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A B S T R A C T   

IR780 is a near-infrared fluorescent dye, which can be applied as a photosensitizer in photodynamic (PDT) and 
photothermal (PTT) therapies and as a biodistribution tracer in imaging techniques. We investigated the growth 
and migration inhibition and mechanism of death of breast tumor cells, MCF-7 and MDA-MB-231, exposed to 
polymeric nanocapsules (NC) comprising IR780 covalently linked to the biodegradable polymer PLA (IR-PLA) 
and IR780 physically encapsulated (IR780-NC) in vitro. Both types of NC had mean diameters around 120 nm and 
zeta potentials around − 40 mV. IR-PLA-NC was less cytotoxic than IR780 NC to a non-tumorigenic mammary 
epithelial cell line, MCF-10A, which is an important aspect of selectivity. Free-IR780 was more cytotoxic than IR- 
PLA-NC for MCF-7 and MDA-MB-231 cells after illumination with a 808 nm laser. IR-PLA NC was effective to 
inhibit colony formation (50%) and migration (30–40%) for both cancer cell lines. MDA-MB-231 cells were less 
sensitive to all IR780 formulations compared to MCF-7 cells. Cell uptake was higher with IR-PLA-NC than with 
IR780-NC and free-IR780 in both cancer cell lines (p < 0.05). NC uptake was higher in MCF-7 than in MDA-MB- 
231 cells. IR-PLA-NC induced a higher percentage of apoptosis upon illumination in MDA-MB-231 than in MCF-7 
cells. The necrosis mechanism of death predominated in treatments with free-IR780 and with encapsulated IR780 
NC, suggestive of damages at the plasma membrane. IR780 conjugated with PLA increased the apoptotic 
pathway and demonstrated potential as a multifunctional theranostic agent for breast cancer treatment with 
increased cellular uptake, photodynamic activity and more reliable tracking in cell-image studies.   

1. Introduction 

Cancer is the second leading cause of death in the world and was 
responsible for 9.6 million deaths in 2018, according to the Pan Amer-
ican Health Organization (PAHO). Cancer mortality in the Americas is 
projected to increase to 2.1 million by 2030 [1] According to the Na-
tional Cancer Institute (INCA/Brazil), breast cancer is the most common 
type of cancer among women in the world and in Brazil, accounting for 
about 66,280 new cases in Brazil in 2010, which corresponds to 29.7% 
of the total number of neoplasms [2]. 

Conventional chemotherapy in clinical use frequently fails to 
completely eradicate tumors and induces severe side effects. The lack of 
selectivity and high toxicity of antitumor drugs, and multidrug 

resistance limit their therapeutic efficacy [3]. Phototherapies are in 
advanced clinical trials, including photodynamic therapy (PDT) and 
photothermal therapy (PTT) for some types of cancer. The Food and 
Drug Administration (FDA) have already approved this therapeutic 
approach in the United States for the treatment of obstructive esopha-
geal cancer [4]. 

The use of nanotechnology for the treatment of tumors has been 
extensively studied to increase drug concentrations at the tumor site, 
selectively destroying cancer cells and dramatically decreasing the side 
effects on healthy cells. Several FDA-approved nanomedicines are 
currently in clinical use to treat various types of cancer and many others 
are in clinical development [5]. However, some challenges remain, 
including how to monitor the biodistribution and control off-target 
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effects of drugs and bioactive compounds. In nanomedicine-based 
theranostics the same nanocarrier has the ability to monitor tumor 
cells by imaging techniques, and destroy the cells, allowing for 
non-invasive detection and more accurate chemotherapy [3]. 

In addition, one of the challenges of nanotechnology is the devel-
opment of nanoparticles with multiple functions. IR780, a photosensi-
tizer (PS) and fluorescent probe, is known to preferentially accumulate 
in the mitochondria of tumor cells [6]. IR780 entry into cells seems to be 
mediated by the organic anion-transporting polypeptide (OATP) su-
perfamily transporters expressed in various types of tumors with poor 
prognosis [7]. Many studies showed a high degree of co-localization of 
IR780 and Mito-tracker confirming their targeting to mitochondria [8]. 
The mechanism of cell death suggested for IR780 is based on the gen-
eration of reactive oxygen species (ROS) upon illumination with a laser 
that can be modulated to induce cell apoptosis [9]. ROS may cause 
substantial harm to tumors and stimulate the immune system’s anti-
cancer activity [5]. The oxidative damage can occur via three main 
pathways: apoptosis, necrosis or autophagy [10]. ROS can lead to the 
oxidation of cellular constituents such as proteins, lipids or DNA [11]. 
IR780 uptake and delivery is directly related to cell death. Furthermore, 
IR780 exhibits outstanding photophysical properties as a near-infrared 
(NIR) emission probe and can be used in imaging techniques as a 
tumor tracer agent [12]. In this sense, IR780 is a promising molecule to 
be applied in PDT and PTT as a photosensitizer (PS) due to its versatility. 

However, IR780 has low water solubility, fast plasma clearance, poor 
stability in aqueous media, and shows acute toxicity at high doses (1 
mg/kg in mice), which limit its clinical application [13]. The literature 
reports IR780 loaded in different types of nanostructures, which have 
improved its pharmacokinetics and pharmacodynamics properties. It is 
worth noting that most studies used IR780 physically encapsulated in 
nanostructures as a tracer agent without a detailed demonstration of the 
stability of IR780 loading [14-17]. Few studies using IR780 conjugates 
are reported in the literature. Yuan et al. [18] developed a 
self-assembled micellar system based on C13 alkyl chain linked to IR780 
and PEG. Nonetheless, micelles are less stable than polymeric nano-
particles upon dilution [19,20]. Other studies conjugated IR780 with 
hyaluronic acid [13] or with abiraterone [9]. Transfer of IR780 from the 
different types of nanostructures or disassembly of micelles upon dilu-
tion in biological media were not investigated in the majority of the 
studies involving nanocarriers. 

In order to ensure that IR780 provides stable labeling of nano-
particles and would be firmly attached to the nanoparticle to reach the 
tumor site at an appropriate concentration, in our recent study, we 
covalently linked IR780 to poly(D,L-lactide) (PLA), represented in 
(Fig. 1) as IR-PLA [21]. This polymer-dye conjugate can be applied in 
imaging studies in vivo (biodistribution), where the nanoparticle and the 
fluorescent dye will be co-located, warranting real monitoring of the 
particles and of the photosensitizer. Additionally, flow field-flow 

fractionation (AF4) analyses of IR780 loaded nanospheres (NS) con-
taining IR-PLA or IR780 showed that there was a transfer of about 50% 
of the initial fluorescence of IR780 from the NS to the serum proteins 
present in the incubation medium within 16 h when the dye was 
physically encapsulated [22]. In contrast, IR-PLA NS exhibited negli-
gible transfer of fluorescence to the proteins [22] In a previous work we 
reported the effects of serum protein on NP uptake of IR-780 associated 
to NC by murine macrophages in a proof-of-concept approach [23]. 
These results highlighted the importance of covalently binding the flu-
orophore to the polymer for reliable tracking of nanoparticles in cells 
and tissues. 

In this study we investigate the main mechanisms of cell death in 
MCF-7 and MDA-MB-231 breast tumor cell lines, and the effects on cell 
growth and migration inhibition exposed to polymeric nanocapsules 
(NC) containing IR780 in vitro. The photodynamic activity of the for-
mulations was estimated under photo-illumination with 808 nm laser. 
Throughout the study we compare the dual-mode of association of 
IR780 to the NC, i.e. IR780 physical encapsulation (IR780-NC) vs co-
valent bond to the biodegradable polymer PLA (IR-PLA). PEG-PLA 
nanocapsules were prepared by co-precipitation of PEG-PLA and IR- 
PLA, as shown in Fig. 1, so that all NC are sterically stabilized by a 
PEG corona. Selectivity was estimated from cytotoxicity toward the non- 
tumorigenic mammary epithelial human breast cell line MCF-10A. 

