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Abstract

The aim of this work was the generation of a multifunctional nanopolymeric system that 

incorporates IR-780 dye, a near-infrared (NIR) imaging probe that exhibits photothermal and 

photodynamic properties; and a derivate of α-tocopheryl succinate (α-TOS), a mitochondria-

targeted anticancer compound. IR-780 was conjugated to the hydrophilic segment of copolymer 

PEG-b-polyMTOS, based on poly(ethylene glycol) (PEG) and a methacrylic derivative of α-

tocopheryl succinate (MTOS), to generate IR-NP, self-assembled nanoparticles (NPs) in aqueous 

media which exhibit a hydrophilic shell and a hydrophobic core. During assembly, the 

hydrophobic core of IR-NP could encapsulate additional IR-780 to generate derived subspecies 

carrying different amount of probe (IR-NP-eIR). Evaluation of photo-inducible properties of IR-

NP and IR-NP-eIR were thoroughly assessed in vitro. Developed nanotheranostic particles showed 

distinct fluorescence and photothermal behavior after excitation by a laser light emitting at 808 

nm. Treatment of MDA-MB-453 cells with IR-NP or IR-NP-eIR resulted in an efficient 

internalization of the IR-780 dye, while subsequent NIR-laser irradiation led to a severe decrease 

in cell viability. Photocytoxicity conducted by IR-NP, which could not be attributed to the 
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generation of lethal hyperthermia, responded to an increase in the levels of intracellular reactive 

oxygen species (ROS). Therefore, the fluorescence imaging and inducible phototoxicity 

capabilities of NPs derived from IR-780-PEG-b-polyMTOS copolymer confer high value to these 

nanotheranostics tools in clinical cancer research.
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1. Introduction

The future of oncology relies on the development of multifunctional theranostic 

nanosystems which combine diagnostics tests, targeted therapies, and real-time monitoring 

in a single platform [1-3]. Due to their unique physical and chemical properties, 

nanoparticles (NPs) have been exhaustively explored as platforms to deliver imaging and 

therapeutic agents to target sites. A wide number of nanosized delivery vehicles have been 

tested for theranostic applications, including quantum dots, superparamagnetic iron oxides 

NPs, gold NPs, liposomes, or niosomes [4, 5]. Polymer-based NPs are expected to play a 

significant role in the dawning era of nanotheranostics for personalized medicine [4], as they 

have shown improved efficacy and selectivity of entrapped or conjugated agents via 
enhanced permeability and retention (EPR) effect or through a prolonged circulation half-

life and sustained drug release [1, 6].

NIR fluorescence is frequently used for in vivo imaging due to the extremely low absorption 

and autofluorescence of biological tissues in the wavelength range from 700 to 1000 nm. 

These features of NIR energy significantly improve the image sensitivity, by minimizing 

background interference, as well as increasing tissue depth penetration. NIR dyes absorb 

NIR wavelengths to reach an excited singlet state being part of the energy dissipated in the 

form of fluorescence. Some energy of the excited singlet state can transit through vibronic 

relaxation or other non-radiative transitions pathways and transform into heat. If the rate of 

heat production exceeds that of heat dissipation within a tissue, the temperature would 

increase gradually to levels that cause cellular cytotoxicity [7]. Alternatively, the excited 

singlet state can move to a lower-energy excited triplet state via intersystem crossing. Under 

this condition, the triplet state can undergo two different reactions: it can react with a 

substrate through electron or hydrogen atom transfer reactions, producing free radicals and 

other reactive oxygen species (ROS) (type I reaction); or it can transfer its energy directly to 

ground-state triplet oxygen to form excited state single oxygen (type II reaction)[8, 9]. These 

products induce oxidation reactions with nearby biomacromolecules, leading to cell death. 

Therefore, NIR dyes can effectively be used as promising agents for photothermal (PTT) 

and photodynamic (PDT) therapies[10-12].

Most typical NIR-nanoabsorbers are inorganic compounds with a non-degradable nature, 

nonspecific biodistribution and poorly characterized bioretention, which lead to toxicity 

effects that hinder clinical translation[13, 14]. Organic NIR dyes such cyanine compounds 

are efficient NIR-absorbers that have high molar absorptivity, good photostability and ability 
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to emit strong fluorescence at the NIR range, acting simultaneously as fluorescent imaging 

and phototherapeutic agents. Having small molecular weights, NIR dyes can be excreted 

shortly after injection, lowering long-term toxicity concerns[13, 14].

IR-780 iodide is a lipophilic cation heptamethine dye with specific absorption peak at 780 

nm. As result of the presence of a rigid cyclohexenyl ring in the heptamethine chain with a 

central chlorine atom, the photostability and quantum yield are increased in comparison to 

inorganic NIR nanoabsorbers based in noble metals (e.g. Au, Ag, Pt), metal oxides or 

carbon[15]. The most important drawbacks for the clinical use of IR-780 iodide are its poor 

solubility in physiological medium[16] and the low tolerance observed in in vivo 
models[17]. To overcome these limitations, IR-780 dye has been encapsulated into 

polymeric multifunctional micelles labeled with rhenium-188[18], silica NPs[19] or 

liposomes[20]. However, these vehicles are difficult to synthesize, non-biodegradable and 

exhibit inefficient photothermal behavior. Recently, IR-780 iodide has been encapsulated in 

the inner core of the heparin-folic acid conjugate through ultrasonic sound method[21] or in 

human serum albumin to form NPs by protein self-assembly[17]. These NPs increase the 

aqueous solubility of the dye by 1000-fold and reduce ten times its toxicity[17].

Synthetic polymer-based nanovehicles have been only scarcely explored to administer 

IR-780 iodide. In this sense, the IR-780 iodide structure has been modified using the central 

chlorine atom in order to conjugate a hydrophilic PEG2000, forming micelles that improved 

its water solubility[22]. The appropriate size of theses micelles (∼100 nm) favored its 

preferential tumor accumulation[23] that could be attributed to lower opsonization of the 

nanomaterial by the reticuloendothelial system (RES)[24] and lower renal filtration[25].

