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A B S T R A C T   

Photothermal therapy has emerged as a new promising strategy for the management of cancer, either alone or 
combined with other therapeutics, such as chemotherapy. The use of nanoparticles for multimodal therapy can 
improve treatment performance and reduce drug doses and associated side effects. Here we propose the 
development of a novel multifunctional nanosystem based on solid lipid nanoparticles co-loaded with gold 
nanorods and mitoxantrone and functionalized with folic acid for dual photothermal therapy and chemotherapy 
of breast cancer. Nanoparticles were produced using an economically affordable method and presented suitable 
physicochemical properties for tumor passive accumulation. Upon Near-Infrared irradiation (808 nm, 1.7 W 
cm− 2, 5 min), nanoparticles could effectively mediate a temperature increase of >20 ◦C. Moreover, exposure to 
light resulted in an enhanced release of Mitoxantrone. Furthermore, nanoparticles were non-hemolytic and well 
tolerated by healthy cells even at high concentrations. The active targeting strategy was found to be successful, as 
shown by the greater accumulation of the functionalized nanoparticles in MCF-7 cells. Finally, the combined 
effects of chemotherapy, light-induced drug release and photothermal therapy significantly enhanced breast 
cancer cell death. Overall, these results demonstrate that the developed lipid nanosystem is an efficient vehicle 
for breast cancer multimodal therapy.   

1. Introduction 

Breast cancer is the main cause of cancer-related deaths in women 
globally [1] Given the high complexity and heterogeneity of the disease, 
the standard breast cancer treatment regimens generally encompass 
multidrug and multimodal therapy [2,3]. However, the majority of these 
therapeutics are non-specific, which leads to off-target systemic toxicity 
and reduced efficacy [4]. To surpass some of these limitations, new 
treatment modalities for breast cancer management such as photo
thermal therapy (PTT) have emerged. PTT is a safe, minimally invasive, 
and precise procedure based on the delivery of a photoabsorbing agent 
to the tumor region, followed by light irradiation, generally in the Near- 
Infrared region (NIR; 750–1000 nm). The photothermal agent converts 
the light energy into heat, which can directly elicit cancer cell death and 

when combined with other modalities such as chemotherapy, improve 
its therapeutic effect [5]. Gold nanostructures, such as gold nanorods 
(AuNRs) are considered excellent photothermal agents given their high 
biocompatibility and versatility, along with a high light-to-heat con
version efficiency [6].Thus, they have been explored as photothermal 
agents for breast cancer therapy, either alone or in combination with 
other therapeutics [7–10]. The development of a multifunctional 
nanosystem comprising PTT and chemotherapy represents a promising 
therapeutic strategy, as the combined actions of the two modalities can 
result in higher anti-cancer efficacy, drug dosages reduction, and 
multidrug resistance limitation [11–13]. In addition, the incorporation 
of the two modalities into one single nanoplatform opens the possibility 
for the development of smart nanosystems, which can release their cargo 
upon NIR light irradiation, further improving the performance and 
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selectivity of the treatment [14]. Different nanoplatforms co-loaded 
with AuNRs and chemotherapeutics have already been reported 
including liposomes [15,16], dendrimers [17] mesoporous silica 
[18,19], albumin [20] and polymeric [21] nanoparticles. Lipid nano
particles represent a simple, biocompatible, economically affordable, 
and versatile type of nanocarrier, which can be explored for the design of 
multifunctional nanosystems [22,23]. Up to this date, only one study 
combining drug delivery and gold nanostructures for dual PTT and 
chemotherapy using lipid nanoparticles has been reported [24]. Zheng 
et al. produced nanostructured lipid carriers (NLC) decorated with 
polyethylene glycol (PEG) and hyaluronic acid and loaded with doxo
rubicin and polyhedral gold nanoparticles, presenting encouraging re
sults [24]. To the best of our knowledge AuNRs-loaded solid lipid 
nanoparticles (SLN) for PTT has not been reported. Recently, we have 
designed SLN using a cost-effective organic solvent-free method for the 
loading of the anti-cancer drug Mitoxantrone (Mito) [25]. Mito is an 
anthracenedione with high efficacy against different types of cancers, 
including breast cancer [26]. In addition, Mito has demonstrated 
enhanced cytotoxicity when combined with hyperthermia in vitro [27]. 
Thus, it may benefit from the combination with AuNRs-mediated PTT. 
Therefore, here we propose the development of a multifunctional SLN 
nanoformulation loaded with Mito and AuNRs to take advantage of the 
combinatory effects of PTT and chemotherapy. Moreover, to improve 
tumor accumulation and target the folate receptors, which are overex
pressed in cancer cells [28], SLN were decorated with a FA conjugate. 
Nanoparticles were prepared and their main physicochemical charac
teristics were studied. Additionally, their photothermal capacity and 
drug release profile upon NIR light irradiation (808 nm, 1.7 W cm− 2, 5 
min) were evaluated. After that, the hemocompatibility and cyto
compatibility of the nanosystem were determined and the targeting ef
ficiency towards MCF-7 cells was studied. Finally, the combination of 
chemotherapy and PTT was assessed in MCF-7 cells. 