2. Materials and methods 

2.1. Materials 

The fluorescent dye IR780, iodide (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) was provided by 
Sigma-Aldrich Co (St. Louis, MO, USA). The polymers used in NC 
preparation were monomethoxy-polyethylene glycol-block-polylactide 
(PEG5k-PLA20k, Mn = 22,200 g/mol, Đ = 1.38) and D,L-polylactide 
(PLA20k) synthesized and characterized according to methodology 
described in Pound-Lana et al. [24]. The IR780-polymer conjugates 
(IR-PLA, Mn = 4000 g/mol, Ð = 1.26) were synthesized and charac-
terized as described [21]. Acetone and methanol (PA grade) were ob-
tained from Vetec (RJ, Brazil), Miglyol®810N (triglyceride of caprylic 
(C8)/capric (C10) acids) from Sasol (Gmbh, Germany), and lecithin 
(Lipoid®S75 with approximately 75% phosphatidylcholine) were ac-
quired from Lipoid (Gmbh, Germany). Ultrapure water was obtained on 
a Simplicity-MilliQ system (Millipore, USA). The phosphate-buffered 
saline (PBS) and Dulbecco’s Modified Eagle Medium (DMEM, 4.5-g/L 
glucose and L-glutamine) media, trypsin-EDTA (0.25%) and antibiotic 
stock solution (10,000 IU of penicillin + 10 mg/mL of streptomycin) 
were provided by Lonza (USA) and inactivated fetal bovine serum (FBS) 
was acquired from Cultilab (Brazil). DMEM/HAM F12 medium and 

Fig. 1. A schematic representation of PLA-PEG nanocapsules containing the fluorescent probe IR780 covalently bound to poly(D,L-lactide) (IR-PLA) or physically 
associated (IR780 NC). 
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DMEM/F-12 medium without phenol red were acquired from GE 
Healthcare Life Sciences HyClone (Utah, USA). Roswell Park Memorial 
Institute (RPMI) medium 1640 with L-glutamine and the MTT reagent, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, were 
provided by Gibco® Life Technologies (Carlsbad, USA) and dimethyl 
sulfoxide (DMSO) acquired from Synth (RJ, Brazil). 

2.2. Synthesis of IR-PLA 

IR-PLA was synthesized via one-pot strain-promoted azide-alkyne 
cycloaddition, according to the methodology described by Oliveira 
et al. [21]. Briefly, cyclooctyne endfunctional polylactide (BCN-PLA4k, 
50 mg; 1.25 × 10− 5 mol), IR780 (4.17 mg; 6.25 × 10− 6 mol) and so-
dium azide (4.06 mg; 6.25 × 10− 5 mol) were solubilized in dry DMF 
(5 mL). The reaction was allowed to proceed protected from light for 
16 h at 25 ◦C, under magnetic stirring and in an argon atmosphere. The 
solvent was removed under reduced pressure. The product was solubi-
lized in ethyl acetate (10 mL) and centrifuged for 5 min at 500×g for the 
removal of salts (residual sodium azide and sodium chloride). The su-
pernatant was collected, the solvent was evaporated under high vacuum 
and the product was IR-PLA with one IR780 covalently bound at one 
chain-end and molar mass and dispersity by GPC of 4000 g/mol and 
1.26, respectively. 

2.3. Preparation of nanocapsules and IR780 quantification 

Polymeric NC were prepared as previously reported [23]. Briefly, to 
prepare blank-NC (NC without IR780) 24 mg of the polymer PEG-PLA 
and 5 mg of PLA were dissolved in 8 mL of acetone with 30 mg of 
lecithin and 100 μL of Miglyol® 810N at 40 ◦C. After complete disso-
lution, this organic phase was poured via a syringe into 16 mL of ul-
trapure water and kept under magnetic stirring at 25 ◦C for 10 min. 
Then the solvents (all acetone and water) were evaporated under 
reduced pressure at 35 ◦C until a final volume of 4 mL. In order to 
produce IR780 loaded NC by physical encapsulation (named IR780-NC), 
an aliquot of stock solution of IR780 in ethanol was placed into the 
organic phase (containing PEG-PLA, PLA, lecithin and Miglyol® 810N) 
before mixing with water to obtain a concentration of 27 μg/mL of the 
dye. To prepare IR-PLA NC (IR780 covalently linked to PLA), 5 mg of 
PLA were substituted by 5 mg of IR-PLA in the same procedure as for 
blank-NC formulation. The total amount of IR780 in the NC as well as 
the non-encapsulated IR780, present in the dispersion (free IR780) was 
determined by the ultrafiltration-centrifugation method and IR780 
quantified by HPLC-UV [23]. The encapsulation efficiency (%) (EE) was 
determined using the following equation: 

EE% =
Total IR780 in NC dispersion − IR780 in ultrafiltrate × 100

Total IR780 fed in the formulation  

2.4. Nanocapsule characterization 

The average hydrodynamic diameters (Dh) and polydispersity 
indices (PdI) were determined by dynamic light scattering (DLS) on a 
Zetasizer Nano ZS (Malvern Instrument, UK) instrument equipped with a 
633-nm He-Ne laser, at 173◦ scattering angle. Zeta potentials were 
determined by electrophoretic laser Doppler anemometry on the same 
equipment. Nanoparticle dispersions were diluted 5:1000 in ultrapure 
water and 1 mM NaCl, in appropriate cuvettes to measure sizes and zeta 
potentials, respectively. Analyses were performed at 25 ◦C in three 
different batches of each formulation and in triplicate on each sample. 

2.5. Cell culture 

The breast cancer cell lines MCF-7 (ATCC® HTB-22), MDA-MB-231 
(ATCC® HTB-26) and non-tumorigenic mammary epithelial cell line 
MCF-10A (ATCC® CRL-10317) were supplied by Cell Bank of Rio de 

Janeiro (BCRJ). MCF-7 cells were maintained in RPMI medium sup-
plemented with 20% (v/v) FBS and 1% (v/v) penicillin/streptomycin. 
MDA-MB-231 were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, 4.5 g/L glucose and L-Glutamine) supplemented with 10% (v/ 
v) FBS and 1% penicillin/streptomycin. MCF-10A cells were maintained 
in DMEM/HAM F12 medium supplemented with 5% (v/v) heat- 
inactivated horse serum, 0.01% cholera toxin, 10 μg/mL insulin, 0.1% 
EGF, 0.05% hydrocortisone and 1% penicillin/streptomycin. The cells 
were maintained at 37 ◦C in an incubator humidified and saturated with 
5% CO2. For experiments, cells were detached with trypsin-EDTA 
(0.25%) from 75 cm2 bottles and counted using trypan blue exclusion 
assay in a Neubauer chamber. 

2.6. Cell viability 

MCF-7 and MDA-MB-231 were seeded at a density of 2.4 × 104 cells/ 
well; and MCF-10A at 6.0 × 10 3 cells/well, for 24 h of treatment; and 
1.2 × 104 cells/well for MCF-7 and MDA-MB-231, for 48 h of treatment, 
in 96-well plates and incubated at 37ºC under an atmosphere of 5% CO2 
for 24 h for adherence in the respective culture media mentioned above. 
Then, the culture medium was removed and 200 μL of fresh medium 
containing blank-NC, IR780-NC, IR-PLA NC or free-IR780 solution in 
different concentrations of IR780 were added. For each dilution, ali-
quots of the suspension were placed in triplicate and the experiment 
repeated twice (n = 6). After incubation, the medium containing the 
treatment was removed, the wells were washed 3 times with PBS with 
Ca2+ and Mg2+, and then 200 μL of MTT (0.5 mg/mL in culture me-
dium) was added and incubated for another 4 h [25]. After the incu-
bation time, the plates were centrifuged at 600 ×g for 5 min, the 
medium was carefully removed and 200 μL of DMSO was added to each 
well. To ensure complete dissolution of the formazan crystals, the plates 
were left in the oven for 15 min and then mixed on a plate shaker for 
5 min. Finally, absorbance measurements were performed by spectro-
photometry at a wavelength of 570 nm in a Microplate Reader Emax 
(Molecular Devices Emax). Untreated cells were used as controls, cor-
responding to 100% of cell viability. CC50 (concentration of nano-
particles that are cytotoxic for 50% of cells) were calculated from the 
viability % versus concentration curve using GraphPad Prism® version 
6.01 program. 

2.7. Photodynamic toxicity of IR780 nanocapsules in vitro 

Cell suspensions were seeded in 96-well plates, leaving one column 
space and one cell-free row between the wells, at densities of 2.4 × 104 

cells/well for MCF-7 and MDA-MB-231 and incubated at 37ºC under a 
5% CO2 atmosphere for 24 h for adherence in the respective culture 
media. Then, the culture medium was removed and substituted by 
200 μL of fresh culture medium containing blank-NC, IR-PLA NC, IR780 
NC or free-IR780 (0.8 and 1.6 μg/mL of IR780). Each dilution was 
performed in triplicate. After 2 h of treatment, the medium was 
removed, the wells were washed twice with PBS with Ca2+ and Mg2+. 
Then 200 μL of DMEM without phenol red and FBS were added. Each 
well was then illuminated with a laser at 808 nm (1 W/cm2) for 5 min 
using a laser probe (Therapy EC laser equipment, DMC equipment, 
Brazil). The medium was replaced with DMEM or RPMI supplemented 
with FBS according to each cell line and the plates were incubated for 
another 24 h. At the end of the incubation time, the cell viability was 
quantified by the MTT test, as described in Section 2.6. Plates treated 
identically but not illuminated with laser were used as controls. Cell 
viability was defined as the percentage of surviving cells compared to 
untreated control cells. 