One of the most attractive possibilities of nanoassembly design based on polymeric and 

synthetic macromolecules, is the use of amphiphilic block copolymers that are typically 

obtained by controlled polymerization techniques[26]. Using reversible addition–

fragmentation chain transfer polymerization (RAFT), we have recently synthesized block 

copolymers based on PEG8000 and MTOS, a methacrylic derivative of α-tocopheryl 

succinate (α-TOS), forming bioactive self-assembled NPs[27]. Both the PEG-block and an 

appropriate MW of the block copolymer favored the cytotoxic activity of α-TOS, a mitocan 

that selectively induces apoptosis of malignant cells by targeting mitochondria while 

exerting minimal toxicity towards normal cells and tissues[28]. Relatively slow uptake of α-

TOS by malignant cells, which relies on passive diffusion, is a limiting point for its efficient 

delivery[29, 30]. This drawback can be overcome using NPs derived from MTOS, that can 

entrap additional α-TOS in their inner core to significantly increase the amount of drug that 

reaches the cell interior and thereby improving its cytotoxic potential[31]. Incorporation of 

IR-780 iodide on the surface of the polymeric NPs derived from MTOS may increase the 

selectivity of these nanosystems. The lipophilic cationic nature of IR-780 dye facilitates the 

penetration through mitochondrial membranes which have zeta potentials ranging between 

-120 and -160 mV[32, 33]. Cancer cells typically show a more hyperpolarized mitochondrial 

membrane potential than nonmalignant cells[34, 35]. IR-780 iodide preferentially 

accumulates into mitochondria of tumor cells [36]. Moreover, IR-780 shows high affinity for 

organic anion transporter peptides (OATPs), frequently overexpressed in tumor cells[36, 37].
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The aim of this work was the preparation of NPs based in block copolymers of PEG8000 and 

MTOS that incorporate IR-780 in order to enhance their photothermal and/or photodynamic 

properties and enable real-time monitoring of target tissue by NIR fluorescence. IR-780 was 

successfully conjugated to amphiphilic block copolymers COOH-PEG-b-polyMTOS. 

Formation of spherical NPs entrapping free IR-780 iodide by self-organized precipitation 

(SORP) was investigated, including a complete characterization of their physicochemical 

properties. The photothermal properties of nanoassemblies incorporating IR-780 were 

examined in detail. Finally, cellular uptake, anticancer and phototherapeutic activities of 

these NPs were evaluated in vitro using breast carcinoma cells (Fig. 1).

2. Materials and methods

2.1. Materials

MTOS and CTA-PEG8 were obtained as previously described[27, 38]. 4-

dimethylaminopyridine (DMAP, Sigma-Aldrich), triethylamine (Et3N, Scharlau) and 

succinic anhydride (SA, Sigma- Aldrich) were used without further purification in the 

modification of PEG macro-CTA agent. 1,4-dioxane anhydrous (Sigma-Aldrich) was used 

without further purification and 2,2′Azobisisobutyronitrile (AIBN, Merck) was 

recrystallized from methanol (m.p. 104 °C) for the RAFT polymerization.2-[2-[2-Chloro-3-

[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-

yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide (IR-780 iodide, Sigma-Aldrich), 4-(4,6-

Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, Sigma-Aldrich), 

tetrahydrofuran anhydrous (THF, Sigma-Aldrich), dimethylformamide anhydrous (DMF, 

Sigma-Aldrich) and ethanol (EtOH, Merck) were used without further purification in the 

preparation of IR-780 based polymer conjugate. Deuteraded chloroform (CDCl3, Sigma-

Aldrich) and chromatographic grade tetrahydrofuran (THF, Sigma-Aldrich) were used 

without further purification to characterize the polymeric conjugate. Additionally, sodium 

chloride (NaCl, Panreac) was used without further purification for the preparation of self-

assembled NPs.

2.2. Preparation of IR-780-based NPs

Synthesis of COOH-PEG-b-polyMTOS—CTA-PEG8 (1 equiv), SA (5 equiv) and 

DMAP (0.1 equiv) were dissolved in DMF (30 mL) anhydrous and added to a 50 mL round-

bottom flask. Then, Et3N (10 equiv) was added dropwise with constant stirring using an ice 

bath under nitrogen atmosphere. The reaction mixture was kept under magnetic stirring for 

24 h at room temperature (RT). At the end of the reaction, CTA-PEG8-COOH were dialysed 

(Spectrum Laboratories, 3.5 kDa MW cut-off) against distilled water for 72 h. The resulting 

solution was isolated by freeze-drying to yield white amorphous powders (yield >90%). The 

chemical structure of CTA-PEG8-COOH was confirmed by 1H-NMR spectroscopy.

1H NMR spectrum (400 MHz, CDCl3): δH 4.25 (t, J = 4.8 Hz, 4H), 3.63 (s, 860H), 3.31 (t, J 
= 7.4 Hz, 2H), 2.68–2.56 (m, 5H), 2.52 (m, 1H), 2.37 (m, 1H), 1.87 (s, 3H), 1.68 (quint, J = 

7 Hz, 2H), 1.36 (quint, J = 7.6 Hz, 2H), 1.33–1.21 (m, 18H), 0.87 (t, J = 7 Hz, 3H) ppm.
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COOH-PEG-b-poly(MTOS) was successfully synthesized by RAFT polymerization. CTA-

PEG8-COOH, MTOS and AIBN were dissolved in anhydrous 1,4-dioxane and sealed in a 25 

mL Schlenk tube. The total monomer concentration (M) and the feed molar ratio [MTOS]:

[CTA]:[AIBN] were 0.5 M and [100]:[1]:[0.3], respectively. The reaction mixture was then 

degassed by three freeze-pump-thaw cycles and heated in an oil bath under magnetic stirring 

at 70 °C for 5 h. At the end of the polymerization, block copolymer was purified by dialysis 

(Spectrum Laboratories, 25 kDa MW cut-off) against a mixture of THF and EtOH (75:25 

v:v) that was progressively replaced by water during three days. The polymer was finally 

isolated by freeze-drying (yield >90%) and its structure was confirmed by 1H-NMR 

spectroscopy.

