7.88 ppm is characteristic to amide signal of the PEG derivative. Also, NMR signal integration indicates
presence of proton from triazole linkage buried at 6 7.20-7.56 ppm. Similarly, the ratio of proton integrals

belonging to PPEL1 to that of PEG000-FA suggests 40% incorporation of the latter via click reaction.
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Figure S5.1. 'H NMR spectra of PPE1 (top) and CPN-PEG2000-FA (bottom) in DMSO-de. *indicates
unassigned signal.

To prepare the grafted copolymers CPN-PEG2000-FA and CPN-PEG2o00, the azide functionalized PPEs
were coupled with alkynyl end of PEG2o0-FA and PEGao00, respectively, by the Huisgen 1,3-dipolar
cycloaddition. For CPN-PEG2000-FA, “click reaction” between PPE1 and M3 in presence of catalytic
amount of TEMED and CuBr in DMF at room temperature afforded CPN-PEG2000-FA in 45% yield. An
excess of alkynyl-terminated PEG2o00-FA (2.0 equivalent) was used in order to increase the grafting

efficiency. The crude copolymer was first washed with excess DCM (10x) to remove unreacted PEG g0 and
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other organic impurities followed by dialysis (5 kDa molecular weight cut-off dialysis membrane). Complete

removal of free FA was confirmed by monitoring absorption of FA in the aqueous supernatant (Figure S5.2).
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Figure S5.2. UV-vis absorption spectra of folic acid in the supernatant showing complete removal of folic
acid from CPN-PEG2000-FA solution via dialysis (dialysis membrane, MWCO: 5000).

FTIR was utilized as the preliminary characterization method to determine whether the azide displacement
and click reaction occurred. The organic azide provides a unique absorbance in the IR spectrum at ~2100-
2108 cmt. The absorption at 2107 cm™* for CPN-PEG2000-FA characteristic of the azide termini which
almost disappeared in favor of a new absorptions at 1642 cm™ and 1603 cm characteristic of the amide

group and triazole unsaturations, respectively. Additionally, the acid functional group of PEG2q00-FA gives

rise to a characteristic broad and strong stretch from 3600 to 2500 cm™.
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Figure S5.3. FTIR spectra of PPE1 (gray line) and CPN-PEG2000-FA (black line).

5.6.4.4. Synthesis of PPE2.

Using the general polymerization procedure described above, polymerization of 1,4-bis(2-(2-(2-
bromoethoxy)ethoxy)ethoxy)-2,5-diethynylbenzene (M1, 26.4 mg, 0.048 mmol), 1,4-bis(2-(2-
azidoethoxy)ethoxy)-2,5-diiodobenzene (M2, 14.15 mg, 0.024 mmol), 4,7-
dibromobenzo[c][1,2,5]thiadiazole (7.07 mg, 0.024 mmol) in presence of Pd(PPhs).Cl, (1.69 mg, 0.0024
mmol) and Cul (0.228 mg, 0.0012 mmol) yielded polymer PPE2 in 57% (47mg). 'H NMR (400 MHz,
DMSO-ds) & 8.11-7.82 (br m, 0.45H), 7.31 (br, 1H), 7.18 (br, 2H), 4.23 (br, 6H), 3.87-3.58 (br, 27.6H), 3.27
(br, 6.6H), 1.12 (br, 6.79H). IR (neat) v 3403, 2924, 2869, 2102, 1489, 1454, 1414, 1276, 1216, 1221 cm™.
UV-Vis (THF) Amax = 448nm, € = 57876.53 M-lcm? (per repeating unit), emission (THF) Amax = 575 nm,
Q.Y.=0.35 (in THF).

5.6.4.5. Synthesis of CPN-PEG2000.

Using the general click reaction procedure described above, reaction of PPE2(13.18 mg, 0.016 mmol) and
a-(hex-5-ynamide)-w-hydroxyl PEG200 (10, 34 mg, 0.016 mmol), in presence of CuBr (0.6864 mg, 0.0048
mmol) and TEMED (0.557 mg, 0.0048 mmol) yielded CPN-PEG2000. *H NMR (400 MHz, DMSO-ds) &

7.87 (t, 1H), 7.29-7.17 (br, 4H), 4.56 (t, 0.5H), 4.23 (br, 6H), 3.85-3.67 (br, 26H), 3.50 (br, 212H), 2.15 (m,
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4H), 1.65 (m, 2H), 1.13 (br, 9H). IR (neat) v 3600-2500 (br), 2104, 1642, 1603, 1492, 1454, 1342, 1275,

1101 cm™. UV-Vis (H20) Amax = 480 nm, emission (H20) Amax = 620 nm, Q.Y. = 0.48 (in water).
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Scheme S5.3. Click reaction of alkyne end-functionalized PEG 2000 onto azide end-functionalized PPE2 to
yield CPN-PEG2000.

