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• NLCs were used as a drug delivery sys
tem as well as a Trojan for gold 
Nanoparticles. 

• NIR responsive release of drug was 
achieved. 

• These NLCs can be used as a Synergistic 
therapy Agent.  
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A B S T R A C T   

Breast cancer is one of the fatal diseases renowned worldwide. Chemotherapy is not sufficient for the treatment 
of breast cancer in a significant number of cases. In this study, we present the doxorubicin (DOX) and gold 
nanoparticles (AuNPs) loaded nanostructured lipid carriers (DOX+AuNPs)@NLCs, designed for dual chemo/ 
photothermal therapy. Different geometries of AuNPs (gold nanospheres (AuNSs), gold nanorods (AuNRs), and 
gold nanocubes (AuNCs)) were also loaded in NLCs to exploit their photothermal heating capacity and to 
conceptualize the most efficient combination of drug delivery system for combined therapy. The light-triggered 
on-demand release of DOX from NLCs was examined before and after NIR irradiation (808 nm). The highest 
heating potential was obtained via AuNRs with ΔT = 22 ◦C in 5 min with 19.5 µg Au/mg lipid. The cytotoxic 
effect of these formulations was evaluated on MDA-MB-231 breast cancer cells and the highest growth inhibition 
(81%) is achieved with (DOX+AuNRs)@NLC under 5 min NIR application. It is found that the geometry directly 
effects the photothermal capability of AuNPs, a synergistic interaction between cytotoxic action of DOX and local 
hyperthermia provided by AuNPs can significantly enhance the skills on the irreversible cellular damage and 
developed state-of-art formulations hold a great potential as a combined-cancer-therapy agent. Thus, this study 
offers promise for the development of a lipid-based nano-platform that is biocompatible, multifunctional, and 
can be utilized for combined therapy, with tunable properties.  
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1. Introduction 

Cancer is a significant global health issue and ranks as the second 
most common cause of death [1]. When looking at the distribution of the 
cancer cases, it was reported that the first most common type is breast 
cancer globally. As of January 1, 2022, more than 4 million females 
living in the U.S.A are known to have a case history of the invasive breast 
cancer [2]. Current treatment methods are chemotherapy, radiotherapy 
and surgery. Chemotherapy remains to be the most common method of 
treatment with some limitations [3]. Administered drug in chemo
therapy is not targeted and effects healthy tissues and may accumulate 
in certain parts of the body. 

Therefore, it is documented that chemotherapeutic agents can cause 
serious organ (kidney, lung, liver etc.) damage [4]. For this reason, ar
ranging drug concentrations where antitumor effect can be achieved can 
also cause toxic effects on healthy cells. When chemotherapeutics are 
used in lower concentrations, the desired therapeutic level may not be 
achieved. These restrictions have created a need for drug delivery sys
tems (DDS) based on nanotechnology that can improve bioavailability, 
biocompatibility and controlled release of drugs [5–7]. Among various 
vectors as DDSs, lipid-based nanocarriers are the most favorable can
didates for drug delivery due to their physiologically-related nature [8]. 
NLCs are the new-generation lipid nanoparticles consisting of both solid 
and liquid lipids at room temperature which causes a defective crys
talline structure and play a significant role in biomedical applications 
such as drug delivery, gene transfer, and imaging, utilizing the proper
ties of soft matter [9,10]. This can provide more available regions for 
drug encapsulation, especially for hydrophobic drugs [11]. NLCs that 
contain liquid lipid nano-compartments in their structure are called 
multiple-type (Type-III) NLCs [12,13]. This type NLCs come into 
prominence to increase the drug loading capacity and provide a more 
controlled release because of the lower solubility of the drug in solid 
lipid than liquid lipid [12]. In this way, the drug dissolves more in the 
liquid lipid compartment, while the outer solid lipid matrix helps for 
prolonged release. 

The utilization of photothermal therapy (PTT) alongside chemo
therapy has significant benefits for cancer treatment [14–18]. During 
the PTT procedure, the use of photothermal agents leads to the con
version of light into heat. This heat generated is then used to destroy 
cancer cells through thermal ablation, causing their death [19]. The 
outstanding advantages of PTT include few side effects, low toxicity, 
non-invasive and localized properties, especially avoidance of 
chemo-resistance [20,21]. NIR light is the preferred choice for practical 
applications due to its low attenuation by soft tissues and blood, 
enabling it to penetrate tissues better than other wavelengths of light 
[19]. AuNPs are ideal agents for PTT due to their exceptional plasmonic 
characteristics and low toxicity. AuNPs can be deposited within tumors 
by active or passive targeting [22]. They can also be activated by a NIR 
laser irradiation, inducing irreversible cell damage by allowing suffi
cient heat generation at low laser powers, denaturing proteins, and 
breaking cell membranes directly within the tumor, minimizing side 
effects [23]. Among the golds with good photothermal conversion effi
ciency in the NIR-I region (650–980 nm), AuNSs, AuNRs and AuNCs can 
be given as examples [24,25]. The use of AuNPs in high concentrations 
accumulates in the main organs, especially in the kidneys [26]. For this 
reason, in such studies, it is necessary to pay attention to the concen
tration and even the size of the particles. On the other hand, high con
centration and high surface area are very important to reach the desired 
temperature for hyperthermia [27,28]. In order to eliminate these 
negative effects, the encapsulation of inorganic nanoparticles into the 
carrier system has great importance [29]. AuNPs and drug can be loaded 
into DDSs simultaneously and their distribution in the body can be 
controlled. Moreover, the therapeutic success of PTT is strongly 
dependent on the cancer type, and the tumor adaptation to temperature 
[30]. Employing combined therapeutic methods that rely on the syn
ergistic interaction between heat and cytotoxic treatments has been 

suggested as a highly advantageous approach [31]. Multiple studies 
have indicated that combining DNA damaging agents like DOX with 
hyperthermia is more effective as DNA repair processes are 
temperature-dependent [32]. DOX is an anthracycline compound that 
primarily inhibits the topoisomerase I and II and intercalate into DNA, 
thus inducing programmed cell death. Nevertheless, DOX has a signifi
cant toxic effect on healthy tissues which is a major problem that should 
be addressed while conceptualizing an efficient cancer treatment. 