2. Materials and methods 

2.1. Materials 

Coumarin-6 (C6), (98 %), Dicyclohexylcarbodiimide (DCC), 
Dimethyl sulfoxide, Dulbecco's modified Eagle's medium F-12 (DMEM- 
F12), Dulbecco's Phosphate Buffered Saline (PBS), Folic acid (FA), 
Formalin solution, Mitoxantrone hydrochloride (Mito), N-hydrox
ysuccinimide, Penicillin/Streptomycin, Propidium iodide solution, 
Resazurin, Trimethylamine, Triton™ X-100, Trypan blue solution, 
Trypsin, Tween® 80 were acquired from Sigma-Aldrich® (St Louis, MO, 
USA). Lysotracker™ Green and Hoechst 33342® were acquired from 
Invitrogen, Thermo Fisher Scientific (MA, USA). Fetal Bovine Serum 
(FBS) was acquired from Biochrom AG (Berlin, Germany). Cetyl 
Palmitate was provided by Gatefossé (Nanterre, France). Sodium chlo
ride was obtained from Honeywell Fluka™ (NJ, USA). DSPE-PEG2000- 
NH2 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino 
(polyethylene glycol)-2000] was acquired from Avanti® Polar Lipids 
Inc. (Alabama, USA). Organic-coated gold nanorods (AuNRs, 10x41nm) 
were obtained from Nanopartz (Loveland, CO, USA). MCF-7 cell line was 
acquired from ATCC (Middlesex, UK). Normal Human Dermal Fibro
blasts (NHDF) were obtained from Promocell (Heidelberg, Germany). 

2.2. Preparation of solid lipid nanoparticles 

SLNs were produced by the hot ultra-sonication technique, as re
ported earlier, with some adaptations [25]. Briefly, solid lipid cetyl 
palmitate (20 mg) and surfactant Tween® 80 (17.5 mg) were placed in a 
water bath (70 ◦C) until the complete melting of the lipid. The pro
duction of AuNRs-loaded SLN was carried out by adding a solution of 
AuNRs (containing 1.6 mg) to the lipid melt. Functionalization of the 
SLN was performed by adding the FA conjugate (DSPE-PEG2000-FA), 
synthesized as previously reported in our group [29], to the lipid phase 

at a ratio of 1 % of the mass of lipid+surfactant. After that, 1.1 mL of pre- 
warmed PBS buffer (pH 8.2) was added to the lipid melt, sonicated for 5 
min (VCX130, Sonics and Materials, 115 Newtown, USA) at 70 % and let 
to cool to room temperature. For the production of nanoparticles loaded 
with Mito used for the drug release, cytocompatibility, efficacy and 
confocal microscopy assays, a drug solution in PBS buffer (470 μg/mL) 
was previously prepared and poured into the lipid melt prior to the 
ultrasonication step. To perform the flow cytometry studies, C6-loaded 
SLN were prepared by solubilizing C6 in the lipid melt at a ratio of 
0.025 % of the mass of lipid prior to the addition of the water phase. 

2.3. Size, polydispersity index and surface charge measurements 

The mean hydrodynamic diameter, polydispersity index (PDI) and 
surface charge of the nanoparticles were measured using a ZetaPALS 
analyzer (Brookhaven Instruments Corporation, NY, USA). Nano
formulations were previously diluted in PBS (1:200) and determinations 
were performed at 20 ◦C at a scattering angle of 90◦. Particle size was 
also evaluated by nanoparticle tracking analysis (NTA) using a Nano
Sight NS300 (Malvern Instruments, Worcestershire, UK, CMOS camera, 
488 nm laser). Each sample was diluted in distilled water (1:50,000), 
injected in the viewing chamber at an infusion rate of 50 and measured 
under constant flow at 24 ◦C. For each size determination, 5 videos of 20 
s were obtained using a detection threshold of 5 and a camera level of 
10. The NTA 3.4 software was used to perform data analysis. 