4.6.4.6 Characterization of PPE2 and CPN-PEG 2000.

A similar “click reaction” strategy was employed to synthesize CPN-PEGa200 (Scheme S5.3). After
purification via dialysis and freeze drying, a red solid powder was collected which was used for nanoparticle
preparation. *H NMR integral ratio between PPE2 and alkynyl ended PEG2000 (10) indicates incorporation

complete of PEG 2000 into the polymer chain.
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Figure S5.6. FTIR spectra of PPE2 (green line) and CPN-PEG 200 (black line).

5.6.5 Nanoparticle preparation.

PEG 2000-folic acid grafted conjugated polymers were dissolved in HPLC grade DMSO by stirring overnight.
The conjugated polymer nanoparticles were prepared by adding the stock solution in deionized water with
vigorous stirring. DMSO and unreacted PEG 2000-Folic acid were removed by washing the water dispersible
with HPLC grade dichloromethane. Finally, the nanoparticles were filtered through a 0.5 um PTFE syringe
filters.

5.6.6  Determination of hydrodynamic diameter of CPNs.

Light scattering measurements were performed using a NanoSight LM10 HS Instrument (Nanosight Ltd.,
Amesbury, UK) equipped with a SCMOS camera using deionized water (DI H20, 18 Q) as dispersant. A
Class 3B laser (488 nm blue laser) source was used as the light source and all experiments were performed
at a temperature of 25°C monitored by a LM14C temperature controller (NanoSight, Amesbury, United
Kingdom). CPN samples in water were filtered through PTFE syringe filters (cut-off 0.45 um) prior to

injecting in the sample chamber to remove dust or any larger aggregates. Samples were then injected into the
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chamber with 1 mL sterile syringes (Restek Corporation, Pennsylvania, USA) until the liquid reached the tip
of the nozzle. A video of typically 60 seconds duration was taken, with a frame rate of 30 frames per second.
Each video was then analyzed by NTA software (NanoSight Ltd.) to give the mean, mode, and standard
deviation of nanoparticle size distribution together with an estimate of concentration (particles/mL). Each
sample was measured three times.

5.6.7  Determination of zeta potential of CPNs.

Zeta potential of CPNs were measured by Zetasizer nano-ZS (Zen 3600, Malvern Instruments Ltd.) using a
folded disposable capillary cell (Catalog # DTS1060) at 25°C. The nanoparticle dispersions (in DI water)
were concentrated to approximately 0.5 mM to achieve reliable results. Instrument settings were
automatically determined by Malvern technology software on a sample-to-sample basis for measurement
position (in mm), attenuator intensity (laser power), and number of runs per measurement. Each sample was
measured six times.

5.6.8  General cell culture.

HelLa cells (human cervical cancer, purchased from ATCC) were seeded into a 100 x 20 mm style sterile
tissue culture dish (#353003 BD Falcon, Durham, NC, USA). The cells were grown in minimum essential
medium (MEM)/Earle’s balanced salt solution (EBSS) (400 pL, HyClone, SH30024) medium supplemented
with 10% fetal bovine serum (FBS), and 100 pg/mL penicillin and 100 pg/mL streptomycin for 24 h under
5% CO2/ 95% air at 37 °C. The cells were continuously maintained in the culture medium and subcultured
every 48 h.

5.6.9  Cellular toxicity study.

HeLa cells (ca. 10,000 cells per well), in 200 pL of complete medium, were seeded into a 96-well plate and
allowed to attach for one day at 37 °C under a humidified atmosphere of 5% CO; / 95% air. Stock solution
of CPNs were added into complete media and diluted to the required amount of CPNs. After addition of
CPNs, the cells were incubated for another 18 h. Cells were washed with warm PBS and incubated with fresh
medium containing MTT (5 mg mL*in PBS, CALBIOCHEM, Germany) for 4 h at 37 °C. Dimethy! sulfoxide
(100 pL) was added to solubilize the purple formazan crystals formed by proliferating cells. Absorbance was

measured by a microplate well reader (infinite M1000 PRO, TECAN, Switzerland) at 590 nm. Relative cell
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viability (%) as a function of CPNs concentration was expressed as a percentage relative to the untreated
control cells. All measurements were performed in triplicate and standard deviation was included in the error
bar.