1H NMR spectrum (400 MHz, CDCl3): δH 4.02–4.34 (2 × bs, 2H + 4Hm), 3.64 (s, 4H 

+ 4Hn), 2.90–2.47 (3 × bs, 8H + 6Hm), 2.10–1.88 (3 × s, 9Hm), 1.84–0.94 (m, 23H + 28Hm), 

0.94–0.74 ppm (m, 3H + 12Hm).

Synthesis of IR-780-PEG-b-polyMTOS conjugate—IR-780-NH was obtained as 

previously described[39]. Briefly, IR-780 iodide (1 equiv) and piperazine (5 equiv) were 

dissolved in 15 mL of dry DMF. The reaction mixture was then stirred and refluxed for 4 h 

at 80 °C. Afterwards, the solvent was removed under reduced pressure and the resulting 

product was purified by silica gel column chromatography using CH2Cl2/ EtOH (10:0.5, 

v/v) as eluent.

COOH-PEG-b-poly(MTOS) (1 equiv) was dissolved in THF anhydrous using a 50 mL 

round-bottom flask. IR-780-NH (5 equiv) and DMTMM (10 equiv) in DMF anhydrous were 

then added to a copolymer solution with constant stirring using an ice bath under nitrogen 

atmosphere. The reaction was stirred for 24 h under nitrogen atmosphere at RT. When the 

reaction time had elapsed, IR-780-PEG-b-poly(MTOS) conjugate were purified by dialysis 

(Spectrum Laboratories, 3.5 kDa MW cut-off) against a mixture of THF and EtOH (75:25 

v:v) that was gradually replaced by distilled water over three days. The resulting solution 

was isolated by freeze-drying to yield green amorphous powder (yield 65%). The 

conjugation of the dye was confirmed by 1H-NMR spectroscopy.

1H NMR spectrum (400 MHz, CDCl3): δH 8.16 (d, J = 13.5 Hz, 2H), 7.37–7.27 (m, 2H), 

6.90 (t, J = 7.4 Hz, 2H), 6.67 (d, J = 8.2 Hz, 2H), 5.46 (d, J = 13.5 Hz, 2H), 4.50–3.90 (2 × 

bs, 2H + 4Hm), 3.85 (t, J = 5.1 Hz, 4H), 3.72 (t, J = 5.1 Hz, 4H), 3.64 (s, 4H + 4Hn), 3.0–

2.45 (3 × bs, 8H + 6Hm), 2.10–1.85 (3 × s, 9Hm), 1.84–0.94 (m, 23H + 28Hm), 0.94–0.74 

ppm (m, 3H + 12Hm).

The chemical structure of the block copolymer and IR-780-based polymer conjugate were 

elucidated by 1H-NMR spectroscopy in a Mercury 400BB apparatus, operating at 400 MHz. 

Additionally, the number and weight average molecular weight (Mn and Mw) and dispersity 

(Ð) of the block polymer were determined by size exclusion chromatography (SEC) using a 

Perkin-Elmer Isocratic LC pump 250 coupled to a refraction index detector (Series 200). 

Three polystyrene-divinyl benzene columns (Polymer Laboratories) of average pore size of 

103, 104 and 105 Å were used as solid phase, and degassed THF (1 mL/min) was used as 

eluent at 40°C. Monodisperse poly(methyl methacrylate) (PMMA) standards (Scharlab) 
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with MWs between 10.3 and 1400 kDa were used to obtain the calibration curve. Data were 

analyzed using the Perkin-Elmer LC solution program.

Preparation of IR-780-based NPs—Theranostic NPs were prepared by solvent 

exchange or SORP method. Specifically, 2 mL of 100 mM NaCl were incorporated dropwise 

over an organic dissolution (2 mL of THFMeOH or THF:EtOH 50:50 v:v) of IR-780-PEG-

b-poly(MTOS) conjugate at 6 mg/mL under constant magnetic stirring. The final polymer 

concentration was 3 mg/mL. Additionally, IR-780 iodide (3, 5 and 10 % w/w with respect to 

polymer conjugate) was also incorporated to the organic phase with the aim to obtain NPs 

that entrapped this hydrophobic dye in their inner core. NP dispersions were dialyzed 

against 100 mM NaCl for 72 hours, followed by filtering through a 0.22 μM 

polyethersulfone membranes (PES, Millipore Express®, Millex GP).

2.3. Characterization of IR-780-based NPs

The particle size distribution and polydispersity (PDI) of NPs were determined by dynamic 

light scattering (DLS) using a Malvern Nanosizer NanoZS Instrument equipped with a 4 

mW He-Ne laser (λ=633 nm) at a scattering angle of 173°. All measurements were 

performed in square polystyrene cuvettes (SARSTEDT) at 25 °C. Additionally, zeta 

potential values were determined in NPs dispersions at 0.3 mg/mL, containing 10 mM NaCl, 

using laser Dopper electrophoresis (LDE) and the Smoluchowski's approximation. For each 

sample, the statistical average and standard deviation of data were calculated from 8 

measurements of 20 runs each one.

IR-780 entrapped in the NPs was quantified by absorbance spectroscopy. Specifically, IR-

NP-eIR (2 mg/mL) were dissolved in ethanol and their absorbance was measured with an 

excitation wavelength of 780 nm using a NanoDrop One UV-Vis Spectrophotometer. The 

absorbance was correlated with IR-780 concentration using a calibration curve that was 

previously obtained using a range of IR-780 concentrations between 0.1 – 0.001 mg/mL in 

ethanol. The encapsulation efficiency (EE) was defined as the ratio of calculated and original 

amount of IR-780 encapsulated in the NPs. The calculation equation is as follows:

[1]

Being [loaded molecule]i the concentration of the molecule (IR-780) encapsulated in the 

inner core of the NPs and detected experimentally, and [loaded molecule]0 the concentration 

of the molecule added in the nanoprecipitation process.