2.4. Entrapment efficiency determination 

The entrapment efficiency (EE%) was measured indirectly, by 
quantifying the amount of non-entrapped Mito [25]. With that purpose, 
SLN (diluted at 1:30 in PBS pH 8.2) were transferred to 50 kDa cen
trifugal filter devices (Amicon® Ultra Centrifugal Filters, Merck Milli
pore, Darmstadt, Germany) followed by centrifugation at 2851 × g until 
the total recovery of the aqueous phase. The concentration of free Mito 
in the supernatant was determined by measuring the absorbance at 610 
nm in a Jasco V-660 spectrophotometer (Jasco Corporation, USA). Prior 
to this assay, a standard curve in PBS pH 8.2 was obtained to determine 
the concentration of Mito. 

The calculation of the drug EE% was performed as follows:  

EE% =
Total amount of Mito − Non-entrapped Mito

Total amount of Mito
× 100 (1) 

The loading capacity (LC%) was determined according to the 
following equation: 

LC% =
EE% × Total amount of Mito

Total amount of lipid
× 100 (2)  

2.5. Heat stability of Mito 

Prior to the PTT studies, a heat stability study of Mito was conducted 
using Nuclear magnetic resonance (NMR) using 3-(trimethylsilyl)pro
pionic-2,2,3,3-d4 acid sodium salt (TSP) as internal standard (δ = 0 
ppm). The drug was dissolved in D2O (0.05 % TSP) in an NMR tube and 
incubated for 30 min at 20, 30, 40, 50, 60 and 70 ◦C in an NMR spec
trometer (Bruker Avance III 400, operating at 400.15 MHz). NMR 
spectra were recorded and analyzed for each temperature using the 
standard Bruker software (version 4.01) applying exponential multi
plication and Fourier transform and phase correction. Line broadening 
of 0.30 Hz was used. Each spectrum was analyzed, regarding the po
tential formation of new signals and the variation of the chemical shifts 
of the protons of the drug. 

2.6. Photothermal capacity evaluation and NIR-induced drug release 

To evaluate the photothermal capacity of the AuNRs-loaded SLN, 
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each sample (200 μL, 24 and 32 μg/mL of AuNRs) was irradiated with a 
NIR laser (808 nm, 1.7 W cm− 2) for 5 min and the temperature variation 
was measured using a thermocouple thermometer [30]. The Specific 
Absorption Rate (SAR) and the photothermal conversion efficiency of 
the nanosystems were then calculated (detailed information regarding 
the calculations is presented in the Supplementary data). 

The in vitro drug release was performed with and without NIR laser 
irradiation using the dialysis method. Briefly, 500 uL of each nano
formulation was placed in the upper unit of a Slide-A-Lyzer™ MINI 
Dialysis Device (10 kDa, Thermo Scientific™, MA, USA) and immersed 
into 14 mL of PBS buffer. Dialysis devices were then placed at 37 ◦C 
under stirring for 24 h. At specific time-points, 1 mL of each sample was 
removed from the external media and replaced with 1 mL of pre-heated 
PBS. For the irradiated samples, nanoformulations were irradiated with 
the NIR laser (808 nm, 1.7 W cm− 2) for 5 min. The amount of drug 
released at each time-point was quantified by UV–Vis spectrophotom
etry at 610 nm in an Evolution 201 spectrophotometer (Thermo Scien
tific™, MA, USA). The release data obtained are presented as mean ±
standard deviation. 

2.7. Hemolysis assay 

To perform the hemolysis assay blood samples were collected from 
human healthy volunteers by Serviço de Hematologia from Centro 
Hospitalar Universitário do Porto and stored in ethylenediamine tetra
acetic acid (EDTA)-coated tubes. Blood samples were then centrifuged 
(955 × g, 5 min at 4 ◦C) followed by 3 washing steps with a 0.85 % (w/v) 
saline solution. A 4 % (v/v) solution of RBCs was then prepared and 
incubated with the nanoformulations (diluted in saline solution at the 
desired concentrations) at a ratio of 1:1 in a 96-well plate at 37 ◦C. 
Positive and negative controls consisted of Triton X-100 (1 % v/v) and 
saline solution, respectively. After 1 h, supernatants were recovered and 
the absorbance of hemoglobin was measured at 415 nm in a microplate 
reader (Biotek Instruments, Winooski, VT, USA). Data were obtained 
using the average of three assays with blood collected from three 
different donors. The percentage of hemolysis was determined as 
follows: 

hemolysis% =
Abs(sample) − Abs(negative control)

Abs(positive control) − Abs(negative control)
× 100 (3)  