5.6.10 Cell uptake studies by flow cytometry.

Hel a cells were seeded into a 12-well plate (~40,000/well) one day prior to CPN treatment. Cells were then
incubated with 6 uM of CPN for 1, 2, 4, 8, and 18h. For complexation with HA, CPN was mixed with HA
(40K and 100K) at molar ratios (based on repeating unit of CPN and HA) of 1:0 (control), 1:1, 1:2, and 1:5.
The CPN/HA complexes were allowed to incubate approximately 30 minutes prior to incubating with cells.
After incubation with cells, samples were treated with trypan blue (200 uM) for 10 minutes at 37°C and
washed three times with 1X PBS. Cells were detached with trypsin/EDTA and fixed with 4%
paraformaldehyde for 10 minutes at room temperature, then resuspended in flow cytometry buffer (1X PBS
containing 5% bovine serum albumin and 0.02% sodium azide). 10,000 events per measurement were
recorded within the gate of control cells, which was selected based on forward and side scattering of control
cells to eliminate data collection from dead cells and artifacts. Mean fluorescence intensity of CPNs (FL3
channel, 590-620 nm wavelength range) was obtained using three independent sample sets and accounting
for variation in cell autofluorescence. For uptake plots, values were normalized to control cells.

5.6.11 Cell inhibition assays.

For endocytosis pathway studies, HeLa cells were seeded into a 12-well plate (~40,000/well) one day prior
to CPN treatment. Cells were then treated without (control) or in the presence of pharmaceutical inhibitors
chlorpromazine (24 pM) for clathrin mediated endocytosis (CME), genistein (210 uM) for caveolae mediated
endocytosis (CvME), methyl-B-cyclodextrin (1000 uM) for CME and macropinocytosis (CvME/MPC),
LY294002 (120 uM) for macropinocytosis (MPCL1), or cytochalasin D (40 uM) for macropinocytosis
(MPC2) for 30 minutes before CPN treatment. For blocking any potential pathways of FA and HA, cells
were treated with excess FA (1 mM) and HA (100K, 1.5 mM) for one hour before CPN treatment. After CPN
treatment, cells were prepared as discussed in previous section. For inhibition assays, values were normalized

to CPN.
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5.6.12 Cell uptake studies by microscopy.

HeLa cells were seeded into a 12-well plate (~20,000/well) with glass coverslip (#1254584, Fisher Scientific)
one day prior to CPN treatment and cultured in a minimum essential medium (MEM)/Earle’s balanced salt
solution (EBSS) (500 puL) medium containing 10% fetal bovine serum (FBS) and 100 U/m penicillin for 24
h under 5% CO; at 37 °C. CPNs and CPN/HA complexes were prepared in fresh culture medium (500 pL),
and added to cells after washing with 1X PBS and removing media, then cultured for 4, 8, and 18 h (final
CPN concentration: 6 uM). After incubation, cell were washed with PBS and fixed with 4%
paraformaldehyde for 10 min. After washing with 1X PBS, a 1 pL aliquot of Hoechst (5 pg/mL) was added
to 1X PBS and incubated with the cells for 10 min at room temperature. Cells were then washed three times
with 1X PBS and coverslips were mounted on microscope slides (#1125441, Fisher Scientific) using a 1:1
glycerol/PBS mounting medium. Fluorescent images of the cells were obtained using a DeltaVision Elite
Microscope System (Applied Precision, Issaquah, Washington, USA) equipped with bandpass filters such as
blue (410—460 nm, Hoechst) and red (595-635nm, CPNs) using a 60X oil immersion lens (NA 1.42) and n
= 1.520 immersion oil . Top and bottom of the chosen cells was identified, and a Z-stack plot was imaged
for each channel. Deconvolution of each channel was performed using the microscope software (Softworx
5.0 application, Applied Precision, Issaquah, Washington, USA) and supplied method file using 50 iterations

per channel and high noise filtering setting.
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5.6.13 Characterization data.
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CHAPTER VI

General Conclusions

The development of CP-based biomaterials would provide a novel class of polymeric materials useful for a
variety of applications. The use of CPNs has become of significant interest in biomedical applications as a
consequence of their desirable properties including facile synthesis, high sensitivity, superior photostability,
low cytotoxicity, and biocompatibility. The photophysical excellence and robustness of CP-based
nanomaterials are particularly useful for labelling target cells. The synthetic versatility of CPs allows the easy
modification of the conjugated backbone to tune emission and side chain structures to adjust biocompatibility
through increased water solubility, controlled biodegradability, and incorporation of targeting. Structural
modifications of CP side chains to incorporate ionic and hydrophilic moieties allow for tunable biophysical
properties for improved biocompatibility and functionalized performance. Depending on the solubility of CP
chains and the nature of interaction between CPs and analytes, structural changes can occur in individual CP
chains or multiple chain aggregates, which correspond to changes in CP optical properties. These changes in
optical properties present the opportunity of a CP-based sensor. Structural modifications result in changes in
self-assembly and subsequent cellular interactions, which allows for a structure-function relationship to be

established.