The morphology of NPs was analyzed by scanning electron microscopy (SEM) using a 

Hitachi SU8000 TED, cold-emission FE-SEM microscope working with an accelerating 

voltage between 25 and 50 kV. Samples were prepared by deposition of one drop of the 

corresponding NP suspension (0.03 mg/mL) over small glass disks. The aqueous phase was 

evaporated at RT for 24 h. The samples were coated with gold palladium alloy (80:20) prior 

to examination by SEM.
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The absorption and fluorescence properties of self-assembled NPs were measured using a 

Biotek SYNERGY-H4 microplate reader. The absorption spectra were obtained from 

400-900 nm, while the emission spectra were recorded from 790 nm to 850 nm after 

excitation at 770 nm.

2.4. Cell culture

Human mammary gland/breast carcinoma cells, MDA-MB-453 cells (ATCC HTB-131), 

derived from metastatic site, were cultured in Dulbecco's modified Eagle's medium (DMEM, 

Lonza), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% penicillin/

streptomycin (Sigma).

2.5. Cellular imaging studies

Uptake of IR-780-NPs by MDA-MB-453 cells was assessed by fluorescence microscopy. 

105 MDA-MB-453 cells were seeded into 24 well-plates and incubated for 48 h at 

37°C-5%CO2. Then, media were removed and cells were incubated at 37°C-5%CO2 with 

fresh media containing NP dispersions at 1.5 mg/mL. After incubation for the indicated 

periods of time, cells were washed with cold PBS and fixed with 3.7 % (w/v) 

paraformaldehyde in PBS for 15 min at RT. Finally, cells were rinsed with cold PBS and 

visualized by fluorescence microscopy in the emission range of 825 nm, after excitation at 

731 nm (EVOS® FL microscope). The fluorescence intensity was quantified using the 

ImageJ software. In some experiments, cells were observed by Confocal Laser Scanning 

Microscopy (CLSM, Leica TCS-SP5 RS AOBS), after excitation at 633 nm and collection 

of the emitted fluorescence in the range between 700 and 800 nm. In intracellular ROS 

assays, cells were observed by bright-field and epifluorescence microscopy. Fluorescence 

signal at 530 nm was collected after excitation at 480 nm using a Leica DM6000 B 

microscope.

2.6. In vitro cytotoxicity assay

Cell viability was measured using the alamarBlue assay (Sigma-Aldrich)[40]. Briefly, 6 × 

103 MDA-MB-453 cells were seeded in 96-well plates. After 48 h of incubation at 

37°C-5%CO2, medium was removed and cells were incubated with fresh media containing 

NP at 2.5-0.094 mg/mL for 24 h. After washing with PBS, samples were incubated in 

DMEM-10% FBS containing 10% (v/v) alamarBlue dye for 4 h at 37°C-5%CO2. After 

excitation at 530 nm, emitted fluorescence at 590 nm was quantified using a Synergy-HT 

spectrofluorimeter (Biotek).

2.7. Photothermal and photodynamic behaviour of IR-780-based NPs

Suspensions containing different concentrations of IR-780-NP in NaCl (100 mM) were 

placed into polystyrene cuvettes and exposed to laser light of 808 nm emitting at 44 

mW/mm2, using the experimental setup described elsewhere[41]. Temperature changes in 

NPs suspensions were monitored by IR thermography using a Testo 875-2i thermal imaging 

camera (Instrumentos Testo S.A.).

For NIR irradiation of cell cultures treated with NPs based in PEG-b-polyMTOS copolymer, 

1×105 MDA-MB-453 cells were seeded into a 48-well plate and incubated for 24 h at 
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37°C-5%CO2. Then, media were removed and cells were incubated further for 24 h with 

fresh media containing NPs at 0.375-0.094 mg/mL. After 24 h of incubation at 

37°C-5%CO2, cells were washed with PBS and supplemented with fresh culture medium 

before irradiation with NIR-laser for 10 min inside a thermostatically-controlled chamber 

(Model Stuart SI60D, Fisher Scientific Afora) to establish the environmental temperature at 

37 °C. In intracellular ROS assays, cells were treated with 100 μM 2′,7′-

Dichlorodihydrofluorescin diacetate (DCFH-DA, Cell Biolabs) for 1 h at 37°C-5%CO2 and 

washed two times with PBS before laser irradiation. For intracelullar 2′, 7′-

Dichlorodihydrofluorescin (DCF) determination, cell extracts were obtained using Oxiselect 

lysis buffer (Cell Biolabs) following manufacturer's instructions. After excitation of cell 

extracts with 480 nm light, fluorescence at 530 nm was collected using Synergy4 

spectrofluorimeter (Biotek). In phototoxicity assays, cell viability was measured using the 

alamarBlue assay as described in 3.6 Section.

2.8. Statistical analysis

Results were expressed as mean ± standard deviation (S.D.). Statistical significance 

(significance level of: *: p < 0.05) was evaluated using the analysis of variance (ANOVA, 

Tukey test) as required, by Origin 9.

3. Results

3.1. Synthesis and characterization of IR-780-PEG-b-polyMTOS

Figure S1 (see supporting information) shows a schematic representation of the complete 

synthetic strategy that was used to obtain a IR-780-PEG-b-polyMTOS conjugate. CTA-

PEG8 was firstly modified to introduce carboxyl groups, yielding pure product after its 

purification. The chemical structure of CTA-PEG8-COOH was confirmed using 1H-NMR 

spectroscopy by the appearance of the signals due to the characteristic protons of the 

methylene protons from the succinic anhydride at 2.6 ppm (CH2-h and CH2-i) (Figure 2). 

Other relevant characteristics of this macro-chain transfer agent (macro-CTA) are shown in 

Table 1. It is noteworthy that Ð was less than 1.20, confirming that the modification of the 

CTA allowed to maintain narrow molecular weight distribution of the hydrophilic CTA.