2.8. Cytocompatibility assessment 

The cytocompatibility of the lipid nanoformulations was evaluated 
in normal cells (NHDF) and breast cancer cells (MCF-7) by the resazurin 
assay, as reported earlier [31]. Cells were seeded in 96-well plates (1 ×
104 cells per well) in DMEM-F12 with 10 % (v/v) FBS and 1 % (v/v) 
penicillin/streptomycin and were kept at 37 ◦C, 5 % CO2. After 24 h, 
cells were incubated with different concentrations of the nano
formulation for 24 h and 48 h. A negative control containing cells 
incubated with DMEM-F12 was also included. At the end of the incu
bation, the medium was removed and a resazurin solution (10 % v/v in 
culture media) was added and incubated for 4 h in dark conditions at 
37 ◦C, 5 % CO2. The fluorescence of the resultant resorufin (λex/λem of 
560/590 nm) was then quantified in a Spectramax Gemini EM spec
trofluorometer (Molecular Devices LLC, California, USA). 

2.9. Cellular uptake studies 

2.9.1. Flow cytometry 
Flow cytometry analyses were performed according to earlier pro

tocols described in our group [32]. Briefly, MCF-7 cells were seeded in 
24-well plates (2 × 105 cells per well) and incubated for 24 h. After that, 
C6-marked SLN (250 μg/mL of lipid, with and without the DSPE- 
PEG2000-FA conjugate) were incubated with the cells for specific time 
points at 37 ◦C, 5 % CO2. A negative control comprising cells incubated 

with DMEM was also included. After each incubation time-point, cells 
were rinsed two times with PBS, recovered from each well using trypsin, 
resuspended in PBS and analyzed in a BD Accuri™ C6 flow cytometer 
(BD Biosciences, Belgium). Staining with PI (0.01 mg/mL) and trypan 
blue (0.004 %) was performed to eliminate the signal from dead cells 
and quench the fluorescence from non-internalized nanoparticles. For 
each condition, 10,000 events were collected. Data analysis was carried 
out using the BD Accuri™ C6 software (BD Biosciences, Belgium). 
Graphpad (GraphPad Software Inc., CA, USA) was used to fit the kinetics 
of time of the cellular uptake to the Michaelis-Menten equation: 

V =
Vmax × t

k + t
(4)  

where V is the cellular uptake in real time Vmax is the value of saturated 
cellular uptake, t is the incubation time, and k is the time of half 
maximum uptake. 

2.9.2. Confocal microscopy 
For confocal laser scanning microscopy (CLSM) imaging, MCF-7 cells 

(1 × 104 cells per well) were seeded in μ-slide 8-well imaging plates 
(Ibitreat, Ibidi GmbH, Munich, Germany) and maintained at 37 ◦C, 5 % 
CO2. After 24 h, the different nanoformulations (5 μg/mL of lipid) were 
incubated for 4 h and 24 h. Subsequently, cells were rinsed with PBS 
three times and 60 nM of Lysotracker™ Green and incubated for 30 min 
at 37 ◦C. After washing three times with PBS, cell fixation was carried 
out using formalin solution incubated for 30 min. After rinsing three 
times with PBS, nuclei were stained with 8 μM of Hoechst 33342® for 
10 min in the dark and, finally, rinsed three times with PBS. CLSM im
ages were obtained using a Leica Stellaris 8 inverted confocal micro
scope using a 63×/1.4 oil objective and a resolution of 1024 × 1024 
(Leica Microsystems, Wetzlar, Germany). The following excitation/ 
emission wavelengths were used: 405/461 nm for Hoechst 33342®, 
504/511 nm for LysoTracker™ Green and 610/630 nm for Mito. Image 
data were processed using Fiji ImageJ software. 

Time-lapse live cell imaging of SLN uptake was also performed using 
CLSM. MCF-7 cells were seeded on 35 mm μ-Dishes (polymer coated, 
Ibidi GmbH, Munich, Germany) at a density of 3.6 × 104 cells per dish 
for 24 h. Cell culture dishes were then placed on the confocal incubator 
chamber, at 37 ◦C, 5 % CO2 and nanoformulations (5 μg/mL of lipid) 
were added and immediately observed in CLSM. Images were auto
matically collected for up to 30 min with a time interval of 5 min be
tween frames in similar conditions as reported above, except for the 
channel of LysoTracker™ Green, which was not used. 