2.8. Quantitative determination of reactive oxygen species (ROS) by flow 
cytometry 

The production of ROS was quantified using 2,7-dichlorofluorescein 
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diacetate (DCFH-DA). MCF-7 and MDA-MB-231 cells were seeded at a 
density of 5 × 105 cells/well placed in 12-well plates and incubated at 
37 ◦C under 5% CO2 atmosphere for 24 h. Then, the medium was 
replaced with 1 mL of fresh culture medium containing the treatment: 
IR780 NC, IR-PLA NC or free-IR780 (1.6 μg/mL of IR780) and the plates 
were further incubated for 50 min at 37 ◦C under 5% CO2 atmosphere. 
⋅H2O2 (2 M) was used as positive control. After washing once with PBS 
with Ca2+ and Mg2+, the cells were incubated with 500 μL of DCFH-DA 
(25 mM) for 15 min. Subsequently, the cells were washed with PBS and 
500 μL of DMEM without phenol red and FBS was added. Each well was 
illuminated with a laser at 808 nm (1 W/cm2) for 5 min using Therapy 
EC laser equipment (DMC equipment, Brazil). The cells were detached 
with 300 μL of trypsin-EDTA (0.25%) in each well with a 5 min incu-
bation time. Trypsin was neutralized with 300 μL of culture medium and 
the contents of each well were transferred to Eppendorf tubes and taken 
for centrifugation at 500×g for 5 min. Cells were washed with PBS with 
Ca2+ and Mg2+ and centrifuged three times. Finally, the cells were 
resuspended in 500 μL of PBS in cytometer tubes, and analyzed in 
FACSCalibur flow cytometer (Becton Dickinson, USA), where 25,000 
events per analysis were acquired. Green fluorescence was collected on 
the FL1 channel for intracellular DCFH. The results were analyzed using 
Flow Jo software (Becton Dickinson). Cells labeled with DCFH, without 
treatment were used as controls and the basal ROS production was 
normalized as 1. 

2.9. Apoptosis analysis by flow cytometry 

The Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences) was 
used to determine the effects of treatment on breast cancer cell 
apoptosis. MDA-MB-231 and MCF-7 cells were plated at a density of 
5 × 105 cells/well in 12-well plates and incubated at 37ºC under 5% CO2 
atmosphere for 24 h. Then, the culture medium was replaced by medium 
containing the treatment, i.e. IR780 NC, IR-PLA NC and free-IR780 
(3.2 μg/mL of IR780) and the plates were incubated for 2 h. The me-
dium was removed, the wells were washed twice with PBS with Ca2+

and Mg2+ and then 500 μL of DMEM without phenol red and FBS were 
added. Each well was illuminated with a laser at 808 nm (1 W/cm2) for 
5 min using Therapy EC laser equipment (DMC equipment, Brazil). The 
medium was then replaced with DMEM or RPMI supplemented with FBS 
according to each cell line and the plates were incubated for another 
24 h. After treatment, the culture medium was removed, the cells were 
washed with PBS with Ca2+ and Mg2+ three times, and 300 μL of trypsin- 
EDTA (0.25%) was added to each well. The plate was left in the oven for 
5 min, and trypsin was neutralized with 300 μL of culture medium. The 
contents of each well were transferred by pipette to Eppendorff tubes 
and taken for centrifugation at 500×g for 5 min. The cells were washed 
with PBS with Ca2+ and Mg2+ three times. After the last centrifugation, 
100 μL of the cell suspension were transferred to a cytometer tube and 
labeled according to the manufacturer’s protocol. The tubes were taken 
immediately for analysis in FACSCalibur flow cytometer (Becton Dick-
inson, USA), where 25,000 events were acquired per analysis. The re-
sults were analyzed using Flow Jo software (Becton Dickinson). Annexin 
V–FITC+/PI- cells were considered early apoptotic cells, annexin 
V–FITC+/PI+ cells were considered late apoptotic cells, annexin 
V–FITC-/PI- are live cells and annexin V–FITC-/PI+ are necrotic cells. 

2.10. Clonogenic assay 

The ability of NC formulations to inhibit colony formation was 
evaluated according to the assay previously described [26]. MCF-7 and 
MDA-MB-231 cells were plated in 6-well plates at a density of 
1 × 10 3 cells/well in a total volume of 3 mL of culture medium per well. 
They were incubated at 37ºC under an atmosphere of 5% CO2 for 24 h 
for adherence, and the culture medium was removed to add 3 mL of 
fresh culture medium containing blank-NC, IR-PLA NC, IR780 NC or 
free-IR780 solution (0.8 and 1.6 μg/mL). After 24 h the medium was 

removed and the wells washed twice with PBS. Culture medium was 
added to each well (3 mL) and replaced every 3 days for 2 weeks. After 2 
weeks, when the number of control colonies had already increased, the 
assay was terminated. The culture medium was removed, the wells 
washed twice with PBS and the cells were fixed with 500 μL of 4% 
formaldehyde for 20 min. After removing the formaldehyde solution, 
500 μL of methanol were added for cell hydration and the plate was 
incubated for another 20 min. Finally, the cells were stained with 500 μL 
of crystal violet (0.5% in methanol) at room temperature for 5 min, 
carefully washed with distilled water and the plates were allowed to dry 
at room temperature. After analysis by microscopy, 600 μL of 33% acetic 
acid was added for 2 min and 100 μL of the solution was removed and 
transferred to a 96-well plate for absorbance reading in an ELISA plate 
reader (Molecular Devices Emax) at 570 nm. The total experiment was 
carried out twice. The determination of colony formation was calculated 
by comparing the number of colonies in the control wells (not subjected 
to treatment, considered as 100%) and in the treated wells. 

2.11. Scratch wound assay 

To assess the migration capacity of the cells under study after 
treatment with the formulations, MCF-7 and MDA-MB-231 cells were 
seeded at a density of 2 × 105 cells/well in 12-well plates in 1 mL of 
culture medium [27,28]. The plates were incubated at 37 ◦C under 5% 
CO2 atmosphere until the cells reached about 80–90% confluence. The 
culture medium was removed and a scratched area was created using a 
sterile 200 μL pipette tip into each well. The plate wells were then 
visualized under an inverted microscope Axio-Vert (Zeiss, Germany), 
where photos of three fields/well were recorded at a magnification of 20 
x, considered as the initial time. The wells were washed with PBS and 
new culture medium was added with blank-NC, IR-PLA NC, IR780 NC or 
free-IR780 (1.6 μg/mL of IR780). Treatment was removed after 24 h and 
the wells were washed twice with PBS. Cell migration to the scratched 
surface was analyzed using ImageJ software, where the percentage of 
inhibition of cell migration was calculated by comparing the initial and 
post-treatment cell-free area. 

2.12. Confocal laser scanning fluorescence microscopy 

Microscopy analysis of semi-qualitative uptake of the different for-
mulations were performed using confocal laser scanning fluorescence 
microscope LSM 780 (Zeiss, Germany). Two human breast cancer cell 
lines were used, MCF-7 and MDA-MB-231. The cell suspensions were 
seeded in 24-well plates at a density of 1 × 105 cells/well, containing 
sterile round coverslips at the bottom of the wells. The plates were 
incubated for 24 h at 37ºC under a 5% CO2 atmosphere. After 24 h, the 
culture medium was replaced by 1000 μL of fresh medium containing 
the treatment (blank-NC, IR-PLA NC, IR780 NC and free-IR780) or pure 
culture medium for the control cells. The plates were incubated for 
another 2 h. The treatment was removed and the wells were washed 3 
times with PBS. The cells were fixed using 300 μL/well of a 10% form-
aldehyde aqueous solution for 20 min and washed with PBS. Then, 
nuclear DNA was labeled with 200 μL of DAPI solution (0.1 μg/mL in 
PBS) for 20 min at room temperature, and the wells were washed with 
PBS. The coverslips were mounted on glass slides and the cell observed 
under confocal microscopy. The excitation wavelength was 358 nm and 
633 nm for DAPI and IR780, respectively. The images were processed in 
Zen pro 2012 software. 