CTA-PEG8-COOH was successfully used to polymerize MTOS by RAFT at 70°C in 

anhydrous dioxane. 1H-NMR spectra of the synthesized polymeric system COOH-PEG-b-

poly(MTOS) is shown in Figure 3. Polymerization of the MTOS was confirmed by the 

broadening of the signals as a result of the macromolecular nature of the synthesized block 

polymers and the disappearance of the vinyl protons of MTOS. Furthermore, the appearance 

of new signals due to the methylene protons of the MTOS between 4.0 - 4.5 ppm (CH2- 2′ 
and CH2-3′) and 2.5-3.0 ppm (CH2- 5′ and CH2-6′) confirmed the presence of its chemical 

structure in the backbone of the copolymeric systems. Other characteristics proton signals of 

MTOS were appropriately assigned in the 1H-NMR spectra of the synthesized copolymeric 

system (figure 3).After purification by dialysis, structural characteristics of synthesized 

block copolymer were determined (Table 1). The composition of the different block 

copolymers was elucidated by 1H-NMR spectroscopy, using the methodology previously 

described by our group[27] (Figure 3). The MTOS molar composition into the copolymeric 
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system was 30 %-mol with a number average molecular weight higher than 65 kDa and low 

Ð of 1.40 that confirming the good control of the polymerization, obtaining well-defined 

amphiphilic block copolymer.

Finally, IR-780-NH was successfully conjugated to the synthesized block copolymer by 

forming an amide bond between the amine group of the dye and the carboxyl group of PEG 

chains using DMTMM as coupling reagent[42]. The successful conjugation of the dye was 

confirmed by 1H-NMR spectroscopy by the appearance of the signals due to the aromatic 

protons of the dimethyl lindolinic ring between 6.5 and 7.5 ppm (CH2-1-4), the olefinic 

protons at 5.45 and 8.20 ppm (CH2-5 and CH2-6) and the protons from the piperizine 

functionalization at 3.72 and 3.85 ppm (CH2-a and CH2-b) (figure 4).

3.2. Characterization of NPs based on IR-780-PEG-b-polyMTOS conjugate

IR-780-PEG-b-polyMTOS conjugate formed low polydispersed spherical NPs (Figure 5) by 

a spontaneous self-assembly process where PEG hydrophilic chains are most probably 

distributed in the external shell, stabilizing the MTOS-based hydrophobic core through inter- 

and intramolecular interactions. The most relevant characteristics of the NPs obtained from 

PEG-b-polyMTOS (unmodified-NP) and IR-780-PEG-b-polyMTOS conjugate are 

summarized in Table 2.

IR-NP exhibited an average hydrodynamic diameter of 178.4 ± 11.8 nm when a mixture 

THF:MeOH (50:50 v:v) was used during the precipitation by solvent exchange. However, 

the replacement of MeOH by EtOH allowed obtaining IR-NP of reduced size and PDI 

(Figure 5A). Additionally, IR-NP dispersions had zeta potential values around +3 mV. 

Finally, SEM microscopy was used to confirm the uniformity of the monodisperse 

suspension of spherical IR-NP (Figure 5B).

3.3. Self-assembled IR-NP with additional load of IR-780 iodide in their inner core were 

appointed as a function of the feed percentage of IR-780 iodide entrapped: IR-NP-eIR3, IR-

NP-eIR5 and IR-NP-eIR10 for 3, 5 or 10 % w/w with respect to polymer conjugate, 

respectively. As it is shown in Table 2, particle size, PDI and zeta potential values increased 

with the amount of IR-780 iodide loaded. In all cases, IR-780 was efficiently entrapped in 

the core of the NPs with EE higher than 85 %. Optical properties of NPs based on IR-780-
PEG-b-polyMTOS conjugate

Formation of self-assembling NPs significantly affected the optical properties of the NIR 

dye conjugated to COOH-PEG-b-polyMTOS. Polymeric conjugate exhibited a maximum 

emission peak around 810 nm (Figure 6A). Emission intensity of the polymer conjugate 

changed when self-assembled by SORP in aqueous media and eliminated the organic solvent 

by dialysis. Photostability during storage of IR-NP in aqueous media was confirmed, being 

NIR fluorescence constant during, at least, 1 week of incubation at 37 °C (Figure 6B).

Encapsulation of additional IR-780 iodide in the inner core of IR-NP significantly modified 

their optical properties. Emission spectra after NIR excitation (Figure 6C-D) revealed a 

severe quenching of emitted fluorescence in IR-NP-eIR5.
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IR-NP-eIR5 was selected for the following experiments as a compromise was reached in 

terms of hydrodynamic diameter, optical and photoresponsive properties.

3.4. Cellular internalization of IR-780-based NPs

3.5. Uptake of IR-NP by tumor cells was studied exploiting the NIR-fluorescence properties 

of the IR-780 dye. MDA-MB-453 cells were exposed to IR-NP and monitored at different 

time points along 8 h of incubation at 37°C (Figure 7A). Fluorescence measurements in the 

NIR range demonstrated that fluorescence intensity detected in the cell culture increased 

gradually with time of exposure to IR-NP. CLSM images of cells treated with IR-NP for 5 h 

showed that IR-780 dye was distributed in the cytoplasm around the nucleus (Figure 7B). 

Cell toxicity of IR-780-based NPs

The cytotoxic activity of unmodified-NP, IR-NP or IR-NP-eIR in MDA-MB-453 cells was 

studied after 24 h of treatment. As shown in Figure 8, 2.5 mg/mL of unmodified-NP reduced 

by 35 % the metabolic activity of cell culture while 0.188 mg/mL of IR-NP or IR-NP-eIR5 

was sufficient to reduce cell viability to levels below 70%. It is noteworthy that the 

encapsulation of additional IR-780 dye in the core of IR-NP increased significantly the 

cytotoxicity of the nanomaterial when it was used at concentrations ≥ 0.375 mg/mL.

3.6. Photothermal properties of IR-780-based NPs

The photothermal properties of IR-NP and IR-NP-eIR5 were investigated in aqueous 

solutions that were irradiated using a NIR laser emitting at 808 nm. As control, unmodified-

NPs were subjected to same NIR treatment. Analysis of infrared thermal images revealed 

that irradiation of 0.375 mg/mL IR-NP for 5 min only increased the temperature of the 

medium by about 2 °C (Figure 9B). This temperature rise, that slightly exceeded the heating 

level occurring in the sample by laser scattering and minimum NIR energy absorption in the 

aqueous media, could not be detected in suspensions containing 0.375 mg/mL of 

unmodified-NPs (Figure 9A) or lower concentrations of IR-NP. Thermal curves obtained by 

IR thermography of IR-NP-eIR5 suspensions showed a rapid and substantial increase in the 

temperature of the samples during the first 2 min of NIR-irradiation that gradually reached a 

steady level (Fig. 9C). NIR irradiation of suspensions containing 0.375 mg/mL IR-NP-eIR5 

led to an average net temperature increase of about 21 °C higher than that detected due to 

unspecific heating of the sample. A dose-dependent increase of temperature could be clearly 

observed in NIR-irradiated suspensions containing IR-NP-eIR5.

