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Synthesis of Conjugated Polymer Nanoparticles with Core-Shell 
Structure for Cell Imaging and Photodynamic Cancer Therapy

Abstract: Conjugated polymer nanoparticles were successfully capped with a com-mercially available triblock copolymer Pluronic F127® to form stable nanoparticleswith the potential for photodynamic therapy (PDT) of cancer cells. PDT is known asan effective, simple treatment method without the need for surgery. Investigationson the particle structure revealed that the nanoparticles were fabricated with acore-shell structure of ~192 nm. The PDT effects of the nanoparticles on HeLa can-cer cells were investigated via cell imaging and cytotoxicity tests. The nanoparticleswere biocompatible and were easily internalized by HeLa cells. Moreover, the nanoparticles efficiently generated reactive oxygen speciesto kill cancer cells under UV irradiation. Therefore, the nanoparticles have promising applications for cancer cell imaging and therapy.
Keywords: conjugated polymer nanoparticles, cancer cells, imaging, photodynamic therapy, reactive oxygen species.
1. IntroductionHealth is a major concern in modern society and thus itsrelated fields are continuously developing. Cancer, one of themost serious threats to human health, is a difficult disease totreat and numerous studies have been conducted worldwideto investigate the treatment of cancer diseases.1-3 Recently, aspotential approaches for minimally invasive treatment of vari-ous malignant cancers, photothermal therapy and photody-namic therapy (PDT) have received much attention becausethey can avoid detrimental effects on normal cells.4-6 PDT, inparticular, has attracted considerable interest as an efficienttreatment for cancer cells and other diseases.7,8 The PDT methodbenefits from the process in which light is absorbed by a photo-sensitizer (PS) and the light-sensitive PS converts the opticalenergy to generate reactive oxygen species (ROS) including sin-glet oxygen (1O2) to induce cancer cell death. ROS attack cellswith their strong oxidizing ability. PDT is seen as attractivebecause of its minimal invasiveness, high specificity, and lowtoxicity for normal cells. In particular, ROS-based PDT is facili-tated by the absorption of various light energies.9-12 Recent investigations on conjugated polymers (CPs) haveenabled them to be used in biological fields such as biosensing,drug delivery, and cell imaging when they are soluble (or finely-dispersible) in water.13-18 CPs can produce ROS under light irra-diation to kill cancer cells.19-22 As a PS, CP nanoparticles have

been used for the creation of a photodymanic effect in cells andin aqueous solutions.23-25 The advantages of CP nanoparticleslie in their excellent biocompatibility, ease of surface modifica-tion, high quantum yield, high brightness, and good photosta-bility.26-28 As a result, PDT using CP nanoparticles is seen as aneffective medical treatment for a variety of diseases includingcancer. However, most of the investigations on CP nanoparti-cles for the PD effect were related to the use of additional PSs,including phthalocyanine and lanthanides, which need compli-cated synthetic work.29,30 Moreover, CP nanoparticles themselveshave difficulty in uptake by cancer cells because they usuallyhave negative charges on the surface and intrinsic hydropho-bicity, requiring surface-treatment of the CP to diffuse into can-cer cells.To encapsulate such hydrophobic materials for better cellularuptake and drug delivery, Pluronic block copolymers havebeen widely used to form self-assembled polymeric micellesthat can dramatically enhance water-solubility, bioavailability,and stability.31,32 Pluronic block copolymers are composed ofhydrophilic ethylene oxide (EO) and hydrophobic propyleneoxide (PO), resulting in an amphiphilic structure.33-35Here, we constructed CP nanoparticles covered with Pluronicblock copolymers to obtain red-emitting PBTB-F. The decorationwith Pluronic copolymer enabled PBTB-F to internalize easilyin cancer cells. The PBTB-F facilitated the imaging of cancercells by diffusing into the cytoplasm and could also be appliedin facile cancer-cell PDT, demonstrating versatile uses in can-cer diagnosis and treatment. Cancer cell death was effectivelyinduced by cell apoptosis through PDT under ultraviolet (UV)light irradiation. Compared with previous studies of PDT withCP nanoparticles, our system does not require additional pho-
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tosensitizing compounds. Thus, the simple use of the PBTB-Ffacilitated apoptosis of cancer cells by releasing active oxygenin response to light irradiation.
2. Experimental