2.13. Quantitative cell uptake by flow cytometry 

Quantitative studies of cell uptake of the different formulations were 
performed in a BD FORTESSA flow cytometer (Becton Dickinson, USA). 
Cell-associated fluorescence was quantified in MCF-7 and MDA-MB-231 
cells at a density of 5 × 105 cells/well seeded in 12-well plates and 
incubated at 37◦C under a 5% CO2 atmosphere for 24 h for adherence. 
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The culture medium was removed and 1 mL of fresh medium containing 
IR-PLA NC, IR780 NC or free-IR780 at specific concentrations were 
added. For dose-dependent studies, different concentrations of IR780 
(0.2, 0.4, 0.8, 1.6, 2.4 and 3.2 μg/mL) were used and the cells were 
incubated for 2 h at 37 ◦C. Furthermore, cells were incubated with IR- 
PLA NC, IR780 NC or free-IR780 at 1.6 μg/mL for different time pe-
riods (1, 2, and 4 h) for time-dependent study. Treatment was removed 
at the end of the treatment time and the wells washed with PBS twice. 
Then, trypsin (300 μL) was added to each well, left for 2 min, and it was 
neutralized with 300 μL of culture medium. The cell suspensions were 
transferred to Eppendorf tubes, centrifuged at 500 × g for 5 min, and the 
cell pellet was washed 3 times with PBS. Finally, the cells were sus-
pended in 300 μL of PBS in the cytometer tubes, which were immedi-
ately analyzed in a BD LSR Fortessa TM flow cytometer (Becton 
Dickinson, USA). The analysis of the fluorescence intensity in the cells 
was acquired in 50,000 total events after excitation with the red laser 
(633 nm), on the same reading channel as the APC-Cy7 fluorochrome 
(filter 780/60) [29,30,17,31]. Results were analyzed using FlowJo 
software (Becton Dickinson, USA). 

2.14. Statistical analysis 

Data were analyzed using GraphPad Prism® software version 6.01 
(San Diego, CA) and expressed as mean ± standard deviation. Size dis-
tributions and zeta potential were analyzed by ANOVA (Tukeýs test). 
The cell culture experiments were performed in triplicate and the 
experiment repeated twice (n = 6). Unpaired student’s t-test and one- 
way ANOVA test followed by Tukey’s test were used for cell study an-
alyses. Other specific statistical tests are stated in the figure legends. 
Statistical significance was set at p < 0.05. 

3. Results 

3.1. Preparation and physicochemical characterization of nanocapsules 

IR-PLA polymer was characterized as previously described [21]. A 
polymer of 4 kg.mol-1 molar mass was obtained with 21.6 µg of 
IR780/mg of IR-PLA polymer. Three types of NC were prepared: 
blank-NC (containing PEG-PLA and PLA, without IR780), IR780 NC 
(containing PEG-PLA and PLA, and IR780 encapsulated) and IR-PLA NC 
(containing PEG-PLA and IR covalently bound to PLA, IR-PLA), as shown 
in Fig. 1. The three NC formulations (blank-NC, IR780 NC and IR-PLA 
NC) presented similar average size distributions with no significant 
differences in the hydrodynamic diameters determined by DLS. They 
were narrow monodispersed particle populations with PdI values below 
0.172 (Table 1). 

Zeta potential values were all negative (around − 40 mV) and show 
an electrically stabilized surface that maintains electrostatic repulsion 
between particles in the aqueous dispersion. These results are consistent 
with previously described polymeric NC containing IR-PLA and encap-
sulated IR780 [23]. There were no significant differences in the zeta 
potential values determined under our experimental conditions. 

3.2. Cell viability 

We selected IR780 concentrations for our cell viability studies based 
on our previous data [23] and according to reported data from other 
authors [17,32]. The viability results of three cell lines exposed to 
increasing concentrations of polymers (52.5–1680 µg/mL) and IR780 
(0.2–6.4 µg/mL) in NC formulations in 24 and 48 h incubation time are 
shown in Fig. 2. 

The blank-NC induce no significant cytotoxicity for all types of breast 
cells. Cell viability was reduced only from polymer concentrations of 
600 µg/mL and they were not able to decrease the cell viability below 
50% even at the highest concentration tested at 24 and 48 h of incu-
bation. MDA-MB-231 cells were less sensitive to the NC at both incu-
bation times (Fig. 2C). MDA-MB-231 cells were the most sensitive to 
free-IR780. No significant loss of MCF-7 cell viability was observed even 
after 48 h incubation time when treated with free-IR780. In MCF-10A 
cells free-IR780 showed cytotoxicity at the highest concentrations 
after 48 h of incubation (> 1.6 µg/mL). 

Concerning IR780 associated to NC, both formulations, IR-PLA NC 
and IR780 NC, showed similar profiles of dose-dependent cytotoxicity in 
MDA-MB-231 cells (24 and 48 h). The same happened for MCF-7 cells, 
however, at the highest concentrations, the encapsulated dye was more 
cytotoxic. Significant differences were observed between IR780 NC and 
IR-PLA NC only at the highest concentrations (p < 0.05). Unexpectedly, 
after 24 h of incubation, IR780 NC was the most cytotoxic formulation 
for normal MCF-10A cells. Interestingly, IR-PLA NC was less cytotoxic 
than IR780 NC to normal cells, which is an important aspect of selec-
tivity. When IR780 is physically entrapped in the NC there is a signifi-
cant increase (p < 0.05) in toxicity to cells with respect to the free dye. 
IR780 NC and IR-PLA NC were more cytotoxic than blank-NC and free- 
IR780 at all concentrations evaluated, except above 1.6 µg/mL of IR780 
for MDA-MB-231 cells, where free-IR780 was more cytotoxic. 

The cytotoxic concentrations for 50% of cells (CC50), calculated from 
graph analyses, are presented in Table 2. In MCF-7 cells, the IR780 NC 
presented a lower CC50 than IR-PLA NC. There were significant differ-
ences in cell viability when MCF-7 cells were exposed to NC containing 
encapsulated or polymer-bound IR780 with respect to free-IR780. 

The best selectivity index, calculated as the ratio of CC50 of normal 
MCF-10A vs tumor MDA-MB-231 cells, was found for IR-PLA NC with a 
value of 2.3. The free-IR780 and IR780 NC formulations showed no 
selectivity towards tumor cells (SI < 1.5) in vitro under our experimental 
conditions, in the dark (without illumination with a laser). 

IR780-NC and IR-PLA NC presented significant differences in the cell 
viability (P < 0.05) with blank-NC for both tumorigenic MCF-7 and 
MDA-MB-231 cell lines studied (Fig. 3). No significant differences be-
tween IR780 containing formulations were observed for MDA-MB-231. 
At 0.8 µg/mL there were no statistically significant differences be-
tween IR780 NC and IR-PLA NC. In the absence of laser activation, IR- 
PLA NC was less toxic to non-tumorigenic cells than IR780-NC 
(Fig. 3). In contrast, IR780 NC was more toxic to the normal cell line 
than to both tumor cell lines (Fig. 3). This is an important aspect to 
increase the selectivity to tumor cells. 

3.3. Photodynamic toxicity of IR780 nanocapsules in vitro and ROS 
quantification 

To evaluate the photodynamic cytotoxicity, that is the ability of the 
photosensitizer to kill cells upon laser illumination, concentrations of 
IR780 and of polymer with low cytotoxicity in the dark were chosen. 
Taking into account the concentration-dependent cytotoxicity of the 
IR780-containing and blank NC formulations presented in the first part 
of this study, we selected two concentrations of IR780, namely 0.8 and 
1.6 µg/mL, which correspond to polymer concentrations of 210 and 
420 µg/mL, respectively. We confirm the photodynamic activity of this 
fluorescent dye after illumination at 808 nm producing cell death even 
after chemical conjugation with PLA (Fig. 4). The two human breast 

Table 1 
Physicochemical characterization of nanocapsulea formulations.  