2.10. Combined chemo and photothermal therapy effects in vitro 

The combinatorial effects of chemotherapy and PTT mediated by the 
nanoparticles were evaluated in MCF-7 cells using the resazurin assay, 
as reported previously [31]. Briefly, cells were grown in 96-well plates 
(1 × 104 cells per well) for 24 h at 37 ◦C, 5 % CO2, and incubated with 
the different nanoformulations at an equivalent concentration of 24 and 
32 μg/mL of AuNRs. After 4 h, cells were irradiated with a NIR laser 
(808 nm, 1.7 W cm− 2) for 5 min. Cells incubated with only DMEM-F12 
with and without NIR irradiation were used as a control. Cell viability 
was then evaluated 24 h after nanoparticle incubation, as described in 
Section 2.8. 

2.11. Statistical analysis 

Graphpad Prism6 Software (CA, USA) was used to perform the sta
tistical analysis. Statistical comparisons of the mean between groups 
were assessed by two-way ANOVA. Differences were considered signif
icant with a p-value under 0.05. Data are represented as mean ± SD. 
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3. Results 

3.1. Physicochemical characterization 

Two different SLN nanoformulations were produced by the hot ultra- 
sonication technique. Formulations appeared milky and homogeneous 
with light brown color due to the loading of AuNRs. After Mito 
entrapment, the color changed to dark blue. Their main physicochem
ical characteristics are summarized in Fig. 1. The hydrodynamic size was 
206 nm and 212 nm, for SLN Au-FA and SLN Au-Mito-FA, respectively, 
as measured by DLS. Measurements obtained through NTA, however, 
showed a relatively smaller particle size of 174 nm and 162 nm, 
respectively. The differences obtained with the two techniques are 
related to the ability of NTA to track each nanoparticle individually, 
while DLS determinations can be biased by the presence of agglomer
ated particles, as previously highlighted [25]. In general, the results 
obtained for particle size suggest that the nanoparticles are suitable for 
intravenous administration and passive tumor targeting [33,34]. PDI 
was below 0.2, confirming the presence of a monodisperse population 
for lipid-based nanoparticles [35], which is also corroborated by the 
particle size distribution graphs obtained through NTA. The low values 
of zeta potential of approximately − 10 mV may be related to the ionic 
strength of the solvent (PBS), which is much higher than double 
deionized water [36]. This can be beneficial, since particles with slightly 
negative surface charges have been shown to more easily accumulate in 
the tumor region while having limited uptake in normal organs such as 
the liver [37]. Loading of Mito was efficient, as shown by the EE% of 88 
% and LC% of 2.3 % obtained for this nanoformulation. Prior to the PTT, 
the heat stability of Mito was evaluated through NMR which confirmed 
that no structural changes occurred in the molecule for temperatures up 
to 70 ◦C, suggesting that Mito is suitable for the subsequent studies of 
PTT (Fig. S1). 

3.2. Photothermal effect and NIR-induced drug release 

The temperature variation achieved upon NIR light exposure was 
addressed at two different concentrations of AuNRs (Fig. 2A). At the 
lowest concentration tested (24 μg/mL) temperature was elevated 

>20 ◦C, while at 32 μg/mL an elevation of 25 ◦C was observed. No 
differences were found between drug-loaded and unloaded nano
formulations, which suggests that drug loading did not influence the 
light-to-heat conversion efficiency of the nanosystem. PBS buffer, the 
solvent used for the production of the SLN, was used as a control, 
demonstrating only a very limited temperature variation of approxi
mately 2 ◦C. Additionally, the SAR and the photothermal conversion 
efficiency were calculated. For both AuNRs concentrations (24 and 32 
μg/mL) the obtained SAR value was 1.6 × 104 W/gAu which is in 
accordance with the results previously reported [38,39]. The photo
thermal conversion efficiency was found to be 29.4 %, which is in 
agreement with previous studies using gold nanorods [40,41]. Overall, 
these data demonstrate that the developed nanosystem is effective for a 
PTT application at the two concentrations tested. 

The release of Mito was investigated in physiological PBS with 5 min 
of NIR irradiation and without irradiation (Fig. 2B). As shown in Fig. 2B, 
a controlled release was obtained at the first 6 h of the study, with only 
22 % of Mito released to the external media. After NIR irradiation, a 
higher release of Mito occurred (28 %). This difference between irra
diated and non-irradiated samples increased over time. At the end of the 
assay after 48 h, 76 % of Mito was released, in contrast to the 68 % 
released from the non-irradiated SLN. These data suggest that the tem
perature increase occurring following NIR irradiation led to the partial 
melting of the lipid matrix of the SLN, thus enhancing the release of the 
drug. Therefore, a higher cancer cell death may be predicted from the 
combined effects of hyperthermia and enhanced drug release. 