2.1. Reagents and CharacterizationMonomers for Suzuki cross-coupling polymerization, such as1,4-dibromo-2,5-bis(octyloxy)benzene (2) and 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole (5) were synthesized accordingto previously published methods.36,37 2,1,3-Benzothiadiazole,hydroquinone, potassium hydroxide, potassium carbonate, tetrakis(triphenylphosphine) palladium, p-nitroso-N,N'-dimethylaniline(RNO), and Pluronic F127 were purchased from Sigma Aldrichand used as received. 2',7'-Dichlorodihydrofluorescein diace-tate (H2DCFDA) was purchased from Molecular Probes/Invit-rogen. 1H and 13C NMR were recorded on a Bruker DRX-300spectrometer with tetramethylsilane as an internal standard(Korea Basic Science Institute). FT-IR spectra were obtainedusing a Bruker Tensor 27 spectrometer. UV-vis spectra wererecorded on a PerkinElmer Lambda 35 spectrometer. Photolu-minescence spectra were obtained using a Cary Eclipse fluores-cence spectrophotometer equipped with a xenon lamp. Elementalanalysis (EA) was performed on an EA 1108 elemental ana-lyzer (Fisons Instruments). The images of nanoparticles wereobtained using a field-emission scanning electron microscope(FE-SEM; Hitachi S-4800) and the size of the nanoparticles wasdetermined by dynamic light scattering (DLS; Malvern Zetasizer).Gel permeation chromatography (GPC) was used to determinethe molecular weight of the polymer with polystyrene standardsusing tetrahydrofuran (THF) as the eluent. Fluorescence imagesof cancer cells were obtained using a DeltaVisionTM PD system.The nanoparticles were UV irradiated with a Spectrolinker XL-1000 UV lamp (Spectronics Corporation).
2.2. Polymerization of PBTB

2 (214 mg, 0.435 mmol), 5 (85 mg, 0.186 mmol), and 1,4-ben-zenediboronic acid bis(pinacol)ester (231 mg, 0.7 mmol) weredissolved in THF (20 mL). After degassing, Pd(PPh3)4 (0.047 g,0.041 mmol) and 2 M aqueous potassium carbonate solution(12 mL) were added to the reaction mixture. The mixture wasthen refluxed for 48 h. After cooling, the mixture was pouredinto excess methanol and the precipitate was washed with ace-tone, methanol, water, and acetone. After purification, the final,brown solid was obtained to yield 162 mg (53%). 1H NMR (300MHz, CDCl3)  (ppm)=8.2-7.3 (m), 7.2-6.8 (m), 5.5-5.0 (m), 4.0 (m),2.7-1.5 (m), 1.5-1.2 (m), 1.2–0.5 (m). 13C NMR (CDCl3):  (ppm)=77.00, 31.83, 29.36, 26.13, 22.69, 14.12. FT-IR (cm-1): 2924 (C-H),1610 (C=C), 1570 (C=C), 1257 (C-N). Anal. Calcd. For C6.43H7.8N0.15S0.08: C, 77.2%; H, 7.8%; N, 2.1%; S, 2.4%; Found: C, 78.0%; H,8.0%; N, 1.9%; S, 2.1%.
2.3. Preparation of CP nanoparticles covered with Pluronic
F127 (PBTB-F)A mixture of PBTB (5 mg) and Pluronic F127 (83 mg) was com-

pletely dissolved in THF (1 mL) at 50 °C overnight. Next, deion-ized water (10 mL) was quickly injected into the mixture undervigorous stirring at 50 °C. After stirring for 5 min, the dispersionwas dialyzed against deionized water using a dialysis membrane(MWCO 2 KDa) at 50 °C for 48 h to remove the THF. The result-ing nanoparticles (PBTB-F) were isolated by centrifugation at60,000 rpm for 20 min to remove unencapsulated PBTB andfree surfactants. The precipitates were redispersed in deionizedwater before the characterization and cancer cell study. Theconcentrations of PBTB used for the subsequent measurements andcell study were calculated from preestablished calibration curve.
2.4. Measurement of ROS generation38

ROS generation by PBTB-F was measured using RNO as a ROSindicator and evaluated by a decrease in the UV absorption ofRNO at 440 nm. PBTB-F was dissolved in phosphate bufferedsaline (PBS; 10 mM, pH=7.4) in the presence of RNO (50 M)and the mixture was then irradiated by a UV lamp (254 nm) atvarying power densities for various time periods.
2.5. Cell culture and cytotoxicity testA typical MTT assay was used. HeLa cells were incubated for 24 hat 37 °C in a -slide 8-well microscopy chamber at a density of1×104 cells per well. The cells were incubated with various con-centrations of PBTB-F for 12, 24, and 48 h; 10 L of MTT solution(0.5 mg/mL) was then added and incubated for an additional4 h. The lysis buffer (20% sodium dodecyl sulfate in 50% aque-ous DMF) was added to solubilize the formazan crystal, and theabsorbance at 570/630 nm was measured with a microplatereader (Molecular Devices).
2.6. Cell imaging and endogenous test of ROS39