3.7. Phototoxicity of NPs based on IR-780-PEG-b-polyMTOS conjugate

In order to investigate the photothermal toxicity of NPs based on IR-780-PEG-b-polyMTOS 

conjugate, MDA-MB-453 cells were incubated with IR-NP or IR-NP-eIR5 for 24 h and then 

irradiated with 808 nm NIR laser for 10 minutes. Metabolic activity measurements in MBA-

MD-453 cells after 18 h of the NIR treatment are summarized in Figure 10. Metabolic 

activity of NP-untreated cells did not significantly change after NIR irradiation. Increasing 

concentration of unmodified-NP did not alter significantly the metabolic activity after NIR 

irradiation, which was similar to that detected in cell cultures not exposed to NPs (Fig 10A). 

Laser treatment of cells preincubated with NPs reduced their metabolic activity in a dose-

dependent manner. Thus, 0.094 mg/mL IR-NP was sufficient to reduce by more than 60% 
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the viability of NIR-irradiated cultures (Figure 10B), while illumination of cells treated with 

0.375 mg/mL resulted in negligible metabolic activity (< 0.6%) relative to control. MDA-

MB-453 cells, preincubated with same concentration range of IR-NP-eIR5, showed a 

marked decline in viability which was reinforced by the NIR-laser treatment to achieve 

metabolic activity levels similar to those found in cells exposed to IR-NP and NIR-light 

(figure 10C). Increasing concentration of unmodified-NP did not alter significantly the 

metabolic activity after NIR irradiation, which was similar to that detected in cell cultures 

not exposed to NPs.

To assess the citotoxicity of byproducts derived from the irradiation of IR-780-PEG-b-

polyMTOS nanoassemblies, unmodified-NPs or IR-NP suspensions were irradiated with the 

NIR laser for 10 min and then immediately added to cultures of MBA-MD-453 cells. Laser 

treatment of IR-NP promoted a noticeable photobleaching of IR-780 (Figure 11A) and 

reduced the cytotoxic activity of the nanoassemblies suspension (Figure 11B, right panel). 

Metabolic activity of cell cultures was not affected after treatment with illuminated 

suspension of unmodified-NPs (Figure 11B, left panel). Altogether, these results suggested 

that cytoxicity exerted by IR-NP depends on the integrity of IR-780 dye.

Finally, we studied whether the phototoxicity exhibited by IR-NP could be due to a 

photodynamic activity induced by the NIR-laser. Irradiated MDA-MB-453 cells, 

preincubated with IR-NP and loaded with the fluorogenic probe DCFH-DA, accumulated 

large amounts of DCF, the oxidized form of the compound. This phenomenon could not be 

observed in cells preincubated with unmodified-NP (Figure 12). This assay, based on the 

correlation between the fluorescence intensity emitted by the oxidized fluorogenic probe and 

the ROS levels within cell cytosol, demonstrated that IR-NP at photothermally inefficient 

concentrations can notably unbalance the celullar oxidative status after NIR irradiation.

4- Discussion

To overcome the low solubility of α-TOS in physiological media, PEG-b-polyMTOS with 

different PEG:MTOS ratios were successfully synthesized by RAFT polymerization. These 

bioactive block copolymers present the ability to self-assemble in aqueous media forming 

micellar nanoaggregates with a hydrophilic shell and a hydrophobic core capable of 

encapsulating and transport other hydrophobic molecules. Due to its high MTOS content, 

PEG-b-polyMTOS (71:29) exhibited significant cytotoxic activity [27].

The easy functionalization of PEG hydroxyl end group facilitates the incorporation of 

therapeutic agents in PEG-b-polyMTOS. 1H-NMR spectroscopy demonstrated the 

incorporation of the carboxylic group by the appearance of the methylene protons CH2-f at 

4.25 ppm, and CH2-h or CH2-i protons within range between 2.30 and 2.70 ppm (Figure 2). 

SEC characterization of this CTA confirmed that the incorporation of carboxyl groups 

maintained its narrow MW distribution with a Ð value of 1.12 (Table 1). Polymerization of 

the MTOS under RAFT controlled conditions using CTA-PEG8-COOH was confirmed by 

the disappearance of the vinyl protons of MTOS between 5.5 and 6.5 ppm, the appearance of 

its characteristics proton signals and the broadening of the signals as a result of the 

macromolecular nature of the synthesized block polymers. According to 1H-NMR 
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spectroscopy, COOH-PEG-b-poly(MTOS) with a molar composition of PEGMTOS 70:30 

was obtained. Additionally, SEC characterization indicated that polymeric system presented 

a MW higher than 65 kDa with a relatively low Ð as a result of the control over the 

polymerization.

IR-780-NH was conjugated to the block copolymer using DMTMM as coupling reagent due 

to its several advantages in comparison to other reagents as EDC. In particular, DMTMM is 

a triazine derivative that facilitates an efficient one-step condensation of polymers and other 

small molecules with a high yield, easy removal of subproducts and a wide range of reaction 

conditions regarding to the use of solvents or pH range [39-41]. As it is shown in Figure 4, 

the conjugate spectrum contained peaks contributed by IR-780 dye and the polymeric 

system based in PEG.