NC Mean Dh ± SD (nm) PdI Zeta potential ± SD (mV) EE (%) 

Blank-NC 118.7 ± 0.5  0.166 -41.5 ± 1.6 – 
IR780 NC 122.2 ± 0.4  0.163 -41.7 ± 0.2 95 
IR-PLA NC 118.6 ± 1.1  0.172 -37.3 ± 0.5 99 

Dh: hydrodynamic diameter; SD: standard deviation (n = 3); PdI: polydispersity 
index, EE: encapsulation efficiency. 

a IR780 physically loaded (IR780 NC), covalently linked do PLA (IR-PLA NC) 
and nanocapsules without IR780 (blank-NC). 
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cancer cell lines showed different levels of susceptibility to PDT 
(p < 0.05). In the absence of laser illumination no significant loss of 
viability is observed for all concentrations and in all cell lines (Fig. 4A). 

A decrease in MCF-7 cell viability is clearly shown for IR780 NC, IR- 
PLA NC and free-IR780 upon laser illumination, with statistically sig-
nificant differences compared to control and blank-NC (p < 0.05). There 
were no significant differences between both NC formulations and free- 
IR780 at the lowest concentration (p > 0.05). At 1.6 µg/mL, IR780 NC 
decreased the cell viability more than IR-PLA NC after laser illumination 
(p < 0.05), with a decrease in cell viability values of 50% and 35%, 
respectively. MDA-MB-231 cells were more resistant to treatment at the 
lowest concentration evaluated, in agreement with the cell viability 

Fig. 2. Cell viability of MCF10A (A), MCF-7 (B) and MDA-MB-231 (C) cells exposed to different concentrations of nanocapsules (NC) containing IR780 (IR780 NC 
and IR-PLA NC) and controls (free IR780 and Blank-NC) incubated for 24 h and 48 h, in the dark. The data are the average of two independent experiments per-
formed in triplicate (n = 6) and SD. Statistical differences were determined by comparing data by two-way ANOVA. *indicate p < 0.05 when comparing IR-PLA NC 
and IR780 NC. 

Table 2 
IR780 cytotoxic concentrations (CC50) in different formulations toward human 
breast cancer cell lines (µM) in the dark at two incubation times.  

Formulation MCF-7 CC50 (µM) MDA-MB-231 CC50 (µM) 

24 h 48 h 24 h 48 h 

Free-IR780 > 4.8 
(3.2 µg/mL) 

> 4.8 
(3.2 µg/mL) 

> 4.8 
(3.2 µg/mL) 

3.9 (2.64 µg/ 
mL) 

IR780 NC 2.9 (1.9 µg/ 
mL) 

2.1 (1.4 µg/ 
mL) 

> 4.8 
(3.2 µg/mL) 

> 4.8 (3.2 µg/ 
mL) 

IR-PLA NC > 4.8 
(3.2 µg/mL) 

4.5 (3.0 µg/ 
mL) 

> 4.8 
(3.2 µg/mL) 

> 4.8 (3.2 µg/ 
mL)  
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study, where no significant differences were observed in treatments with 
or without illumination (Fig. 4B). For this cell line, free IR780 was more 
cytotoxic than both NC formulations. At 1.6 µg/mL, after laser inci-
dence, there was a greater reduction in cell viability for IR780 NC than 
for IR-PLA NC (p < 0.05). In Fig. 4C and D, we increased the doses and 
viability was determined 24 and 48 h after laser illumination. Thought 
the differences of viability are small it is evident that viability is influ-
enced by IR780 doses (0.8; 1.6; 6.4 µg/mL of IR780) with all the for-
mulations with similar activity after 24 h of laser illumination. 
However, more importantly, we observe that the time after laser expo-
sure plays an important role in cell death, particularly in the case of IR- 
PLA, 24 and 48 h after laser exposure in MCF-7 cells (p < 0.05). IR-PLA 
NC presented a better photodynamic activity after 48 h of the laser 
illumination. This time-dependent cell death after laser exposure is not 
observed for free IR780 and IR780 NC. 

In order to investigate the mechanism of cell death upon laser illu-
mination, ROS generation was quantified by flow cytometry using 
DCFH-DA, which acts as a fluorescent probe for ROS in cells. Significant 
differences were observed in the ROS generation for both cells for IR780 
NC, IR-PLA NC and free-IR780 upon laser illumination compared to 
treatment without illumination, as shown in Fig. 5. 

The ability of IR780 to produce ROS under laser illumination was 
increased upon encapsulation in NC. The production of intracellular 
ROS in MCF-7 cells increased 15-fold with IR780 NC and 6-fold with IR- 
PLA NC compared to control (Fig. 5A). The generation of ROS under 
illumination happened to a larger extent in MDA-MB-231 cells (Fig. 5B), 
where IR780 NC increased the production of intracellular ROS 20-fold 
and IR-PLA NC 10-fold, both more than free-IR780. This PS, even in 
its free form, shows higher ability in MCF-7 cells (p < 0.05) to induce 
ROS compared to positive control with oxygen peroxide (H2O2) and 
similar ability in MDA-MB-231 cells (p > 0.05). 

These results are in agreement with the photodynamic toxicity, 
where IR780 NC induced more cell death than IR-PLA NC and free IR780 
under laser illumination. However, it is important to emphasize that 
even after the conjugation of IR780 to the polymer it did not lose its 
characteristics to act as a photosensitizer leading to the production of 
ROS upon laser illumination. 

3.4. Cell apoptosis 

Annexin V-FITC and propidium iodide (PI) double cell staining was 
used to analyze the main mechanisms of cell death via flow cytometry 
(Fig. 6). 

All treatments (IR-PLA NC, IR780 NC and free-IR 780) reduced the 
percentage of live cells with significant differences with respect to 
control cells and to blank-NC (p < 0.05). There were no differences 
between any of the treatments regarding early apoptosis. IR780 NC and 
free-IR780 caused more death by necrosis than IR-PLA NC (45.4%, 
42.7% and 30.6%, respectively) in MCF-7 cells (Fig. 6A). Thus, cell 
death by necrosis was reduced by conjugation of IR780 to PLA. MCF-7 

cells were more sensitive to apoptosis induced by this photosensitizer 
than MDA-MB-231 cells. IR-PLA NC induced 3-fold more apoptosis than 
necrosis for the MDA-MB-231 cells. 

In MDA-MB-231 cells the percentages of total apoptosis were 24.4% 
for IR-PLA NC, 18.4% for IR780 NC and 27.7% for free-IR780 (Fig. 6B). 
There was a proportional increase in the apoptosis rate for both NC 
formulations among dead cells (p < 0.05). Particularly, IR-PLA NC 
increased the percentage of death by apoptosis in MDA-MB-231. 
Therefore, IR780 encapsulated in NC or linked to the polymer can effi-
ciently activate apoptotic pathways in MDA-MB-231 cells when 
compared with free-IR780. Free dye mainly induces cell death by 
necrosis. 

3.5. Clonogenicity 

The colony formation, or clonogenic assay, assesses cell survival in 
vitro based on the ability of a single cell to transform into a colony (at 
least 50 cells) and undergo uncontrolled division. Thus, it can be used to 
estimate the capacity of cytotoxic agents to alter tumor mitotic processes 
[26]. Fig. 7 shows the results of colony formation analysis, expressed as 
a percentage relative to control cells. Free-IR780 showed no capacity to 
inhibit the formation of colonies in both cancer cell lines at the con-
centration evaluated. In contrast, upon association to NC, whether 
conjugated or encapsulated, IR780 significantly inhibited the formation 
of clones. IR-PLA NC showed the highest anti-clonogenicity activity 
compared to the other formulations. Blank-NC also slightly inhibited 
colony formation. It is likely that the NC impaired mitotic processes in 
this longer incubation assay at this tested concentration, which was not 
detected in shorter incubation times in the viability test. 

IR-PLA NC was able to inhibit colony formation to a greater extent 
(approximately 55%) compared with all controls for both MCF-7 and 
MDA-MB-231 (p < 0.05). There is probably an additive effect of the 
polymeric NC together with IR780 to reduce cell division, and probably 
some physical effect upon mitosis. Furthermore, for both cells significant 
differences in the inhibition of colony formation between free-IR780 and 
IR-PLA NC were observed. Thus, using IR780 conjugated to PLA polymer 
(IR-PLA), it was possible to reduce the formation of colonies of both 
breast tumor cells, which is an outstanding tool to reduce tumor growth. 
In the MDA-MB-231 cell line, no differences in colony formation were 
observed between IR780 NC and IR-PLA NC, with a reduction of clo-
nogenicity of more than 50%. IR780 association to the NC inhibited 
significantly the formation of clones compared to free-IR780 (p < 0.01) 
and blank-NC (p < 0.05) in MDA-MB-231 cells. This quantitative result 
is in agreement with visual analysis of the colonies obtained from 
photodocumenters as shown in Fig. 7 (right). 