3.3. Hemolysis 

To assess the suitability of the nanoformulations for intravenous 
injection, a hemolysis assay was conducted using human blood. Nano
formulations were tested at a concentration range of 8 to 40 μg/mL of 
AuNRs (corresponding to 97 to 485 μg/mL of lipid). As shown in Fig. 3, 
nanoparticles induced <1 % hemolysis, even at the highest lipid con
centration (Fig. 3A and B). Therefore, according to ISO/TR 7406, those 
are considered safe for intravenous administration. These results 
demonstrate that the range of concentration of AuNRs found to be 
suitable for PTT applications is non-hemolytic. 

Fig. 1. Physicochemical characterization of SLN Au-Mito-FA and SLN Au-FA. (A) Hydrodynamic size, PDI and zeta potential determined by DLS, EE% and LC%. (B) 
Particle size distribution measured through NTA and corresponding video frames of SLN Au-FA (left) and SLN Au-Mito-FA (right). 
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3.4. Cytocompatibility assessment 

The cytocompatibility of the drug-unloaded nanoparticles (SLN-Au- 
FA) was also evaluated in normal cells (NHDF) and breast cancer cells 
(MCF-7) following incubation for 24 and 48 h, as depicted in Fig. 4. The 
nanoparticles were found to be well tolerated by NHDF up to concen
trations of 388 μg/mL of lipid. The same trend was observed for MCF-7 
cells following incubation for 24 h. After incubation for 48 h, however, 
the two highest concentrations (291 μg/mL and 388 μg/mL) induced a 
reduction in MCF-7 cell viability. These results are in agreement with 
previous works with similar types of nanoparticles, where NHDF were 

found to have high tolerability at a similar or higher range of SLN 
concentrations [42,43], while MCF-7, presented lower tolerability with 
values of IC50 ranging from 175 μg/mL to 560 μg/mL of SLN after 48 h 
incubation [44,45]. Moreover, due to the FA active targeting, a higher 
internalization is prone to occur in MCF-7 cells, which overexpress the 
FR, in opposite to NHDF [46,47]. 

3.5. Cellular uptake 

The effect of the functionalization on breast cancer cell targeting 
ability was evaluated by analyzing MCF-7 cellular uptake by flow 

Fig. 2. NIR light irradiation effect on the temperature variation (ΔT) and drug release of the nanoformulations (A) ΔT of SLN Au-FA and SLN Au-FA-Mito at two 
different concentrations of AuNRs upon irradiation with NIR laser (808 nm, 1.7 W cm− 2) for 5 min. PBS was used as a control. (B) Cumulative release of Mito from 
SLN Au-Mito-FA at 37 ◦C with and without NIR laser irradiation for 5 min (irradiation was performed 4 h after the starting of the assay). Data are expressed as mean 
± SD (n = 3). Arrow indicates the time-point of NIR laser irradiation. 

Fig. 3. Hemolysis assay (A) Representative image of human red blood cells treated with the highest concentration of SLN Au-Mito-FA and SLN Au-FA and controls - 
negative (saline solution) and positive (TX-100 - 1 % v/v) after 1 h incubation. (B) Hemolytic activity of the nanoformulations at different concentrations. Data 
represent the average of three assays using RBCs from three human donors. 
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cytometry and CLSM. 
For the flow cytometry studies, C6-labelled SLN with and without the 

DSPE-PEG-FA conjugate (SLN C6-FA and SLN C6) were produced. 
Nanoparticles were then characterized to confirm that their main 
properties were not considerably affected, which was demonstrated, 
with particle sizes of 212 and 230 nm, PDI of 0.11 and 0.06 and zeta 
potentials of − 8 mV and − 10 mV, respectively (Table S1). After that, 
nanoparticles were incubated with MCF-7 cells for different incubation 
periods up to 24 h. The time-dependent cellular uptake is depicted in 
Fig. 5A. After incubation with the two types of SLN, a rapid internali
zation occurred during the first 4 h, followed by a plateau. Moreover, a 
significantly higher cellular uptake was obtained for SLN C6-FA for all of 
the studied time points, thus confirming the efficacy of the active 

targeting strategy. Additionally, the cellular uptake was found to follow 
Michaelis-Menten kinetics (Fig. 5B). SLN C6-FA exhibited a 1.3-fold 
higher saturated cellular uptake (Vmax) than SLN C6 and a 1.2-fold 
lower k value, suggesting a higher and quicker cellular internalization, 
compared to the non-functionalized SLN. 