The presented study focuses on the development of drug-assisted 
chemo/photothermal agents to benefit from their synergistic cytotox
icity on triple negative breast cancer (TNBC) cells MDA-MB-231, on- 
demand and targeted release of DOX by using AuNSs, AuNRs and AuNCs 
individually as photothermal agents and by this way evaluating the ef
fect of geometry on the photothermal efficacy of AuNPs under NIR 
irradiation (808 nm). Our findings show that, (DOX+AuNRs)@NLCs 
possessed the most cytotoxic effect under NIR irradiation whose inhi
bition on cell viability is higher than the total inhibition of DOX NLCs 
and AuNRs NLCs individually applied which proves the synergistic 
antitumor efficacy of the developed formulations. Finally, it has been 
demonstrated that lipid-based biocompatible nanoparticles that can 
provide a synergistic therapeutic effect can be successfully prepared by 
utilizing inorganic NPs with appropriate geometry and concentration, 
and lipid NPs with the correct composition and appropriate drugs. 

2. Experimental methods 

2.1. Materials 

Pluronic F-127, gold (III) chloride trihydrate, sodium chloride, so
dium phosphate monobasic monohydrate, sodium phosphate dibasic 
dodecahydrate, chloroform, and methanol were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Stearic acid, oleylamine, tween-20 were 
purchased from Merck (Darmstadt, Germany). Oleic acid (OA) and so
dium bicarbonate were obtained from Fisher Chemicals (Loughborough, 
UK). Tert-Butylammonium bromide was obtained from Acros Organics 
(Carlsbad, CA, USA). Doxorubicin hydrochloride was purchased from 
Toronto Research Chemicals (North York, Canada). Ultrapure water 
with a resistivity of 18.2 MΩ⋅cm was used for all experiments as a water 
purification system (Millipore Direct-Q3 UV). All materials were used 
without further purification. 

2.2. Preparation of AuNPs with different geometry 

Oleylamine-coated AuNSs were synthesized to be used as a photo
thermal agent. For the preparation of AuNSs, 5 mL of chloroform, 1 mL 
of oleylamine, and 0.05 g of HAuCl40.3 H2O were allowed to mix for 10 
min at 30 ◦C at atmospheric conditions. Then, 0.04 g TBAB, 0.05 mL 
oleylamine, and 1 mL chloroform were mixed with sonication and added 
to the mixture at 30 ◦C. At this stage, the color was recorded as dark 
purple. The mixture was stirred for 45 min using a magnetic stirrer. 
Then, the samples were centrifuged three times with ethanol at 14,000 
rpm to separate the uncoated oleylamine of the AuNSs surface. After 
centrifugation, the samples were left to dry in a vacuum desiccator for 
24 h and stored in eppendorfs at + 4 ◦C. 

AuNRs were synthesized using the seed-growth method by slightly 
modified El-Sayed and his co-workers procedure [33]. A total of 0.25 mL 
HAuCl4 solution from 10 mM and 10 mL of a CTAB solution from 0.1 M 
were mixed at 30 ◦C. Then, NaBH4 solution (0.60 mL of 10 mM) was 
quickly added into the previous solution under vigorous stirring without 
using a magnetic stirrer. At this stage, the NaBH4 solution should be ice 
cold. The final seed solution was stirred for 5 min to ensure the 
decomposition of excess NaBH4. The silver(I)-assisted growth part was 
started by mixing of 0.5 mL HAuCl4 (10 mM) and 0.1 mL AgNO3 (10 
mM) with 10 mL CTAB solution (0.1 M). Then, 0.2 mL HCl (1.0 M) was 
added to the solution, and the pH was reduced to 3–4. This step is to 
stabilize the structure, so that the seed solution does not turn into a 
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dumbbell shape. Then, 0.08 mL L-ascorbic acid (0.1 M) was added into 
the solution to reduce the gold from Au(III) to Au(I). In the final step, 24 
µL of seed solution was added to the growth solution, and the solution 
was kept at 30 ◦C under gentle stirring for 2 h. AuNCs were synthesized 
using the seed-growth method by slightly modified Narayanan et al. 
procedure [34]. 0.25 mL of HAuCl4 solution from 0.01 M and 7.5 mL of a 
CTAB solution from 0.1 M were mixed slightly at 30 ◦C. Then, NaBH4 
solution (0.60 mL of 10 mM) was quickly added to the previous solution 

under vigorous stirring without using a magnetic stirrer. At this stage, 
the NaBH4 solution should be ice cold. The final seed solution was 
stirred for 2 min to ensure the decomposition of excess NaBH4 and the 
seed solution was kept 2 h without stirring. The preparation of growth 
solution started by mixing of 0.2 mL HAuCl4 (10 mM) and 0.3 mL AgNO3 
(10 mM) with 4.75 mL CTAB solution (0.1 M). Then, 0.032 mL 
L-ascorbic acid (1 M) was added to the solution to reduce the gold from 
Au(III) to Au(I). In the final step, 10 µL of seed solution was added to the 
growth solution, and the solution was kept at 30 ◦C without stirring for 
3 h. To remove free CTAB molecules, the aqueous solution of AuNPs was 
centrifuged at 10,000 rpm for 30 min. After centrifugation, the super
natant which was rich in CTAB molecules was removed, and pure water 
was added to the solid part at the bottom. This process was repeated two 
times. 

2.3. Preparation of (DOX+AuNPs)@NLC 

In this study, NLC was prepared as a drug carrier particle by the melt- 
emulsification method as described in the literature [35]. Briefly, 95 mg 
mixture of stearic acid and oleic acid were mixed and added to the 
mixture of DI water (30 mL) and Pluronic F-127 (98.4 mg) when both 
solutions reached 75 ◦C. Oleic acid used as a liquid lipid was increased 
from 0% to 40%. Prior to addition to the water phase, acetone and 
ethanol were also added into the stearic acid-oleic acid mixture for 
easier emulsification. Then, this emulsion was left to freeze for 3 h at −
20 ◦C without waiting in room temperature. 