3.6. Effects on cell migration 

The effect of IR780 on the inhibition of cell migration was studied 
using the scratch wound assay, and significant differences were 
observed (p < 0.05) between treatments (IR-PLA NC, IR780 NC and 
free-IR780) and controls (Fig. 8). In this technique, a scratched area is 
created in a monolayer of confluent cells, and the rate of slot closure and 
cell migration is quantified by photographing with an inverted micro-
scope at various time intervals [33]. We observed that the cells 
continued to grow when exposed to blank-NC, covering almost every 
scratched area for both cells by phase-contrast microscopy images 
analysis (Fig. 8A and B). Thus, blank-NC did not inhibit cell migration 
for both cell lines. In contrast, free-IR780 inhibited the migration of 
MCF-7 cells to a high extent than IR-PLA NC and IR780 NC (p < 0.05) 
for MCF-7 cells (Fig. 8C). IR-PLA NC and IR780 NC inhibited the cell 
migration more than free-IR780 in MDA-MB-231 cells (Fig. 8D). 
MDA-MB-231 cells were slightly less sensitive to IR780 formulations 
compared to MCF-7 cells. Inhibition of cell migration by IR-PLA NC 
occurred of almost 40% for MCF-7 and 30% for MDA-MB-231 cells. 

Fig. 3. Viability of MCF-7, MDA-MB-231 and MCF-10A cell lines exposed to 
free-IR780, IR780 NC, IR-PLA NC or blank-NC (0.8 µg/mL of IR780) for 24 h in 
the dark. Results are expressed as the mean ± standard deviation (n = 6). Un-
paired student’s t-test was used and p < 0.05 are represented by bars. 
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Fig. 4. MCF-7 (A) and MDA-MB-231 (B) viability when exposed to two concentrations of Blank-NC, IR780 NC or IR-PLA NC at 0.8 and 1.6 µg/mL of IR780 for 24 h, 
irradiated or not with 808 nm laser (1 W/cm2) for 5 min. In (C) MCF-7 and (D) MDA-MB-231, three concentrations were used and viability determined after 24 h of 
laser illumination as well as after 24 and 48 h of illumination. The data are the mean values of experiments conducted in triplicate and SD. Statistical differences were 
determined by comparing data by two-way ANOVA. *indicate p < 0.05. 
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3.7. Cellular uptake of IR780 nanocapsules by confocal microscopy 

The qualitative images of cell uptake of IR780 associated to NC was 
first assessed by confocal microscopy (Figs. 9 and 10). IR-PLA NC 
exhibited much higher fluorescence intensity in the human breast cancer 
cells than IR780 NC and free-IR780. Both breast tumor cells were weakly 
emissive after incubation with free IR780 as also observed previously 
with Hela cells [34]. In MCF-7 cells, IR-PLA NC were homogenously 
distributed inside the cytoplasm of cells suggesting high uptake of the 
nanoparticles (Fig. 9). Similar results of uptake were observed with 
MDA-MB-231 cells (Fig. 10), though the fluorescence intensity was 
significantly lower compared to MCF-7 cells. 

MDA-MB-231 cells were less responsive to IR780 than MCF-7 cells. 
In the MDA-MB-231 cells almost no uptake was observed for free IR780 

and IR780 NC. In the case of IR-PLA NC a more punctuate pattern of 
distribution of fluorescence inside the cells was identified and very low 
fluorescence associated to the cell membrane. Considering 2 h incuba-
tion with these NC, the images suggest a fast mechanism of NC inter-
nalization and subtle differences from the pattern observed in MCF-7 
cells. These differences may be attributed to different internalization 
pathways between the two breast cancer cells. 

3.8. Quantitative uptake of IR780 nanocapsules by flow cytometry 

The qualitative results obtained by confocal microscopy were 
confirmed by quantitative analysis using flow cytometry (Fig. 11). 

Cell association of IR780 NC and free-IR780 to both cell lines occurs 
in a much smaller proportion than IR-PLA NC (p < 0.05). Cell 

Fig. 5. ROS generation in MCF-7 (A) and MDA-MB-231 (B) cell lines when exposed to IR780 NC, IR-PLA NC or free IR780 at 1.6 µg/mL under illumination with a 
808 nm laser (1 W/cm2) for 5 min and in the dark. The basal generation of ROS by cells was normalized as 1.The data are the mean values of experiments conducted 
in triplicate and SD. Statistical differences were determined by comparing data by one-way ANOVA. *indicate p < 0.05. 

Fig. 6. Necrotic, late and early apoptotic cells and live cells after treatment with nanoparticles with 808 nm laser irradiation and followed by Annexin V-FITC and PI 
double staining, analyzed via flow cytometry, for MCF-7 (A) and MDA-MB-231 (B) cell lines. One representative experiment with cell percentages plotted in each 
quarter (C). The data are the mean values of independent experiments conducted in duplicate and SD. Statistical differences were calculated by comparing data using 
two-way ANOVA with Tukey’s multiple comparison test. *indicate p < 0.05. 
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association of IR780 NC and free-IR780 is clearly dose-dependent, 
whereas a saturation profile of cell-associated fluorescence was 
observed with IR-PLA NC. In MCF-7 cells, in which the association of NC 
was higher, dose-dependent interaction with cells is clearly observed 
until saturation is reached. We observe a linear increase in fluorescence 
associated to cells with an increase in free-dye concentration (Fig. 11A 
and B). IR780 NC showed intermediate behavior between free dye and 
internalization of IR-PLA NC, probably because a fraction of the dye is 
released from the NC and a part is attached to the nanocarrier. For IR- 
PLA NC the uptake occurs in a time-dependent manner in MCF-7 cells 
(Fig. 11C), while there was no difference for IR780 NC or free IR780 
uptake along time. In MDA-MB-231 cells (Fig. 11D), the uptake 
increased in the first 2 h when it reaches a plateau. 

4. Discussion 

Encapsulation efficiencies close to 100% were obtained for IR780 
loading in our NC. This demonstrates that our system is a good carrier 
for this compound and it is expected because IR780 presents high lip-
ophilicity and affinity for the oily nucleus of the NC, as demonstrated 
previously [23]. The mean hydrodynamic diameter of NC around 
120 nm is an important parameter in cancer treatments administered by 
the intravenous route. Both polymeric NC, despite the mode of IR780 
association to the carrier showed similar mean hydrodynamic diameters 
with homogeneously distributed sizes in agreement with morphological 
analysis using atomic force microscopy (AFM) of blank-NC, IR780 NC 
and IR-PLA NC previously reported by our group [23]. It is well accepted 
that particles with a mean size in the range of 20–200 nm administered 

intravenously are able to permeate through the fenestrations of tumor 
abnormal vessels formed during tumor angiogenesis, but they cannot 
enter the narrow endothelial fenestrations of normal tissues [35]. This 
mechanism, called the enhanced permeability and retention effect (EPR 
effect), favors accumulation of the nanoparticles in the tumor sites 
compared to normal tissues. 

Although several studies in the literature report the effect of nano-
particles containing encapsulated IR780 on cell viability, as summarized 
in the extensive review by ALVES et al. [12], the polymer-IR780 con-
jugate IR-PLA proposed in this study is a new and original chemical 
entity. We synthesized this conjugate to ensure stable association to the 
NC and consequently alter the cell association profile and bio-
distribution of IR780 as it remains within the NC, and therefore allow 
reliable tracking of the NC during in vitro cell imaging and in vivo bio-
distribution studies. Stable labeling of the NC was demonstrated in our 
previous release studies, with noticeable differences between covalently 
bound IR-PLA and physically encapsulated IR780 [23]. In the present 
study, comparative cell viability between IR780 and IR-PLA gives in-
sights into the effect of the chemical modification of IR780 on its anti-
tumor activity and on the selectivity between normal and tumorigenic 
cell lines, as well as into the main mechanism of cell death. Our confocal 
microscopy images demonstrate that covalent attachment of IR780 to 
PLA modifies the pathway of IR780 internalization by cells, whereby 
IR-PLA and the fraction of IR780 that remains within the NC are more 
likely to reach within the cells. 