The second chapter presented a strategy for modulating particle shape using ionic complexation with HA in
a backbone flexibility-dependent fashion. The incorporation of a semi-flexible, non-conjugated moiety into
the backbone resulted in the formation of core-shell nanoparticles when a cationic CPN was treated with a
polyanion compared to the control CPN with a rigid, fully conjugated backbone. The core-shell nanoparticles
exhibited high specificity to cancer cells with low adsorption to normal cells, because of HA’s affinity to
overexpressed receptors on cancer cells. While in Chapter 11, the semi-flexible CPN displayed enhanced
targeting of cancer cells over normal cells, additional work showed there was no significant increase in
internalization of the semi-flexible CPN, only changes to subcellular localization. Complexation of the semi-
flexible CPN with polyanions led to increased accumulation in different organelles compared to control

polymers with rigid backbone. Differences in subcellular localization were expected based on the dramatic
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changes from spherical to core-sell particles. While ionic complexation led to increased labelling of cancer
cells, a strategy to improve targeting and increase internalization of CPNs was explored in Chapter V using

a dual ligand targeting approach.

The dramatic differences in ionic complexation determined by backbone flexibility led to the work in Chapter
I11. A systematic investigation on ionic complexation of CPNs that vary by side chain and backbone structure
with biologically important anionic polysaccharides was conducted in the third chapter. A simple approach
to differential sensing of biologically important molecules was presented. A systematic approach to
understanding the effect of side chain and backbone structure was employed to establish a structure-function
relationship. To improve differential sensing, an array of more structurally diverse CPNs could be utilized,
which would lead to more dramatic differential interactions of CPNs and analytes. By developing structural
diverse arrays, sensitivity can be greatly improved. Additional work using a controlled series of CPNs with
PPE and PPB-type connectivity and incorporation of a flexible, non-conjugated linker displayed backbone-
dependent complexation with HA. The work in Chapters 11 and 111 presented how backbone flexibility affects
ionic interactions, but subcellular localization studies would provide more information how exactly backbone

connectivity affects cellular interactions, which was the explored in the fourth chapter

Chapter IV presented a strategy for mitochondrial targeting using the triphenylphosphonium (TPP) group
that was dependent on the biodegradability and flexibility of the conjugated backbone. The subcellular
localization and cellular toxicity were affected by backbone flexibility and molecular weight, in a time-
dependent fashion. The degradable, flexible linker allowed the CPN to be degraded to conjugated oligomers
that could more easily diffuse after endocytosis and traffic to the mitochondria. The TPP-containing CPNs
were treated with HA to improve solubility, and displayed modulated cellular interactions based on backbone
structure. Additional work using a series of varying molecular weight nonflexible TPP-containing
copolymers and flexible TPP-containing copolymers with varying flexible unit incorporation indicated that
the presence of the flexible linker and at relatively higher percentage (>40%) was crucial for mitochondrial
localization. This finding could be the result of the hydrophobicity of the polymer backbone, which causes

aggregation in aqueous environment, and compromises the availability of the degradable linker to
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intracellular glutathione. A series of TPP-containing polymers that also incorporated the hydrogen peroxide-
sensitive moiety, aryl boronate, and degradable linker were synthesized. However, because of the
hydrophobicity of this group and in combination with the bulky TPP group, dense aggregation was observed.
To address these issues, additional more in-depth studies on the effect of the flexible linker for subcellular
targeting are needed. In addition, improving the hydrophilicity of the TPP-containing CPNs would provide

information as to how polymer solubility, CPN aggregation, and cellular uptake/trafficking can be modulated.

Chapter V detailed the synthesis of dual-targeting red emissive CPNs grafted with folic acid (FA) side chains
and complexed with hyaluronic acid (HA). Modulation of uptake kinetics and amount of internalized CPNs
was achieved by the dual ligand-targeting CPNs designed for folate and hyaluronan receptors. The grafting
of PEG2000-FA side chain posed a synthetic challenge to control the amount of incorporation because of the
poor solubility of FA. The synthetic approach would need to be modified to increase hydrophilicity to favor
coupling of FA. Additional work is under way to use microwave-assisted polymerization, which would
provide more reproducible results because of uniform heating and shorter reaction times. To assess accurately
the dual ligand approach, a series of three CPNs are needed: CPN with PEG only side chain, CPN with PEG-
FA side chain, and CPN with PEG-FA complexed with HA. Since copolymers were used, a variation in co-
polymer blocks was obtained based on synthetic approach. A CPN array with controlled incorporation of FA
to accurately assess cellular interactions of FA and HA would provide a clearer understanding of uptake
pathways as function of the folate and hyaluronan receptors. Subcellular localization studies of targeting
CPNs would provide information how modulating cell surface interactions affects subcellular trafficking and

intracellular fate.
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