HeLa cells were incubated in a μ-slide 8-well microscopy cham-ber at a density of 1×104 cells per well for 24 h at 37 °C. Afterwashing, the cells were incubated with the PBTB-F for 12 h at37 °C. The cells were then washed with cold PBS buffer andfixed with 4% (w/v) paraformaldehyde solution for 20 min atroom temperature. Fluorescence images were obtained using aDeltaVisionTM PD system (ex=360 nm). For endogenous test ofROS, HeLa cells were prepared as describe above. On the nextday, the cells were treated with PBTB-F with various concen-trations. After 24 h incubation, the cells were washed with PBSthree times and subsequently treated with H2DCFDA (5M/well)for 30 min. The cells were washed with PBS and lysed with acell lysis buffer (Gene Therapy Systems, USA), and then 200 Lof solution from each well was transferred to a 96-well blackmicroplate. The fluorescence intensity resulting from the oxi-dation of H2DCFDA was quantified (excitation/emission: 488/520 nm) on a SpectroMax M5 microplate reader (MolecularDevices) for the determination of the ROS level.
2.7. Cell viability of PDT effectA typical MTT assay was used. HeLa cells were incubated in a
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-slide 8-well microscopy chamber at a density of 1×104 cellsper well for 24 h at 37 °C. The cells were incubated with differ-ent concentrations of PBTB-F for 24 h. After the cells were irra-diated using a Spectrolinker XL-1000 UV crosslinker at variouspower intensities, the cell viabilities of the samples were deter-mined by an MTT test.
3. Results and DiscussionThe CP, PBTB, was synthesized by Suzuki-coupling polymeriza-tion using a Pd catalyst described in the Experimental section(Scheme 1). The chemical structure of PBTB was confirmed by1H NMR, 13C NMR, and EA. From the EA data, the molar compo-sition of PBTB was determined to be 0.74:0.26 (m:n). The poly-mer exhibited good solubility in THF and chloroform becauseof the presence of long alkyl chains in the polymer structure(maximum solubility: 1.21 mg/mL in chloroform). The molecu-lar weight of PBTB could be obtained with GPC using THF. Thenumber (Mn) and weight-average molecular weight (Mw) of thePBTB were found to be 8430 and 10180 with a polydispersityof 1.21.UV-vis and fluorescence spectra of PBTB were investigatedin chloroform solutions and in the film state (Figure 1). The absorp-tion band of PBTB was observed at 330 nm and a weaker absorp-tion around 500 nm. Different emissions depending on the phasesof PBTB (solution or solid) were observed (Figure 1(b)). Thefluorescence spectrum of PBTB solution exhibited both blue(420 nm) and red (653 nm) emissions, whereas, in the solidstate it showed more intensified red emission at 653 nm. Thiswas caused by the well-known phenomenon of the facilitatedintermolecular energy transfer in the solid state.40-43To facilitate the introduction of PBTB into cancer cells, PBTBnanoparticles were prepared by the reprecipitation methodand the surface was covered with an amphiphilic block copoly-mer (Pluronic F127). Because of the hydrophobic interactionbetween the hydrophobic PBTB and the hydrophobic PO unitsof Pluronic F127, PBTB-F with a PBTB core and a Pluronic F127shell was formed (Scheme 2). The spherical shape of the core-shell structure was confirmed with TEM (inset TEM image inScheme 2). The size of the PBTB-F was measured to be ~192 nmby DLS with a zeta potential of -12.0 mV. To confirm the abilityof ROS generation from PBTB-F, a UV lamp (254 nm, 2 W/cm2)was used as a light source and the ability for 1O2 generation fromPBTB-F was quantified using absorption changes in the indicator (RNO). As expected, the PBTB-F exhibited a progressive decreasein RNO absorption with prolonged UV irradiation, indicatingthat PBTB-F could efficiently generate 1O2 under UV irradiation(Figure 2).To evaluate the biological safety of PBTB-F, its cell viabilitywas investigated using HeLa cells measured by an MTT assay(Figure 3). The results indicated that cell viability was not sig-nificantly affected by cell density, concentration of PBTB-F, andincubation time, which indicates the good biocompatibility ofPBTB-F. Subsequently, the cell uptake of PBTB-F was carriedout by incubation of HeLa cells with PBTB-F for 12 h at variousconcentrations from 0 to 1800 ng/mL. After incubation, intra-Scheme 1. Synthesis of monomers and polymer.