Size and PDI of IR-NP were significantly reduced by changing the organic phase during 

SORP probably due to the improved solubility of the polymeric conjugate in the THF:EtOH 

(50:50) mixture. The positive zeta potential demonstrated the presence of the IR-780 

lipophilic cation in the external shell of the NPs. The positive charge of NPs incorporating 

IR-780 dye has been described by other authors. In this sense, Yuan et al. conjugated IR-780 

iodide to the chemical structure of PEG2000, obtaining micelles with a zeta potential around 

+8 mV [22]. Self-assembled IR-NP with additional load of IR-780 iodide in their inner core 

were successfully synthesized in order to combine the chemical conjugation and the physical 

entrapment of the NIR-dye in a single nanotheranostics platform. Although particle size, 

PDI and zeta potential values increased with the amount of IR-780 iodide loaded, Dh of IR-

NP-eIR remained below 170 nm. Very recently, Pais-Silva et al. successfully encapsulated 

IR-780 in the inner core of NPs based on D-α-tocopheryl polyethylene glycol succinate 

(TPGS) and α-TOS. However, these authors did not investigate the chemical conjugation of 

the dye and its incorporation into NPs with controlled molecular architecture [43].

Intensity of NIR fluorescence emission decreased after incorporation of aqueous media by 

SORP and purification of NPs by dialysis, probably because the hydrophilic media 

significantly screened off the fluorescence of IR-780. The emission intensity of IR-NP-eIR 

compared to IR-NP was severely quenched by the self-aggregation of the dye, most likely 

due to a significant energy transfer between the dye molecules. In fact, Shimizu et al. 
successfully entrapped the cyanine dye IC7-1 in the core of amphiphilic lactosomes based 

on poly(sarcosine)-b-poly(L-lactate). These authors demonstrated that the IC7-1 NIR-

fluorescence was quenched with increasing concentrations of the NIR-dye entrapped into the 

lactosomes [20].

Data showed in Figure 7B suggest that IR-NP rapidly incorporate in cancer cells, allowing 

sustained real-time monitoring by imaging techniques. According to the literature, the 

majority of NPs with sizes between 100 and 200 nm enter into cells via endocytosis 

pathways and accumulate within intracellular vesicles [44]. This process is strongly 

influenced by the surface charge of the nanomaterial. As previously mentioned, IR-NP and 

IR-NP-eIR had positive surface charge as a result of the cationic nature of the lipophilic dye. 

For this reason, the cellular uptake of these NPs and their affinity for the mitochondria could 

be favored in tumor cells due to the hyperpolarization of cell and mitochondria membranes 
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[32, 45-49]. Furthermore, additional mechanisms may contribute to favored cellular uptake 

of NPs incorporating IR-780. In this sense, Yang et al. have exhaustively investigated the 

influence of organic anion transporter peptides (OATPs) that are overexpressed in various 

types of cancer cells [48]. These authors demonstrated that celullar uptake of hepatamethine 

cyanine dyes could be mediated by these peptides since its internalization was prevented by 

the addition of OATPs inhibitors such as bromosulfophthalein (BSP) [50].

Encapsulation of additional amounts of NIR-probe into the hydrophobic core of IR-780-

PEG-b-polyMTOS nanoassemblies intensified their cytotoxic character (Figure 8) and 

changed markedly their photothermal behavior as recently described by Zhu et al.[51] that 

encapsulated indocyanine green dye in polymeric vesicles to obtain NIR fluorescent NP with 

synergized thermo-chemotherapeutic properties.

For the range of tested doses, IR-NPeIR5 was very efficient at transducing NIR-energy into 

heat, most likely due the spatial confinement of high amounts of NIR-probe inside the 

nanoassembly [12]. Contrarily, aqueous solutions of IR-NP showed a very poor ability to 

dissipate heat to the environment after the exposure to incident NIR-light. Hence, other 

mechanisms different to hyperthermia may be responsible of the cytotoxicity enhancement 

observed after NIR-laser irradiation of cells incorporating IR-NP (Figure 9). We 

hypothesized that NIR irradiation of IR-NP may result in byproducts with higher cytotoxic 

potential than the NIR dye. However, data shown in Figure 10 did not support this 

hypothesis as cytotoxicity of IR-NP suspension was drastically reduced after illumination 

with the NIR-laser. This finding may be explained by the severe photobleaching observed in 

irradiated IR-NP suspensions (Figure 11A), indicating that cytotoxic activity of the 

nanoassemblies depends largely on the persistence of intact IR-780 dye.

We then hypothesized that IR-NP phototoxicity, which does not depend on cell heating, 

might be due to a photodynamic activity conducted by the NIR-dye acting as a 

photosensitizer. Thereby, the photochemical reactions triggered by the photoactivation of the 

probe may involve the generation of ROS with a short lifetime that immediately reacts with 

nearby biomolecules and causes the damage of cell structures [11, 52, 53]. In this sense, 

Jiang et al. investigated the phototherapeutic effect of IR-780 encapsulated in the core of 

biodegradable human serum albumin NPs (HSA-NP). These authors observed that NIR-

irradiation of IR-780-HAS-NP resulted in a simultaneous increase of temperature and high 

amount of ROS species [17]. Data shown in Figure 12 demonstrate that NIR-irradation 

resulted in the induction of intracelullar ROS in MDA-MB-453 cells incubated with IR-NP. 

This phenomenon could not be observed in cells treated with PEG-b-polyMTOS 

nanoassemblies devoid of IR-780, suggesting that oxidative stress mechanisms, independent 

of heat generation, underlie the phototoxicity induced by IR-NP. This phenomenon was also 

observed by Pais-Silva with IR-780-loaded micelles based on TPGS and α-TOS. Although 

the heat generation of the NP suspension was not efficient (temperature increment of 2°C), 

the intracellular concentration of ROS increased considerably when the suspension was laser 

irradiated at 808 nm (1.7 W cm-2, 5 minutes)[43].

High sensitivity of malignant cells to α-TOS effects is based on its ability to efficiently 

induce the mitochondrial signal transmissions mechanisms, including ROS generation, 
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which trigger apoptosis [54]. Previous studies concluded that propensity for cells to 

accumulate ROS is a prerequisite before they can be killed by α-TOS [52], explaining at 

least partially the selectivity of vitamin E analogues for cancer cells [53]. This hypothesis is 

consistent with the fact that cancer cells commonly express lower levels of anti-oxidant 

enzymes, such as the manganase superoxide dismutase (MnSOD) [55], than normal cells 

which are thus protected against α-TOS toxicity through mechanisms that hinder ROS 

accumulation [53]. Future work will focus on elucidating whether α-TOS derivate 

constituent of the amphiphilic block copolymer used in this work interacts with IR-780, 

resulting in enhancement of cytotoxicity upon NIR irradiation. The extension of the 

proposed study to the in vivo scenario will evaluate the clinical potential of the developed 

nanotheranostic platform in antitumor applications.

