, is polymer biodegradability. The cystine-based linker was used to provide the 

non-conjugated building block, which introduces flexibility.  At different proportions it also 

allows for the modulation of the length of the conjugated segments within the polymer. The 

degradation of polymer in organic solvent under disulfide-reducing experimental conditions 

should yield conjugated thiol-capped fragments of different lengths, which were formed during 

polymerization. Isolation of these fragments and quantitation of their length distribution will 

provide a better understanding of the mechanism of their formation. Since the cystine disulfide 

bond is known to be cleaved in vivo by intracellular glutathione, CPN degradation kinetics in 

aqueous environment can provide an estimate for the kinetics of drug release inside the cell. The 

effect of the biodegradable functionality on cellular toxicity and sub-cellular localization of 

polymers with and without the degradable linker can be assessed for better understanding of the 

structure-function relationship requirements for the successful development of novel fluorescent 

therapeutic delivery vehicles. 
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