To prepare (DOX+AuNPs)@NLC, specific amounts DOX and AuNPs 
were added to the mixture of the oil phase consisting of oleic acid and 
stearic acid. Then, DOX and AuNPs loaded oil phase was integrated into 
the water phase, which contained DI water and surfactant, and the 
procedure was completed similarly as mentioned NLC preparation. 
While loading the active ingredient into the NLC, two different ratios 
were carried out, 1:15 and 1:144 (drug:lipid, (w/w%)). 

2.4. Characterization of (DOX+AuNPs)@NLC 

Hydrodynamic diameters of NLC, AuNSs, AuNRs, AuNCs, and 
(DOX+AuNPs)@NLC were determined by dynamic light scattering 
(DLS, ALV-CGS-3 Compact Goniometer) at a 90◦ angle by diluting the 
1:100 ratio with DI water. Atomic Force Microscopy (AFM, PSIA Cor
poration, XE-100E)) was also used to examine the size and morphology 
of the NLCs. AFM samples were prepared by drying the samples under a 
vacuum for 24 h at room temperature. Also, Transmission Electron 
Microscopy (TEM) analysis was performed to get more detailed infor
mation about sizes and morphology. 

2.5. Encapsulation efficiency (EE%) and drug loading capacity (DL%) 

The NLC dispersion was centrifuged at 8000 rpm for 15 min to 
determine the amount of free DOX which was not encapsulated in NLC. 
The absorbance value of the supernatant was measured by UV–vis 
Spectrophotometer (UV–vis, Thermo Scientific™, GENESYS 10 S) at 
485 nm. The encapsulation efficiency and drug loading were calculated 
using Eq. 1 and Eq. 2, respectively [36]. 

2.6. In vitro DOX release and NIR triggered release 

The release of DOX from NLCs was investigated separately in the 
presence of AuNSs and only in the presence of active pharmaceutical 
ingredients. Drug release experiments were carried out in 50 mL PBS 
solution, which contains 0.7% (w/v%) Tween-20 at 37 ◦C. 1 mL 
(0.32 mg drugs/mL) of drug-loaded NLC dispersion was placed in the 
membrane and added to the release medium considering the sink con
ditions. Experiments were also carried out at pH 7.4 and pH 5.5, 
respectively to mimic blood pH and cancer cell pH. Absorbance values 
were recorded at regular time intervals (0, 0.25, 0.50, 1, 2, 4, 6, 24, 30, 
and 48 h), and releases were observed for 48 h. All experiments were 
performed at least three times. 

2.7. Photothermal performance studies 

AuNSs NLC, AuNRs NLC, and AuNCs NLC dispersions were prepared 
at specific concentrations (7.8, 13, 26, 39, 52 µg Au/mg lipid) in a 
volume of 1.2 mL and poured into the quartz cuvette. The NIR laser 
source (CNI Model with PSU-III-LED, MDL-III-808–2.5 W) is positioned 
to coincide with the midpoint of the quartz cuvette. A heat chamber was 
used to maintain the ambient temperature. The temperature values were 
recorded every 10 s. NIR irradiation was applied at various power values 
(1–2.5 W) at 808 nm for 15 min. These laser experiments were repeated 
by increasing the NLC concentration and keeping the AuNSs, AuNRs and 
AuNCs amounts constant. A rotary evaporator was used to adjust the 
concentration of NLC. FLIR E54 model thermal camera was used to re
cord the temperature increase. All experiments were repeated at least 
three times. 

In addition, an on-off cycle study was carried out to test how long the 
particles could maintain their activity. After the particles were exposed 
to NIR irradiation, the laser source was turned off. Recooling at room 
temperature was recorded every 10 s, and on-off cycles were repeated 
three times. The photothermal conversion efficiencies of the particles 
were calculated from Eq. 3. 

η =
hS(Tmax − Tsurr) − Qdiss)

I(1 − 10 − sλ)
(3) 

Here, h is the heat transfer coefficient, S is the surface area of the 
quartz bath, Tmax is the maximum steady temperature of dispersion, and 
Tsurr is the environmental temperature. Also, Qdis refers to the heat 
emitted from the absorbed light with both the quartz cuvette cell and the 
dispersion, which is not included in AuNPs. I refer to the laser power and 
λ is the absorbance of the dispersion at a wavelength of 808 nm [37]. 

EE% =
Total amount of drug − Free amount of drug in the supernatant

Total amount of drug
x100 (1)  

DL% =
Total amount of drug − Free amount of drug in the supernatant

Total amount of drug + Total amount of lipid
x100 (2)   
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2.8. Cell culture studies 

The TNBC, highly metastatic breast cancer cell line, MDA-MB-231, 
was purchased from the American Type Culture Collection (ATCC, 
Wesel, Germany). Cells were cultured in High Glucose DMEM (Capri
corn, Germany) containing 10% fetal bovine serum (Capricorn, Ger
many), 1% L-glutamine (Sigma-Aldrich, Milan, Italy) and 1% Antibiotic 
solution (BIOIND, Israel). Culture conditions consist of 37 ◦C, 5% CO2 
and 100% humidity. 

2.9. Cell metabolic activity analysis 

Cytotoxicity studies were performed using the MTT assay. The of 
control, NLC, drug and different geometry of AuNPs, drug and different 
geometry of AuNPs containing NLCs, with or without NIR irradiation 
were applied to MDA-MB-231 cells cultured in 96 well plates. Analyses 
were carried out for ten experimental groups. The effects of different 
compounds on the metabolic acitivity of breast cancer cells were 
measured by spectrophotometer. Briefly, 5000 cells per well for each 
experimental group were seeded in 96-well plates (Nest Scientific USA 
Inc.) and incubated at 37◦C with 5% CO2. 10 µL of MTT final concen
tration 0.5 mg/mL solution (Biotium,California, USA) was added to each 
well at 0, 24 and 48 h. Plates were incubated for 4 h in the dark at 37 ◦C. 
Then, 100 µL of DMSO was added to each well to dissolve the formazan 
crystals. It was mixed by pipetting and left for 15 min to ensure complete 
dissolution. Absorbance was recorded at 570 nm by a microplate reader 
(BioTek Synergy H1, BioTek Instruments, Winooski, VT, USA). The 
viability is expressed as control OD percent. 