4. Conclusions

IR-780 dye was conjugated to PEG-b-polyMTOS copolymer to obtain NIR-fluorescent NPs 

by SORP occurring in aqueous medium. These NPs were efficiently internalized by MBA-

MD-453 and showed cytotoxic activity. During the self-assembly of IR-NP, physical 

encapsulation of additional IR-780 was possible by the hydrophobic core resulting in the 

generation of IR-NP-eIR with a modulable content in NIR-probe. NIR-fluorescence 

exhibited by IR-NP-eIR was severely quenched by their cargo, but their photothermal 

behavior was much higher than that exhibited by IR-NP. However, NIR-irradiation of cancer 

cells preincubated with IR-NP resulted in a dramatic reduction of their metabolic activity. 

The inducible phototoxicity conducted by IR-NP could not be attributed to the generation of 

lethal heating or cytotoxic byproducts originated from the photodegradation of IR780-PEG-

b-polyMTOS copolymer. We demonstrated that NIR-illumination of malignant cells treated 

with IR-NP resulted in a remarkable imbalance of intracellular ROS, and therefore, a 

disturbance in the oxidative status which leads to cell death.
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State of significance

Multifunctional polymeric nanoparticles (NPs) that combine imaging and therapeutic 

properties are highly valuable in cancer treatment. In this paper we describe the 

development of NPs that are fluorescent in the near-infrared (NIR). This is important for 

their visualization in living tissues that present low absorption and low autofluorescence 

in this wavelength region (between 700 and 1000 nm). Moreover, NPs present 

photothermal and photodynamic properties when NIR irradiated: the NPs produce an 

efficient increment of temperature and increase the intracellular reactive oxygen species 

(ROS) when laser irradiated at 808 nm. These tuneable photoinduced properties make the 

NPs highly cytotoxic after NIR irradiation and provides a new tool for highly precise 

cancer treatment.
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Figure 1. Scheme of preparation of IR-780-based NPs
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Figure 2. 1H-NMR spectra of CTA-PEG8-COOH
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Figure 3. 1H-NMR spectrum of COOH-PEG-b-polyMTOS
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Figure 4. 1H-NMR spectrum of the polymeric conjugate IR-780-PEG-b-polyMTOS
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Figure 5. 
(A) Particle size distributions (Dh, by intensity) of IR-NP as a function of the organic phase 

used during the SORP method using NaCl as aqueous phase in both cases, measured by 

Dynamic Light Scattering. Black: THF:EtOH; Grey: THF:MeOH. (B) SEM micrograph of 

IR-NP dried from aqueous suspension at RT. Scale bar: 500 nm.
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Figure 6. 
(A) Fluorescence spectra of IR-780-PEG-b-polyMTOS conjugate and IR-NP after 

purification by dialysis. (B) Photostability of IR-NP at 37 °C. Comparison of absorbance (C) 

and fluorescence spectra (D) of IR-NP and IR-NP-eIR5.
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Figure 7. 
(A) Monitoring of cellular uptake of IR-NP (B) CLSM micrograph of MDA-MB-453 cells 

after 5 h of incubation with IR-NP at 1.5 mg/mL.
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Figure 8. 
Viability of MDA-MB-453 cells incubated with indicated concentrations of unmodified-NP, 

IR-NP and IR-NP-5 for 24 h. Data are expressed as mean ± S.D (n=8), and are relative to the 

metabolic activity of untreated cells (control). *p<0.05 compared to control.
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Figure 9. 
Photothermal properties of NPs based in the IR-780-PEG-b-polyMTOS conjugate. Aqueous 

suspensions containing the indicated dose of unmodified-NPs (A), IR-NP (B) or IR-NP-eIR5 

(C) were exposed to NIR-laser for 5 minutes and monitored by IR-thermography at the 

indicated time points. The graph shows the maximum temperature rise detected in the 

sample during laser treatment. Images show the IR thermography of suspensions containing 

0.375 mg/mL NPs or not (control) during NIR-treatment for the indicated times. Data are 

expressed as mean ± S.D (n=3).
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Figure 10. 
Metabolic activity of MDA-MB-453 cells incubated for 24 h with unmodified-NP (A), IR-

NP (B) or IR-NP-eIR5 (C), then irradiated (+) or not (-) with NIR laser (NIR) for 10 min, 

washed twice with PBS, and further incubated at 37°C-5% CO2 in fresh culture medium 

lacking NPs for 18 h. The data are expressed as the ratio between the metabolic activities of 

NIR+ and NIR- cultures, treated with the indicated dose of NPs, and are relative to the 

corresponding ratios of cell cultures not exposed to NPs (control) which were given a value 

of 100. One representative experiment of 3 independent experiments is shown.
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Figure 11. 
(A) Photographs show NPs dispersions in 100 mM NaCl after irradiation (+) or not (-) with 

NIR-laser (NIR) for 10 min. (B) Graphs show the metabolic activity of MDA-MB-45 cells 

after incubation for 18 h with the indicated doses of NPs suspensions treated as in (A). Data 

are expressed as mean ± S.D (n=3) and are relative to the metabolic activity of cultures not 

exposed to NPs (control). *p<0.05 compared to control.
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Figure 12. 
(A) Epifluorescence micrographs of MDA-MB-453 cells, incubated for 24 h with 0.375 

mg/mL unmodified-NP or IR-NP, loaded with DCFH and then illuminated (+) or not 

(control) with NIR-laser for 10 min (NIR). (B) Graphs show DCF levels in cell cultures 

incubated for 24 h with the indicated dose of unmodified-NP or IR-NP, loaded with DCFH 

and illuminated as in (A). Scale bar= 250 μm.
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