IR-PLA exhibited the highest selectivity index and low toxicity 
without laser illumination although we did not observe high selectivity 
against tumor cells for any of the three formulations. We evidenced that 

Fig. 7. Analysis of the number of colonies formed by MCF-7 (A) and MDA-MB-231 (B) cells after treatment with nanocapsules containing IR780 at 0.8 µg/mL for 
24 h and observation after 2 weeks, data expressed in percentage relative to control cells. Results are expressed as the mean ± standard deviation of the triplicate. 
*p < 0.05; **p < 0.01 or ***p < 0.001; ANOVA followed by Bonferroni. 
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in the absence of laser illumination the IR780 associated NC were more 
toxic to both tumor cell lines than to the normal cell line. Most published 
studies did not report high cytotoxic activity for free or encapsulated 
IR780 without laser irradiation [12]. An ideal photosensitizer should not 
be toxic to cells without photo-activation, but preferential accumulation 
in tumor cells is desirable. Our study demonstrates low toxicity of IR780 
below 3 µg/mL for MCF-7 cells, without laser illumination. In agreement 
with previous cell viability studies with other nanocarriers containing 
IR780, Yue and collegues [32] studied the cytotoxicity of heparin and 
folic acid nanoparticles in MCF-7 cells where free-IR780 without laser 
illumination did not show cytotoxicity to the cells after 12 h of treat-
ment at a concentration of 3 µg/mL. Chen and collegues [36] developed 
micelles containing encapsulated IR780 and evaluated their cytotoxicity 
in pancreatic tumor cells, for which free-IR780 without laser illumina-
tion was not able to decrease the cell viability by more than 20%. Thus, 

the cytotoxicity seems to be cell type and time dependent. Furthermore, 
its activity was only clearly seen after laser activation at 808 nm. The 
majority of the studies report that illumination with a laser is essential to 
reduce the viability of numerous tumor cell lines with IR780 free or 
associated to nanocarriers [12]. Therefore, in the next step we evaluate 
the toxicity of IR780 or IR-PLA associated to NC after illumination with a 
808 nm laser. 

In many studies in the literature, free-IR780 showed a significant 
drop in cell viability after laser irradiation. We observed that IR780 
conjugated to PLA maintains its photodynamic activity, but it is likely 
that conjugation can modify the pathway of IR780 internalization by 
cells and the rate of IR780 release in the cell organelles. Lin and col-
leagues [37] conjugated IR780 to hyaluronic acid and the nanoparticles 
were self-assembled with a hydrophobic core and hydrophilic shell in 
aqueous conditions . Even after the conjugation of IR780, the 

Fig. 8. Cell migration inhibition. Phase-contrast microscopy images of wells for MCF-7 (A) and MDA-MB-231 (B) cells incubated with blank-NC, IR-PLA NC, IR780 
NC and free IR780 (1.6 µg/mL of IR780) and bar graphs (C,D) with the percentage of cell migration inhibition. The results are means ± SD of two independent 
experiments conducted in replicate. Statistical differences were determined by one-way ANOVA. *p < 0.05, **p < 0.01 or ***p < 0.001. Bars in images corresponds 
to 200 µm. 
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nanoparticles exhibited remarkable cytotoxicity upon 808 nm laser 
irradiation (1 W/cm2) for 3 min, at IR780 concentrations of 0.625 and 
1.25 µg/mL. Previous works with nanocarriers containing IR780 pre-
sented remarkable cytotoxicity only at higher concentrations, in agree-
ment with our study. Lian and col. [37] developed IR780 loaded 
nanoparticles based on human serum albumin and found a decrease in 
cell viability at 1 and 1.5 µg/mL, similar to our findings with IR780 NC 
at 1.6 µg/mL, i.e. viability around 75% without laser and almost 50% 
with laser illumination for 1.5 µg/mL of IR780 in prostate cancer cells 
(22RV1). Similar results were found by Li and col. with IR780-loaded 
PLGA nanoparticles in 4T1 mouse breast cancer cells after 24 and 
48 h [15]. 

The differences in photodynamic activity of IR780-NC and IR-PLA 
NC with NIR light illumination with respect to the nanoformulations 
revised by Alves et al. [12] are related to the differences in concentra-
tions used in the experiments. Three studies cited in this revision used 
the following concentrations of IR780: 4.18 µg/mL [38] and 12.5 µg/mL 

[13] for MCF-7 cells; and 20 µg/mL [39] for MDA-MB-231, for example. 
We used two concentration of IR780 in the phototoxicity assay (0.8 and 
1.6 µg/mL) and they were chosen based on the cytotoxicity of similar 
blank-NC (a concentration of blank-NC, which was not toxic to the cells). 
Unfortunately, our concentration is limited by the amount of IR780 
conjugated to the polymer. As one unit of IR780 is attached at the PLA 
polymer chain end, its concentration in our NC is correlated to that of 
polymer in the formulation, i.e. 21.6 µg of IR780 per mg of PLA polymer. 
In our experimental design, for comparison purposes, the NC containing 
IR780 encapsulated were prepared at the same concentrations. That is 
why we have a low amount of IR780. This is a limitation of our for-
mulations that can be improved by freeze-drying the nanocapsules to 
concentrate them before administration. 

Furthermore, IR780 kept its ability to produce ROS upon laser illu-
mination even after conjugation to the polymer, although to a lower 
extent. IR-PLA NC in the MDA-MB 231 cell line was better than free- 
IR780 to induce ROS production, inhibit cell migration, and reduce 

Fig. 9. Confocal laser scanning images of MCF-7 cells, incubated with IR-PLA NC, IR780 NC, free-IR780, or control cells (without any treatment) at a concentration 
of 1.6 μg/mL (2.4 μM) of IR780 and equivalent concentrations of polymers, incubated for 2 h in the dark. The white bars correspond to 20 µm, in 40× magnification. 
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clonogenicity. In contrast, MCF-7 cells were more responsive to free- 
IR780. Furthermore, it was possible to track NC in the cells with IR- 
PLA in a good extent in vitro, as demonstrated here in the uptake 
studies by confocal microscopy and flow cytometry. This was also 
demonstrated in vivo, in a previous report by our group [21]. IR-PLA NC 
efficiently activated apoptotic pathways in MDA-MB-231, the triple 
negative breast tumor cell line. IR-PLA NC also reduced colony forma-
tion (55%) and cell migration by 40% for MCF-7 and 30% for 
MDA-MB-231. 

IR780 NC and free IR780 lead to more cell death for MCF-7 and 
MDA-MB-231 cells than IR-PLA NC. However, in MCF-7 cells, for all 
treatments, half of the cells were killed by the apoptotic pathway and 
half by necrosis. Similar results were reported by Li and colleagues [14] 
with IR780 encapsulated in nanostructured lipid carriers (NLCs) after 
laser irradiation in 4T1-luc cells, where 22.7% of the cells died by ne-
crosis and 28.9% were apoptotic cells. 

Among the non-live MDA-MB-231 cells treated with IR-PLA NC, 
approximately 70% were apoptotic. MDA-MB-231 is an invasive breast 
cancer cell line, negative for estrogen, progesterone and HER2 receptors. 
It is more aggressive and related to poor prognosis since it less sensitive 
to conventional treatment. These results are important because 
apoptosis pathway of death is a vital programmed event that eliminates 
damaged cells without the involvement of inflammatory cells. In 
contrast, necrosis is a chaotic and non-programmed cell death pathway, 
in general less effective than apoptosis in patient outcome treated by 
PDT [40]. The mechanism of cell death induced by photosensitizers can 
occur via programmed (apoptotic) or non-programmed (necrotic or 
autophagic) pathways, depending on the localization of the photosen-
sitizer in the cell [4]. Generally, when it is distributed to the nucleus, 
Golgi complex, and mitochondria, the mainly death pathway occurs by 
apoptosis, the type-I mode of cell death in PDT. Necrosis is common 
when the photosensitizer induces damages at the plasma membrane 

Fig. 10. Confocal laser scanning images of MDA-MB-231 cells, incubated with IR-PLA NC, IR780 NC, free-IR780, or control cells (without any treatment) at a 
concentration of 1.6 μg/mL (2.4 μM) of IR780 and equivalent concentrations of polymers, incubated for 2 h in the dark. The white bars correspond to 20 µm, in 40×
magnification. 
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[41]. Apoptosis is a preferential pathway to kill tumor cells because of 
the response caused by the immunological system. Both mechanism of 
death, apoptosis and necrosis, can attract phagocytes. In contrast, when 
the process is triggered by apoptosis, phagocytic cells such as macro-
phages secrete immune-suppressive cytokines upon engulfing apoptotic 
cells, unlike the necrosis process in which necrotic cells secrete proin-
flammatory cytokines [42]. 