2.10. Lateral motility assay 

In order to test the metastatic potential of highly metastatic MDA- 
MB-231 cells after treatment, the lateral motility was examined by 
performing the wound healing assay. The cells (2 × 105 cells per well) 
were seeded in six-well plates (Nest Scientific USA Inc.). After they reach 
confluency, three wounds were produced in each well using a pipette 

tip. The wells were rinsed once with fresh medium, and wound widths 
were recorded under an inverted microscope (Leica, Wetzlar, Germany). 
These cells were treated with NLC, DOX and DOX NLC for 48 h. Pictures 
of wound areas at 0, 24 and 48 h were measured with an NIH Image J 
program and adopted as 100 in the beginning and expressed as percent 
remaining cell free areas. 

3. Results and discussion 

3.1. Preparation and characterization of AuNPs 

The primary objective of our study was to prepare AuNPs in appro
priate sizes and desired geometries (sphere, cube and rod) and then 
encapsulate them with the preferred antitumor agent (DOX) into 
biocompatible NLCs with high encapsulation efficiency to use in chemo/ 
photothermal synergetic therapy. 

It is well-known that, according to both Mie’s theory and experi
mental findings, AuNPs bigger than 20 nm which can be counted as a 
particle different than a bulk material, possess a spectrum which is 
composed of the sum of size-dependent absorption and scattering 
modes. Higher order modes become more dominant with increasing 
particle size, causing the plasmon absorption band to red shift and 
resulting in increased bandwidth. The optical absorption spectra depend 
directly on the size of the particles, which is called the extrinsic size 
effect. AuNSs are symmetrical particles and the plasmon resonance of 
this type of geometry collected on the same axis and band. However, the 
plasmon resonance for nanorods splits into two different bands. More
over, as the aspect ratio increases, the energy separation between the 
resonance frequencies of the two plasmon bands increases [38]. The 
high energy band corresponds to the oscillation of the electrons 
perpendicular to the major axis of the rods and is referred to as the 
transverse plasmon absorption. The other absorption band, which is 
red-shifted to lower energies, is caused by the oscillation of the electrons 
along the major axis of the nanorods and is known as the longitudinal 
surface plasmon absorption [39]. In Fig. 1. A, Fig. 1. B and Fig. 1. C the 
UV-vis spectra of AuNSs, AuNRs, and AuNCs prepared in our study is 

Fig. 1. UV–vis spectrum of A) AuNSs and B) AuNRs C) AuNCs and TEM images of D) AuNSs and E) AuNRs F) AuNCs (the bar is 50 nm for AuNSs and AuNCs, 100 nm 
for AuNRs). 
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presented, respectively. AuNSs exhibited a single peak value at 529 nm, 
as expected. It is known that AuNPs with spherical geometry do not give 
a surface plasmon resonance (SPR) peak in the NIR region and the 
characteristic absorbance band gap of AuNSs was seen between 500 and 
600 nm in the visible region. On the other hand, in Fig. 1. B, it was 
determined that the AuNPs with rod geometry consist of two peaks at 
538 and 869 nm. One of the two plasmon bands found in AuNRs is the 
“longitudinal LSPR band” (at 869 nm) interrelated with electron oscil
lations along the length axis. The other one is the “transverse LSPR 
band” (at 538 nm) excited by light polarized along the transverse di
rection of the AuNRs [39]. For the cubic particles, as given in the 
literature, when the particle geometry is a regular cube, a single plasmon 
band is seen, unlike the asymmetric AuNRs [40]. Although the AuNCs 
used in our study are not in a perfectly regular cube structure (Fig. 1. C), 
they formed a single plasmon band at 636 nm, since they have a shape 
similar to the geometry of a faceted rectangular prism whose side 
lengths are close to each other. 

In addition, the sizes and geometries of these particles were analyzed 
by TEM. The average diameter of the AuNSs was calculated as 18.6 
± 3.21 nm (Fig. 1. D). This size value was suitable for loading AuNPs 
into NLC. In order to make this process easier, the surface of the AuNPs 
was coated with oleylamine and the hydrophobicity was increased. On 
the other hand, in Fig. 1.E., the longitudinal length of the AuNRs was 
calculated as 59.5 ± 28.94 nm and the width as 10.2 ± 3.34 nm. Aspect 
ratio was also calculated as a 5.85. In Fig. 1.F., the edge length of the 
cubes was recorded as 23.7 ± 17.34 nm. 

3.2. Preparation and characterization of (DOX+AuNPs)@NLC 

NLC was prepared by using the "melt-emulsification method" with 
changing many parameters such as mixing time, type of emulsifier, 
amount of surfactant, mixing way and mixing speed. The size of NLCs, 
which were prepared in 10 different formulations are presented in 
Table S1. In the melt-emulsification method, surfactants are added to 
the water phase. One of the main reasons for this is that during the so
lidification of the particles, the surfaces of the lipid droplets are rapidly 
coated with surfactants, thereby reducing the particle size. For this, 
Tween-20 and Pluronic F-127 were used as emulsifying agents, and in 
the case of using Pluronic F-127 (1%, (w/w%)), smaller diameter NLCs 
were obtained. In addition, when the mixing speed was increased, 
smaller NLCs were formed. 

Similarly, the duration and type of mixing affect the size. For syn
ergistic therapy, intravenous administration of drug carriers will be the 
preferred route. For that reason, it was preferred to have the NLC in the 
range of about 500 nm. Therefore, our primary motivation was to pro
duce NLC with the as smallest as possible in size. Because, its expected 
that the size would increase when DOX and gold were loaded into the 
NLC which leads us to continue with NLC8 which the smallest size, 
66.35 ± 14.85 nm. 