Cellular uptake was also visualized by CLSM. MCF-7 cells were 
incubated with the nanoformulations for 4 and 24 h. The CLSM images 
are presented in Fig. 6. After incubation for 4 h, it is possible to observe a 
high red fluorescence in the cytoplasm of the cells, including in the 
endosomes and lysosomes, as suggested by the co-localization of the 
green channel (Lysotracker) and the red channel (Mito). It is also evident 
that incubation with SLN Mito-FA results in a stronger fluorescence in
side the cell compared to their non-functionalized counterparts, 

Fig. 4. Cytocompatibility of unloaded SLN. Cell viability was evaluated following incubation with SLN Au-FA at different concentrations in normal (NHDF) and 
breast cancer cells (MCF-7) after 24 h and 48 h incubation. Data are expressed as mean ± SD (n = 5). 

Fig. 5. Cellular uptake of C6-labelled SLN in MCF-7 cells using flow cytometry. (A) Time-dependent uptake of functionalized (SLN C6-FA) and non-functionalized 
(SLN C6) C6-labelled SLN for 24 h. Values represent mean ± SD; n = 3. Differences between groups were assessed using two-way ANOVA followed by Sidak post-hoc 
test. *p < 0.05, **p < 0.01, ****p < 0.0001 (B) Michaelis-Menten kinetics parameters for SLN C6 and SLN C6-FA. 
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Fig. 6. CLSM images of SLN uptake in MCF-7 cells. Cellular uptake of non-functionalized (SLN Mito) (A) and functionalized SLN (SLN Mito-FA) (B) after incubation 
for 4 h. Blue channel: Hoechst 33342® (nucleus). Green channel: LysoTracker™ Green DND-26 (Lysosomes). Red channel: Mito. 

Fig. 7. Time-lapse CLSM of the MCF-7 cellular uptake of free Mito, SLN Mito and SLN Mito-FA. Cells were incubated under different conditions at 37 ◦C for 30 min in 
the confocal incubator chamber and images were acquired every 5 min. (A) CLSM images of uptake of free Mito, SLN Mito and SLN Mito-FA in MCF-7 cells for 30 min. 
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suggesting a quicker and higher internalization of the functionalized 
SLN, mediated by the FR overexpressed in MCF-7 cells [47]. After 24 h 
(Fig. S2), as expected, a much higher signal of the red channel was 
observed, with a translocation of Mito to the nucleus, which is the local 
of action of the drug, as denoted by the co-localization of the blue and 
red fluorescence. This effect can be attributed to a time-dependent 
cellular uptake and also to the gradual release of Mito over time as 
shown in Fig. 2B. Moreover, a higher accumulation of the SLN Mito-FA 
in the cytoplasm could also be observed, although less evident than at 4 
h incubation, which may reflect saturation of the cellular uptake at 24 h. 
Additionally, a higher signal in the cell nucleus is also noticeable in the 
cells incubated with functionalized SLN, once again suggesting a higher 
internalization. Overall CLSM data corroborate the flow cytometry re
sults, demonstrating a higher cellular uptake of the functionalized 
nanoparticles, compared to their non-functionalized counterparts, sug
gesting a successful active targeting strategy. 

To study the dynamics of cellular uptake in real-time, time-lapse 
CLSM was performed (Fig. 7). MCF-7 cells were incubated with free 
Mito, SLN Mito and SLN Mito-FA for 30 min and images were recorded 
at pre-determined time points. As it can be observed in Fig. 7 nano
particle uptake occurs approximately at 20 min of incubation. A higher 
red fluorescence intensity is observed following treatment with func
tionalized SLN for all the studied incubation times, pointing to the 
occurrence of a faster and higher cancer cell internalization of these 
nanoparticles. Interestingly, both nanoformulations led to an enhanced 
Mito uptake in comparison with incubation with the free drug. Similar 
facts have been reported in other studies for the Mito analog doxorubicin 
[48,49]. This fact can be related to the lipophilicity of SLN, which en
hances the interaction with the cell membranes, thus improving drug 
intracellular delivery [48,50]. Moreover, free Mito and Mito-loaded SLN 
may be internalized through distinctive mechanisms. Free Mito inter
nalization occurs mainly through passive [51] or flip-flop diffusion [52], 
being subjected to P-glycoprotein (P-gp)-mediated efflux [52]. In 
contrast, nanoparticles are generally internalized via endocytosis, which 
may improve intracellular drug delivery and evade P-gp-mediated drug 
efflux [49,53]. 

Overall these data support that FA functionalization resulted in a 
faster and higher cancer cell uptake for the first 30 min of incubation 
with the nanoparticles, demonstrating the efficacy of the 
functionalization. 