Figure 1. (a) UV-vis and (b) fluorescence spectra of PBTB in chloro-form solutions (■ ) and in the solid film (○ ). Excitation wavelengths:330 nm for solution and 370 nm for film.

Scheme 2. Fabrication of PBTB-F with core-shell structure preparedwith PBTB (core) and Pluronic F127 (shell). TEM image shows a core-shell structure of PBTB-F (scale bar: 100 nm). The chemical structureof Pluronic F127 indicates the amphiphilic nature.
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cellular fluorescence was clearly observed, versus the control,suggesting that the HeLa cells internalized PBTB-F. The increasein concentration of PBTB-F provided a more defined fluores-cence image without cell death (Figure 4). The concentration ofPBTB-F (1800 ng/mL) was used for the subsequent ROS test,because most recognizable cell imaging was achieved at thisconcentration.The endogenous ROS production in HeLa cells was quantifiedusing the indicator H2DCFDA (Figure 5). The passive uptake ofH2DCFDA was followed by diffusion into the cells. The diffusedH2DCFDA is oxidized by ROS and the nonfluorescent H2DCFDAbecame highly fluorescent, which could be quantified using amicroplate reader. Therefore, H2DCFDA is commonly used forindicating the quantification of several ROS, including hydroxyradicals, peroxynitrite, and hydrogen peroxide.39 HeLa cells wereincubated with PBTB-F dispersed in the cell culture media for24 h. The fluorescence intensity of H2DCFDA did not vary withthe absence of PBTB-F or the use of low-intensity UV of 0.610mJ/cm2 (Figure 5(a)); however, the presence of PBTB-F, an increasein UV-irradiation time, and the use of higher UV intensity pro-vided more efficient ROS production, under which the fluores-cence intensity of H2DCFDA increased according to these factors(Figure 5(b)). Interestingly, a decrease in the fluorescence ofH2DCFDA was observed after 15 min irradiation under UV light of100 mJ/cm2 (Figure 5(c)). This could be interpreted as possi-ble bleaching of the indicator by the intense and prolonged UVirradiation. Finally, to elucidate the therapeutic efficiency of the PBTB-Funder UV light irradiation, an MTT-based in vitro cell viabilityassay was carried out using HeLa cells (Figure 6). The HeLacells were incubated with the PBTB-F for 24 h. For unirradi-

Figure 2. ROS generation after UV irradiation (254 nm) for differenttime periods in the absence (○) and presence of PBTB-F (●). Theamount of 1O2 production was determined by changes in absorbanceof RNO (ROS indicator). A0 and A correspond to the absorbance at 440nm without and with UV light, respectively. [PBTB-F]=1800 ng/mL.

Figure 3. Cytotoxicity test. HeLa cells were incubated at 37 °C for 24and 48 h with various concentrations of PBTB-F on a 96-well plate atcell density of 1×104 cells per well.

Figure 4. Fluorescence images of HeLa cells incubated with PBTB-F. (1) Bright field; (2) Fluorescent channels; (3) Corresponding overlay imagesof bright field and fluorescent channels. [PBTB-F]=0, 1800, 900, and 450 ng/mL from left to right. Excitation at 360 nm.
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ated HeLa cells or for cells with low-intensity (20 mJ/cm2) UVirradiation, negligible cytotoxicity was observed, irrespectiveof the presence of PBTB-F, which is indicative of inefficient ROSproduction. By contrast, when PBTB-F-loaded HeLa cells wereirradiated under UV light with higher intensity (30 mJ/cm2), aremarkable decrease in cell viability (~80%) was observed even

for a short irradiation time (1 min), which indicates good PDTefficiency. Thus, as a multifunctional platform, PBTB-F couldattain therapeutic efficiency through PDT, as well as fluorescentimaging of cancer cells.
4. ConclusionsWe synthesized CP containing phenylene and benzothiadiazolegroups in the main chain. The resulting polymer was made intonanoparticles, that were covered with a polymer surfactant(Pluronic F127), allowing the nanoparticles to be internalizedinto HeLa cells. The nanoparticles showed low cytotoxicity, goodcellular uptake, and efficient ROS generation. As a result, cancercell imaging was accomplished when the nanoparticles wereintroduced into the HeLa cells. The nanoparticles exhibited aphotodynamic effect, facilitating apoptosis of cancer cells. Thus,these nanoparticles have the potential for wide applications inthe diagnostic and medical fields for cell imaging and therapy,in which cancer cells are subjected to illumination under anappropriate light source.
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