After the optimization studies of the NLCs were completed, DOX and 
AuNPs were added to the NLC to investigate size (Table 1). When DOX 
was added to the NLC at a ratio of 1:15 (drug:lipid), the NLC size was 
increased 66.35 ± 14.85 nm to 372.20 ± 70.47 nm. Also, the AuNSs 

and AuNCs were encapsulated to the NLC at a lipid ratio of 26 μg Au/mg 
lipid and their sizes are 290.12 ± 58.15 nm and 344.82 ± 54.23 nm, 
respectively. and AuNRs were encapsulated to the NLC at a lipid ratio of 
19.5 μg Au/mg lipid and its size was calculated as 302.13 ± 62.98 nm. 
The size obtained when only DOX was loaded higher than when only 
AuNP was loaded. This is because a large amount of DOX can be dis
solved in the incompatible oleic acid within the matrix of NLC. When 
DOX and each of the AuNP were loaded together, the size of NLCs 
increased between 317.92 ± 49.84 nm and 374.80 ± 67.93 nm. The 
reason for the increase in size is due to solid DOX and AuNPs occupying a 
large space in the NLC matrix. This size increase was one of the in
dications of the successful encapsulation of DOX and AuNPs into NLCs 
[29]. Looking at the literature, Zheng et al. added DOX and polyhedral 
AuNPs into NLC. Similar to this study, the NLC size of 267 nm increased 
to approximately 378 nm when both DOX and AuNPs were encapsu
lated. Besides in our study, the encapsulation efficiency of DOX NLC was 
82.75%, increasing to approximately 90% when AuNPs were included 
(Fig. 2). Gold geometry did not significantly change the DOX encapsu
lation efficiency and loading capacity. 

3.3. Photothermal performance of AuNSs NLC, AuNRs NLC and AuNCs 
NLC 

The particles were exposed to NIR light irradiation and temperature 
changes were observed. Fig. 3.A. shows the temperature change profiles 
of different concentrations of AuNSs loaded NLCs studying under 
808 nm NIR irradiation at 2.3 W power for 15 min. The temperature of 
pure water increased by 0.7 ◦C. On the other hand, at 52 μg Au/mg lipid, 
the highest concentration studied, the temperature was increased to 
53.3 ◦C from 21.1 ◦C. So, the temperature difference was calculated as 
32.2 ◦C. Similarly, the temperature differences were noted as 9.8, 11.4, 

Table 1 
Sizes for NLC, DOX entrapped NLC, AuNPs entrapped NLC and AuNPs and DOX co-entrapped NLC.    

Size (nm)  

PDI DLS AFM 
NLC 0.124 ± 0.06 72.02 ± 24.87 66.35 ± 14.85 
DOX NLC 0.170 ± 0.02 263.46 ± 38.15 372.20 ± 70.47 
AuNSs NLC 0.232 ± 0.02 238.56 ± 24.16 290.12 ± 58.15 
AuNRs NLC 0.507 ± 0.02 227.76 ± 81.78 302.13 ± 62.98 
AuNCs NLC 0.527 ± 0.01 294.28 ± 92.01 344.82 ± 54.23 
DOXþAuNSs NLC 0.422 ± 0.06 487.45 ± 62.80 352.13 ± 29.34 
DOXþAuNRs NLC 0.514 ± 0.04 412.15 ± 71.15 317.92 ± 49.84 
DOXþAuNCs NLC 0.502 ± 0.04 468.56 ± 81.64 374.80 ± 67.93  

Fig. 2. Percent encapsulation efficiencies and drug loading capacities of 
DOX+AuNSs NLC, DOX+AuNRs NLC, DOX+AuNCs NLC. 

C.E. Okuyucu et al.                                                                                                                                                                                                                             



Colloids and Surfaces A: Physicochemical and Engineering Aspects 672 (2023) 131763

6

22.3, 26.0 and 22.3 ◦C for 7.8, 13, 26 and 39 μg Au/mg lipid, respec
tively. It can be deduced the AuNSs in the NLC increased and the tem
perature reached at the end of 15 min also increased. The appropriate 
temperature range for hyperthermia, 41–45 ◦C, was reached at a lipid 
concentration of 26 μg Au/mg lipid. For AuNSs NLC at this concentra
tion, the temperature was recorded as 43.4 ◦C after 15 min. However, 
since temperatures exceeding 45 ◦C are disadvantageous for healthy 
cells, 26 μg Au/mg lipid was used as the optimum concentration value 
for further studies related to spherical geometry. 

In Fig. 3. B, an experimental set similar to AuNS was created with 
AuNRs. When the samples were exposed to NIR laser radiation for 
15 min, it was observed that this time moved away from the desired 
temperature value (41–44 ◦C). Only 5 min was suitable for these 

concentration and power values. So, at the end of 5 min, the tempera
ture differences were also calculated as 9.3, 16.8, 20.9, 22.0, 27.5 and 
36.4 ◦C for increasing concentrations, respectively. It was observed that 
the values obtained against the same concentrations with AuNSs were 
higher in rod-shaped gold. One of the reasons for this, the AuNRs have a 
larger surface area than AuNSs. The other reason is that the SPR band 
splits into two bands when the shape of the AuNRs changes from AuNSs. 
In addition, Sangnier et al., as a result of their study, proved that 
nanospheres are only suitable for the NIR-1 region and that at 808 nm, 
nanorods show more temperature increase than nanospheres. In this 
study, it was determined that AuNPs encapsulated in NLCs similar re
sults. The optimum concentration value for AuNRs was 19.5 μg Au/mg 
lipid exposed to laser irradiation at 2.3 W for 5 min. At this 

Fig. 3. Temperature change profiles and thermal camera images of NLC dispersions containing different concentrations of (7.8–52 μg Au/mg lipid) A) AuNSs, B) 
AuNCs, C) AuNRs at 808 nm NIR irradiation, 2.3 W power. [n = 3]. 
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concentration, the temperature reached 43.6 ◦C degrees. As mentioned 
earlier, cell death can be induced at temperatures above 41 ◦C. How
ever, cells are reported to undergo necrosis at a higher temperature of 
46 ◦C or higher [41]. While selecting the optimal concentration, was 
kept of the range of apoptosis. 