3.6. Chemo and phototherapeutic combined effects 

After evaluating the cytocompatibility of the nanosystem and the 
targeting efficiency towards MCF-7 cells, the combined photo and 

chemotherapeutic effects of the nanoformulation were analyzed at two 
different concentrations of AuNRs (Fig. 8). Cells were incubated with the 
nanoformulations and after 4 h, exposed to NIR light for 5 min at a 
power density of 1.7 W cm− 2, which is in agreement with previous 
works for gold-based nanomaterials [54,55]. A control comprising cells 
treated with only DMEM-F12 exposed to NIR light was also included. As 
shown in Fig. 8, there were no differences between irradiated and non- 
irradiated control cells, demonstrating that NIR irradiation per se, did 
not induce any alterations in cancer cell viability. In contrast, NIR light 
induced a significant reduction in cancer cell viability after treatment 
with SLN Au-FA at the highest concentration tested (corresponding to 
32 μg/mL of AuNRs), demonstrating the PTT effect of the nanosystem. 
Moreover, for Mito-loaded SLN, both concentrations tested were able to 
elicit a higher cancer cell death following exposure to NIR light. At the 
highest concentration tested (32 μg/mL of AuNRs and equivalent 10 μg/ 
mL of Mito), cell viability decreased from 22 to 8 %, which can be 
attributed to the combined actions of PTT, chemotherapy and NIR- 
induced drug release. 

4. Conclusion 

In this work, novel multifunctional lipid nanoparticles co-loaded 
with mitoxantrone and gold nanorods were produced by combining 
PTT and chemotherapy to improve breast cancer treatment. Nano
particles presented suitable physicochemical characteristics for intra
venous injection and passive tumor accumulation. Additionally, an 
active targeting strategy was implemented by functionalizing the 
nanoparticles' surface with a folic acid conjugate. A temperature in
crease up to 20 ◦C was mediated by the nanoformulation upon near- 
infrared laser irradiation, demonstrating its suitability for PTT applica
tions. Additionally, an increased drug release occurred following light 
exposure for 5 min, suggesting that the temperature variation was 
enough to destabilize the lipid matrix structure. Moreover, nano
particles did not induce hemolysis and were well tolerated by healthy 
cells. The functionalization was found to be effective, leading to higher 
nanoparticle accumulation in MCF-7 cells, which was shown by confocal 
microscopy and flow cytometry studies. Finally, the chemo- 
phototherapeutic effect of the nanoformulation were evaluated in 
MCF-7 cells. Laser irradiation induced a significant reduction in cancer 
cell viability following incubation with drug-loaded and unloaded 
nanoparticles demonstrating the phototherapeutic effect of the nano
system. Furthermore, a demarked increase in cancer cell death was 
obtained due to the combined effects of chemotherapy, NIR-induced 
drug release and PTT. Taking into consideration the advantages of 
using lipid nanoparticles, mainly their low-cost manufacture and easy 

Fig. 8. Photo and chemotherapeutic effects in 
MCF-7 cells. Phototherapeutic and combined PTT- 
chemotherapy effects of the nanoparticles were 
studied in MCF-7 cells upon NIR laser irradiation 
(808 nm, 1.7 W cm− 2) for 5 min. Cells were 
treated for 24 h. Data are represented as mean ±
SD (n = 5). Control w/o NIR represents cells solely 
incubated with DMEM F-12. Control w/ NIR cor
responds to cells only incubated with DMEM F-12 
and irradiated with NIR light. Differences between 
conditions were determined using two-way 
ANOVA followed by Sidak post-hoc test ***p <
0.001, ****p < 0.0001.   
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scale-up, we believe that this approach may contribute to the develop
ment of a viable multimodal therapeutic modality in the near future. 
Only one study has reported the development of lipid nanoparticles for 
the combination of chemotherapy and PTT using gold nanostructures. 
Zheng et al. developed a nanoformulation based on nanostructured lipid 
carriers co-loaded with doxorubicin and polyhedral gold nanoparticles 
aiming to combine chemotherapy, PTT and drug release. The authors 
could achieve a demarked reduction in cancer cell viability from 
approximately 20 to 10 % at a concentration of 20 μg/mL of doxorubicin 
and 500 μg/mL of NLC. Nevertheless, a high laser dose was used (20 W 
cm− 2) with an irradiation time of 10 min [24]. In our work, similar 
results were obtained using a lower laser power (1.7 W cm− 2) and only 5 
min of irradiation. Overall these data suggest that the developed lipid 
nanosystem combining active cancer cell targeting, PTT, light-induced 
drug release, and chemotherapy represents a cost-effective approach 
for the multimodal therapy of breast cancer. Future work will be per
formed using an in vivo mice model of breast cancer to evaluate the 
biodistribution, bioaccumulation, and therapeutic efficacy of this 
nanoformulation. 
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