The ability of IR780 to preferentially accumulate in tumor cell 
mitochondria was already demonstrated [28,6,34]. In a comparative 
study, the cellular uptake of IR780 was significantly higher in tumor 
cells than in non-tumorigenic cells, probably mediated by OATP1B, a 
subtype of organic anion transporter peptides (OATP). The mitochon-
dria is an efficient target to enhance PDT outcomes, because it is related 
to photodamage in antiapoptotic membrane-bound proteins including 
B-cell lymphoma protein 2 (Bcl-2) and Bcl-xL [40]. It can lead to the 
permeabilization of the membrane resulting in the activation of cas-
pases, with consequent release of cytochrome c from mitochondria and 
apoptosis. 

Besides that, the mechanism of cell death is probably mediated by 
ROS production, which activates the apoptosis pathway. Upon laser 
illumination, IR780 NC reduced the cell viability to a higher extent than 
IR-PLA NC and free-IR780. However, ROS induction by IR-PLA NC was 
higher than free-IR780, for MDA-MB-231 cells. The cell uptake and 
confocal images indicated that free-IR780 and IR-PLA NC entry in cells 
by different pathways and are trafficked to different organelles inside 
cells. 

It is therefore likely that covalent attachment to the polymer did not 
inhibit IR780 photodynamic activity but delayed it, compared to the free 
dye. Thus, after polymer degradation inside the cells IR780 is slowly 
released from IR-PLA NC and can be activated more efficiently by light. 
ROS production induced by photosensitizers usually has a short lifetime 
(less than 3.5 μs) and short diffusion distance (up to 20 nm), which may 
limit the therapeutic effects [43]. ROS generated in the cytoplasm may 

be quenched before acting on the DNA in cell nuclei [43]. Thus, intra-
cytoplasmic IR780 with long-lasting release may induce ROS for longer 
times improving DNA damage in tumor cells. 

The clonogenic assay is a robust assessment of the clonogenic sur-
vival and expansion of tumor cells. Interestingly, in this long incubation 
experiment, we observed that IR-PLA NC reduced the colony formation 
to a larger extent than IR780 NC and free IR780 in MCF-7 and MDA-MB- 
231 cells. This is in agreement with IR780 long-lasting release from 
conjugated polymer. This means that both cancer cell lines lost their 
capacity to produce a large number of progeny upon exposure to IR-PLA 
NC. It is an important result for the prevention of breast cancer re-
currences [26]. Furthermore, IR-PLA NC demonstrated a beneficial ef-
fect on the growth of tumors inhibiting cell migration, since the lack of 
regulation of this process drives the progression of tumor invasion and 
metastasis. 

Additionally, this study clearly demonstrates a huge difference be-
tween modes of association of IR780 with the two nanocapsules for-
mulations in their interactions with cells. This behavior cannot be 
attributed to particle size and surface charge differences between for-
mulations. Furthermore, free IR780 and IR780 NC exhibited similar 
uptake profiles. When only physically associated with NC, our data 
strongly indicates that IR780 is release/partitioned from the NC to 
serum proteins in the medium or to cell membranes. Our results evi-
dence different uptake mechanisms for free-IR780 and IR-PLA NC. The 
results suggest that IR780 may be released from the NC in the cell cul-
ture medium before its cell internalization, as demonstrated in the 
absence of cells in a recent study [22] , where 70% transfer of IR780 
from IR780 NC to serum proteins was evidenced by asymmetric flow 
field-flow fractionation technique (AsF4) [21,22]. 

In addition, it is clearly shown from linear increases in cell- 
associated fluorescence with increases in IR-PLA NC concentration 
that a saturable profile is observed in the quantitative uptake studies 
using flow cytometry. This behavior is generally correlated with 

Fig. 11. Dose-dependent uptake studies normalized by mean fluorescence intensity of IR780 in breast tumor cells MCF-7 (A) and MDA-MB-231 (B) incubated with 
IR780 associated to nanocapsules for 2 h at different concentrations. Time-dependent uptake for MCF-7 (C) and MDA-MB-231 (D) cells after incubation for 1, 2 or 
4 h, determined by flow cytometry (1.6 µg/mL). The data are the mean of two independent experiments performed in triplicate (n = 6) and SD. 
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receptor-mediated endocytic pathways of nanoparticle internalization. 
In contrast, free-dye transfer to cell membrane, for example, is not ex-
pected to be a saturated process because it is based on molecular par-
titioning of the lipophilic dye toward cell bilayers. In fact, the transfer of 
the PS to cell membranes is also in agreement with high cell death by 
necrosis triggered by free-IR780 and IR780 NC. 

The total uptake of all formulations was higher in MCF-7 than in 
MDA-MB-231 cells. This data is in agreement with differences observed 
between the two cell lines in viability studies, clonogenicity, cell death 
mechanism and effects on cell migration. In a recent study with the same 
NC [23], a high level of fluorescence associated with the 
macrophage-like J774-A.1 cell line was observed upon incubation with 
IR780 NC and free IR780, contrary to breast tumor cells (non-phagocytic 
cells). It is likely that the high phagocytic index of macrophages, which 
employ fast and multiple mechanisms of endocytosis play a role in this 
difference [44,45]. 

The MCF-7 cell line is extensively used for in vitro breast cancer 
studies, as it has characteristics of the breast epithelial tissue, such as the 
presence of estrogen and progesterone receptors on the cell membrane 
[46]. In contrast, the MDA-MB-231 cell line is negative for estrogen, 
progesterone and HER2 receptors, and is used as a research model for 
triple negative cancer type [47]. Therefore, the latter are more aggres-
sive and related to a worse prognosis and are more resistant to treat-
ment. MDA-MB-231 cells are significantly less responsive to IR780, 
despite its encapsulation in NC. It is likely that IR780 entry into the cells 
is facilitated by membrane receptors present in MCF-7 and absent in 
MDA-MB-231 cells. IR780 entry into cells may be mediated by the 
organic anion-transporting polypeptide (OATP) superfamily trans-
porters expressed in various type of tumors with poor prognosis [7]. 
These transmembrane protein transporters play a role in the absorption, 
distribution and excretion of endogenous hormones and their conju-
gates, exogenous molecules and drugs. They are closely related to the 
prognosis of tumors. Some findings showed that OATP1 was barely 
detectable in non-malignant mammary epithelial cells [48] and it also 
plays a role in regulating the growth of hormone-dependent breast tu-
mors [49]. Thus, the differences in the uptake of IR780 between the two 
cell lines studied herein may be related to the expression of these 
transporters in their cell membranes. In contrast, the fraction of 
photosensitizer that remains associated to the NC follows pathways of 
receptor mediated-endocytosis. The endocytic pathway of internaliza-
tion is adopted by polymeric nanoparticles of 20–200 nm 
diameter-range, such as macropinocytosis and clathrin or 
caveolin-mediated endocytosis, which is not likely to involve such cell 
membrane transporters [50,51,45,52]. 

Altogether, our results demonstrate the applicability of sterically 
stabilized PEG-PLA polymeric NC containing IR-PLA in order to conduct 
reliable cell internalization studies and to induce breast cancer cell 
death upon laser illumination. The behavior of the physically encapsu-
lated IR780 in the NC was similar to that of free IR780, indicating 
another pathway of interaction with cells. Surprisingly, most of the 
works published in the literature were carried out with IR780 physically 
encapsulated in different types of nanocarriers, as extensively reviewed 
[12]. 

5. Conclusion 

The conjugation of IR780 to PLA polymer (IR-PLA NC) provides 
stability in association with cells in biological media and a profile of cell 
interaction indicative of receptor-mediated endocytosis, which is 
consistent with the internalization of nanoparticles itself. The mecha-
nism of death involves a significant percentage of apoptosis with a sig-
nificant reduction of necrosis in this case. IR-PLA NC are the less 
cytotoxic formulation for normal breast cells. Additionally, in vitro clo-
nogenicity results reinforces the best behavior of IR-PLA NC, since it is 
often strongly correlated with tumorigenicity in vivo with characteristics 
of cancerous stem cells. High inhibition of migration was also observed 

with IR-PLA NC, indicating potential to reduce metastasis in breast tu-
mors. Thus, our results suggest that IR-PLA NC shows promising features 
to produce longer release of ROS inside cells to be investigated as 
photosensitizer in PDT of animals and humans with breast cancer. This 
nanocarrier can also be used as a platform, where different types of li-
gands can be conjugated to polymer to target cells and microorganisms 
using fluorescent polymeric nanocapsules to monitor in vivo drug dis-
tribution and investigate antitumor activity. 
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