The set of experiments examining the photothermal effects of AuNS 
and AuNRs was also done with AuNCs. Fig. 3. C shows the variation of 
the temperature profiles of AuNCs loaded NLCs with increasing con
centration. The temperature changes obtained for AuNCs were calcu
lated as 9.1, 15.1, 24.0, 30.7 and 38.1 ◦C respectively, from 7.8 μg Au/ 
mg lipid to 52 μg Au/mg lipid. Similar to gold in other geometry, it is 
seen that the temperature values reached increase as the AuNCs con
centration in the NLC increases. Here, 26 μg Au/mg lipid was chosen as 
the optimum concentration. This concentration determination was 
made with attention to cell apoptosis. In order to understand the pho
tothermal property differences between AuNPs, the external conditions 
were kept the same and the 26 μg Au/mg lipid concentration was used. 
For comparison, the heating provided by AuNPs in each geometry was 
recorded for 10 min. The temperatures of AuNRs NLC, AuNCs NLC and 
AuNSs NLCs increased to 53.9, 44.6 and 41.2 ◦C in these conditions, 
respectively. A temperature difference of 29.6 ◦C for AuNRs NLCs, 
24.0 ◦C for AuNCs NLCs and 20.1 ◦C for AuNSs NLCs was recorded for 
10 min under 808 nm NIR irradiation. Thus, the particles with the best 
performance in terms of the temperature difference they create were 
AuNRs NLC, AuNCs NLC and AuNSs NLC, respectively. 

The thermal camera images of the AuNPs with three different ge
ometries were brought together. Here, it is clearly seen that the AuNRs 
NLC can reach the desired temperature with less concentration in a 
shorter time. It is a crucial subject since inorganic particles like AuNPs 
can cause accumulation in the human body if given in high concentra
tions. Moreover, the longer the exposure in the cancerous area with NIR 
irradiation, the higher the chance of necrosis in the cells. For this reason, 
it is proven that the AuNRs are much better photothermal agents than 
their other geometrical counterparts considering their superior perfor
mance with lower concentrations in a shorter time during the NIR 
treatment. 

The amount of AuNPs in the NLC dispersion was kept constant, 
whereas the amount of NLCs loaded with AuNPs was doubled in the 
same volume and is equivalent to the 52 μg Au/mg lipid concentration 
(Fig. S1). While heating with laser, by doubling the concentration, 
AuNSs (Fig. S1. A), AuNRs (Fig. S1. B), and AuNCs (Fig. S1. C), reached 
54.4 ◦C at the end of 15 min, 61.43 ◦C at the end of 5 min, and 56.1 ◦C at 
the end of 10 min, respectively. These values were quite similar to the 
52 μg Au/mg lipid concentration mentioned for 53.3 ◦C, 60.3 ◦C and 
57.7 ◦C for AuNSs, AuNRs, and AuNCs, respectively. These results 
showed that at the same power value and laser wavelength, the photo
thermal properties always depend on the gold concentration, even 
though the number of NLC particles encapsulated with AuNPs was 
increased. 

NLCs were exposed to NIR laser irradiation and the particles were 
allowed to cool until they reached a value close to the initial tempera
ture in order to understand how stable the particles were and how long 
they could maintain their activity without any external effect. As a result 
of this study, AuNSs and AuNCs were stable until the third cycle (Fig. S2. 
A. and Fig. S2.C.). On the other hand, AuNRs are stable until the second 
cycle (Fig. S2. B). After these cycles, more temperature increase was 
measured in the same time period (data was not graphed). The better 
heating performance of AuNRs is significant in terms of reaching high 
temperatures in a shorter time and melting NLC. At this stage, it is 
thought that the gold-containing NLC particles cannot remain stable and 
diffuse from the NLC to the outer environment with disruption of NLC. 
Since AuNRs can convert more light into heat energy under the same 
conditions as AuNSs and AuNCs, so they can provide more heating in the 
desired area. Thus, AuNRs are presented as a successful photothermal 
agent in a short time and at lower concentrations compared to other 
studies. 

The photothermal conversion efficiency values are given in Fig. S3. 
Here, time versus -ln(Q) graphs were drawn to obtain photothermal 
conversion efficiency values for all AuNPs (Fig. S3. A, Fig. S3. C and 
Fig. S3. E). From the graph drawn using the cooling curves of AuNPs, it 
was calculated that AuNSs (Fig. S3. B) had 18.17%, AuNRs (Fig. S3. D) 
30.49%, and AuNCs (Fig. S3. F) 11.89% photothermal conversion effi
ciency, respectively. This disparity in efficiency for the three different 
geometry AuNPs is believed to be due to differences in the absorption 
coefficient associated with the absorption cross-section, which de
termines the ability of the plasmonic nanostructure to absorb light at a 
given level. Photothermal conversion efficiency values seem low, the 
fact that the gold was encapsulated in the NLC has reduced their effi
ciency percentages. While the conversion efficiency of AuNRs alone was 
60.4%, this efficiency was almost halved when entrapped into NLC. 
Another reason for the variation in the efficiency was the concentration. 
In our study, we tried to keep the concentrations low to reduce toxicity 
taking into account the accumulation in healthy tissue. Here, we tried to 
emphasize the importance of loading AuNPs into NLC by considering 
many parameters such as irradiation time and concentration while 
keeping the photothermal conversion efficiency higher. 

When only the release of DOX at pH 7.4 was examined, it reached 
approximately 36% at the end of 48 h (see Fig. 4. A). On the other hand, 
released DOX amount decreased to 20.3% when it is co-encapsulated 
with AuNSs at the end of first 7 h in Fig. 4.B. However, when NIR was 
applied to the particles for 15 min, the percent release was calculated as 
48.5%. When only DOX was used, it was released into the environment 
at a concentration of 0.0010 mg/mL, while this value increased to 
0.0014 mg/mL with the effect of NIR irradiation. 

A similar release experiment was also performed for AuNRs as pre
sented in Fig. 4.C. DOX release decreased to 22.4% when co- 
encapsulation with AuNRs. The decrease in percent release while 
increasing the encapsulation efficiency supports the better dissolution of 
DOX in the lipid matrix and its positioning towards the center of NLCs. 
When NIR irradiation was applied to the same structure for 5 min for 5 
times, DOX release gradually increased to 54.7%. In addition, at the end 
of 5 times NIR applications, the released DOX concentration was 
calculated as 0.0015 mg/mL. At this point, the concentration is 2.4 
times higher than that the case of NIR laser irradiation absences. In 
AuNCs NLCs, the percent release value, which was 26.6% without 
applying NIR, increased to 51.2% after applying NIR irradiation (see 
Fig. 4. D). In the presence of AuNCs, DOX concentration reached 
0.0014 mg/mL at the end of release, similar to AuNSs. It was seen that 
AuNRs give proportionally better release performance with NIR irradi
ation. It was expected that AuNRs, which give the most successful results 
in photothermal properties, will be successful in NIR-triggered release. 
In triggering AuNRs with NIR irradiation, higher concentrations were 
achieved than other geometries. Because the temperature rise is also 
high in the steps where NIR irradiation was applied. The release, which 
started at 37 ◦C, increased its temperature by 0.19% at the end of the 5th 
cycle. After the first 2 steps, the temperature increase occurred in par
allel with the on-off cycle experiments (see Fig. 4). The percentage 
concentration released in each NIR step was almost equal. On the other 
hand, NLC particles containing AuNSs and AuNC increased the release 
ambient temperature by 2.9 ◦C maximum and reached 39.9 ◦C degrees. 
DOX release from AuNSs and AuNCs NLCs was also calculated at similar 
concentration values at each step similar to AuNRs. Giu et al. used DOX 
and gold cluster-loaded liposomes in their studies [42]. They applied a 
NIR laser during the first 250 s to examine the DOX release change from 
the liposome. They recorded the temperature reached at the end of this 
period as 41.8 ◦C, similar to our study. They emphasized that this 
temperature value caused structural damage in the liposome. Similar to 
this proposition, AuNRs spread as a result of the disruption of NLCs at 
these temperatures may have increased the temperature gradually. 
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3.4. . Cell studies 

Motility is an essential feature of live cells. Cell migration is involved 
in the conception of life, embryonic development, immune response, 
and many pathological processes such as cancer metastasis and 
inflammation. The study of cell migration in cancer research is of 
particular interest as the main cause of death in cancer patients is related 
to metastatic progression. In our study, to get a prior information either 
NLCs had any adverse effect on lateral motility of MDA-MB-231 cells or 
a possible decrease on the anti-migration and antiproliferative effect due 
to encapsulation of DOX into NLCs, cell culture wound closure assay was 
applied. Lateral motility is expressed as % cell free area that remains and 
given in Fig. 5. It is observed that, application of NLCs alone, DOX-OA 
and NLC-DOX-OA resulted in 79%, 107%, 123% respectively while 
control cells closed the area by 71%. Therefore, NLC alone did not affect 
the lateral motility of cells but DOX loaded and DOX and OA containing 
NLC preparations caused a significant inhibition on lateral motility and 
therefore metastatic potential of cells. Also, the graphic represents the 
remaining cell free areas as percent of original wound in Fig. S4. 

Cytotoxicity assays of free DOX, NLCs, DOX NLCs, AuNPs NLCs and 
(DOX+AuNPs)@NLCs were performed in human TNBC cell line MDA- 
MB-231 cells using the same concentration of in vitro studies for 24 h 
and 48 h (Fig. 6). In order to examine the effect of AuNP-induced 
localized hyperthermia on the cell proliferation in terms of both accel
erated drug release and temperature-dependent DNA-damaging, NIR 
laser irradiation was applied at 808 nm. Except (DOX+AuNCs)@NLCs, 
(DOX+AuNRs)@NLCs, AuNCs NLCs and AuNRs NLCs; all the groups 
were equally treated with NIR for 15 min. In order to see the results of a 
realistic photothermal therapy application and to ensure that the local 
temperature does not exceed 42–43 ◦C, formulations containing AuNRs 
and AuNCs were irradiated just for 5 and 10 min, respectively. It is seen 
from the results given in Fig. 6, NLCs showed a negligible cytotoxicity on 
MDA-MB-cells with ~7% decrease in their percentage cell viability 
regardless with the application of laser. For DOX and DOX NLC, a 
reduction in the cell viability with 40.5% and 41.7% is observed, 
respectively, for the first 24 h. These differences increased to 52.1% and 
65.4% for 48 h, with a larger gap, which can be accepted as a proof of 
the increase on the therapeutic effect of DOX with sustained release from 

Fig. 4. In vitro release profile of A) DOX NLC, B) (DOX+AuNSs)@NLC with and without NIR irradiation (808 nm, 2.5 W, 15 min) C) (DOX+AuNRs)@NLC with and 
without NIR irradiation (808 nm, 2.3 W, 5 min) D) (DOX+AuNCs)@NLC with and without NIR irradiation (808 nm, 2.5 W, 10 min) at 7.4 pH in PBS solution 
(including 0.7% Tween-20 (w/v%)) at 37 ◦C. 
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NLCs. Moreover, to see the cytotoxic effect of AuNPs with different ge
ometries on MDA-MB-231 cells, AuNPs NLCs were also used without 
DOX. For 48 h in the absence of laser irradiation, it was observed that 
AuNSs NLC, AuNCs NLC and AuNRs NLCs can reduce cell viability 
percentage to ~99.6%, ~101.3%, and ~102.3%, from ~128.0%, 
respectively. These results showed that AuNPs regardless with the ge
ometry, have their own cytotoxicity on breast cancer cells. A number of 
in vitro studies have shown that AuNPs cores are nontoxic. However, 
there is a distinction between the AuNPs core and that of coating sta
bilizer, which is not possible to study the AuNPs core without a stabi
lizer. It is known that some precursors of AuNPs may be toxic, such as 
CTAB that is used in our study. However, in our study, the excess CTAB 
was successfully washed out via centrifugation, and accepted had no 
detectable effect on the cytotoxicity profile. Many reports in literature 
have shown that AuNPs exert their cytotoxicity through the induction of 
oxidative stress in various tumors [43]. It is also widely accepted that 
geometric properties can significantly alter the interaction of AuNPs 
with cells, cellular membranes and effect their intracellular localization 
and biodistribution. In their study, Steckiewicz and coworkers studied 
on the cytotoxicity of spherical, rod and star-shaped AuNPs on human 
fetal osteoblast hFOB 1.19 and pancreatic duct cell hTERT-HPNE cell 
lines and showed that rod-shaped AuNPs were the most toxic to human 
cells, while AuNPs spheres appeared to be the safest. In another study, it 
is reported that AuNRs were highly toxic in comparison to 
hexapod-shaped AuNPs. It is known that, according to the different 
geometries, the distribution of the surface atoms in AuNPs may have 
changed according to the different crystal properties of different parts. 
More atoms at angles and edges may cause stronger interactions with 
biomolecules. Thus, the higher toxicity of the rods and stars can be 

attributed featuring a larger number of edges and corners, which is often 
not observed for spherical AuNPs [44]. On the other hand, besides the 
geometry, there are two important parameters that can determine the 
extent of cytotoxicity of AuNPs which are size and concentration. As a 
general assessment, particles in the range of ~25–50 nm diameter have 
been found to exhibit the highest cellular uptake, whereas particles 
bigger than 50 nm show lower levels of uptake [45]. However, when the 
obtained results are evaluated in terms of Au concentration, it can be 
concluded that the Au concentration added to each well in cell studies is 
critical to explain the cytotoxicity behavior with a realistic approach. In 
their study, Wozniak and coworkers showed that, both for HEK293T cell 
line and HeLa cell line, when the concentration of AuNS, AuNR, Au 
nanoprisms and Au nanostars increased, the level of toxic behaviour 
increased which is seen at most for AuNSs [46]. However, it is also 
demonstrated that, 1 µM Au concentration exhibited a cytotoxicity 
which is statistically insignificant regardless of the particle geometry. 
The fact that the AuNP concentration was 0.4 µM/well in our study can 
be shown as one of the reasons of no significant toxicity occurred. 
Moreover, encapsulating AuNPs into the NLCs also has a vital role on 
that high biocompatibility. For the formulations without AuNPs, when 
the results with and without laser irradiation are compared, it can be 
said that NIR application does not make any difference when evaluated 
with respect to their own control groups. The decrease in the cell 
viability of NLC, DOX and DOX NLC after 24 h without laser application 
was observed as ~6%, ~36% and ~39% whereas under NIR irradiation 
the values became ~9%, ~40% and ~42%, respectively. The results 
exhibited that, without AuNPs, the toxicity of the formulations did not 
influence from the laser irradiation. 

The significance of the synergistic approach is clearly seen when the 
cytotoxicity results of (DOX+AuNPs)@NLCs are examined to under
stand the effect of combined therapy in which photothermal therapy is 
used together with chemotherapy. In Fig. 6, it is seen that for both 24 h 
and 48 h, introduction of AuNPs besides DOX under NIR irradiation 
caused the most impactful cytotoxicity. When compared with DOX alone 
or DOX+NIR irradiation; (DOX+AuNSs)@NLC, (DOX+AuNCs)@NLCs 
and (DOX+AuNRs)@NLCs formulations caused much higher cell killing 
efficiency with ~49.2%, ~49.5% and ~47% decrement in the percent 
cell viability at 48 h. However, it should be underlined that in our study, 
according to the results given in Fig. 3; the formulations include AuNSs 
were exposed to 15 min, AuNCs 10 min, and AuNRs 5 min of NIR irra
diation during cell studies. Although period of the applied NIR exposure 
differs, the fact that the obtained cell viability values are very close to 
each other means two things; i) AuNPs with different geometries show 
different photothermal potential under laser as mentioned before, and 

Fig. 6. Percentage of cell viability of control, NLC, drug and different geometry of gold nanoparticles, and drug and different geometry of gold nanoparticle con
taining NLCs at the end of A) 24 and B) 48 h, with or without NIR irradiation. Data represents mean three independent experiments (mean ± SD). n = 3. 

Fig. 5. Effects of NLC, DOX and DOX NLC on lateral mobility of MDA-MB-231 
cells. Cells were treated NLC, DOX and DOX NLC in the micrographs of wound 
areas and the values represent the lateral distance. 
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ii) In addition to DOX-induced cell death, the effect of PTT-induced 
death is also significant. It is known that, PTT-induced local hyper
thermia can permeabilize the interstitial matrices of tumors by dena
turating the dense collagen matrix within the interstitial space between 
tumor cells and blood vessels [47]. In addition to that, PTT has been 
demonstrated to synergistically enhance the effectiveness of chemo
therapeutic agents, particularly DNA-damaging agents like DOX which 
act as topoisomerase I and II inhibitors and DNA intercalating agents 
[48]. When the results given in Fig. 6. A and 6. B are examined, it is seen 
that under NIR irradiation, AuNPs NLC formulations were also able to 
create a significant toxicity especially for 24 h. For instance, the dif
ference between the percentage cell viability values of (DOX+AuNRs) 
@NLC and AuNRs NLC is ~12%. However, it is also clearly seen that the 
same cytotoxic effect created by the heat shock was faded at the end of 
48 h and the same difference increased to ~35%. These findings clearly 
shows that the cell killing efficiency obtained is not only due to local 
hyperthermia, but also to the synergistic approach of the combined use 
of DOX and AuNPs and the prolonged release of DOX from NLCs. 

4. Conclusion 

In conclusion, this study offers a dual chemotherapy/photothermal 
therapy approach using state-of-art (DOX+AuNPs)@NLC. In this study, 
gold nanoparticles in different geometries were used and after loading 
into the NLC, its potential for use in PTT was examined. AuNRs in NLC 
have been shown to be a good photothermal agent at 808 nm NIR 
irradiation. The drug loading capacity of (DOX+AuNRs)@NLC, which is 
approximately 304 nm in size, was calculated as 9.12%. Although NLCs 
have a higher drug loading capacity compared to their pure solid al
ternatives due to having low crystallinity, their encapsulation efficiency 
of highly water-soluble drugs such as DOX is comparably low. In further 
studies, conducting the experiments aimed at reducing the water solu
bility of DOX to increase its loading capacity can increase the drug 
encapsulation efficiency and thus therapeutic efficacy of the final 
nanocarrier. The structure being smaller than 500 nm indicates that it is 
suitable for intravenous use. In addition, in vitro cell studies have 
emphasized the significant impact of the use of photothermal therapy 
together with chemotherapy on cell viability. Furthermore, AuNRs are 
more successful photothermal agents than AuNSs and AuNCs in trig
gering NLC release. Thus, a biocompatible lipid-based carrier system 
suitable for synergetic therapy, which can be successful even in a system 
that is difficult to target, was presented. Also, a trojan-like smart lipid- 
based drug delivery system in which both AuNPs and DOX are encap
sulated is presented. 
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