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d Department of Pharmacology, Faculty of Pharmacy, Universidad de Sevilla, C/Prof. García González 2, 41012 Seville, Spain 
e Department of Physical Chemistry, Faculty of Chemistry, Universidad de Sevilla, C/Prof. García González s/n, 41012 Seville, Spain   
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A B S T R A C T   

Liposomes (Lip) are useful nanocarriers for drug delivery and cancer nanomedicine because of their ability to 
efficiently encapsulate drugs with different physical and chemical properties. The pH gradient between normal 
and tumoral tissues, and their rapid metabolism that induces hyperthermia encourage the development of pH- 
and thermo-sensitive Lip for delivering anticancer drugs. Nucleolipids have been studied as scaffolding material 
to prepare Lip, mainly for cancer therapy. Herein, we report for the first time the use of 1,2-dipalmitoyl-sn- 
glycero-3-(cytidine diphosphate) (DG-CDP) to develop pH/thermo-sensitive nucleolipid-containing stealth Lip 
stabilized by combination with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol, anchored 
with NH2-PEGylated gold nanoparticles (PEG-AuNPs, 15 nm) for triggering delivery of doxorubicin (Dox). The 
optimal composition of DPPC, DG-CDP and cholesterol (94:3:3) was established by Langmuir isotherms. 
Unloaded and Dox-loaded Lip and AuNPs-Lip exhibited nano-scale sizes (415–650 nm), acceptable polydispersity 
indexes (<0.33), spherical shapes, and negative Z-potential (− 23 to − 6.6 mV) due to the phosphate groups of 
DG-CDP, which allowed the anchoring with positively charged AuNPs. High EE% were achieved (>78%) and 
although efficient control in the Dox release towards different receptor media was observed, the release of Dox 
from PEG-AuNPs-Lip-Dox was significantly triggered at acidic pH and hyperthermia conditions, demonstrating 
its responsiveness to both stimuli. Dox-loaded Lip showed high cytotoxic activity against MDA-MB-231 breast 
cancer cells and SK-OV-3 ovarian cancer cells, suggesting that Dox was released from these nanocarriers over 
time. Overall, the liposomal formulations showed promising properties as stimuli-responsive nanocarriers for 
cancer nanomedicine, with prospects for hyperthermia therapy.   

1. Introduction 

The use of nanostructures as multifunctional platforms for targeting 
drugs in order to increase their efficacy in the tissue to be treated and 
minimize the side effects in the rest of the organism is among the pri-
orities of advanced therapeutic nanocarriers. With the advancement of 
research in the field of nanomedicine, a large number of drug delivery 

systems have been developed to date, including those based on lipids, 
polymers, inorganic components, etc. (García, 2019; García et al., 
2017), and also hybrid systems combining them (García and Uberman, 
2019; Milczewska et al., 2016). 

Lipid vesicles, known as liposomes (Lip), were the first 
nanotechnology-based delivery systems reported by Bangham et al. in 
the 70s (Bangham and Horne, 1964). Since then, Lip have been widely 
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studied and have risen as one of the most useful tools for developing 
nanocarriers for drug delivery. These lipid systems provide numerous 
advantages due to their biomimicking cell membranes, capability to 
entrap hydrophilic and lipophilic molecules, biocompatibility and 
biodegradability, low immunogenicity and negligible toxicity, high 
chemical versatility, etc. (Large et al., 2021). 

A major drawback of conventional Lip is that the mononuclear 
phagocyte system can recognize them after systemic administration, and 
subsequently, they can be quickly cleared by the reticuloendothelial 
system (Aghdam et al., 2019). Adsorption of proteins and corona for-
mation are generally associated with the recognition of Lip, as well as 
other nanocarriers, by the immune system and their clearance from the 
systemic circulation. The most common strategy that has been used to 
reduce protein binding is the coating with inert biocompatible polymers, 
such as polyethylene glycol (PEG) on the surface of Lip to obtain the so- 
called ’stealth’ surfaces (Franco et al., 2021). Furthermore, it has been 
demonstrated that incorporation of zwitterionic lipids in Lip, similar to 
PEGylation, allows reducing protein binding and increasing plasma 
residence time (Montizaan et al., 2020). Moreover, a great challenge 
facing drug delivery systems for cancer therapy is the liposomal trigger 
at the tumor site (Franco et al., 2021). In this regard, Lip can be designed 
to prevent or minimize drug release in the bloodstream and normal 
tissues and release their payload only when exposed to a specific trigger 
stimulus at the tumor site, obtaining optimal anticancer effects (Aghdam 
et al., 2019). 

Normal tissues and other biological fluids have a pH value of ~7.4. 
The extracellular pH of tumors is ~6.5–7.2, and its value is even lower in 

intracellular endosomes (5.5–5.0) and lysosomes (4.0–4.5) (Boedtkjer 
and Pedersen, 2020; Franco et al., 2021; Koltai, 2020; Li et al., 2019; 
Torres et al., 2020). Taking advantage of this pH gradient, pH-sensitive 
Lip have been developed as delivery systems for anticancer agents 
mainly due to their ability to fuse with the endosomal membrane, trig-
gering the drug release into the cytoplasm (Aghdam et al., 2019; Franco 
et al., 2021). The responsiveness to pH changes can be obtained if the 
components of Lip present acid-cleavable bonds or acid-base ionizable 
groups. Furthermore, tumor tissues usually exhibit hyperthermia due to 
their rapid metabolism. This phenomenon, besides the higher sensitivity 
of cancer cells to temperature oscillations, when compared to normal 
cells (Franco et al., 2021), has prompted the development of thermo- 
responsive Lip as nanocarriers for delivering anticancer therapeutics 
(Aghdam et al., 2019; García et al., 2021; Lyon et al., 2018). Lip with 
responsiveness to temperature changes can be obtained if they incor-
porate phospholipids with gel-to-liquid crystalline phase transition at a 
few degrees above physiological temperature (Park et al., 2013), as it 
has been demonstrated by 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC, Fig. 1B), which is a zwitterionic lipid that exhibits a phase 
transition temperature at around 41 ◦C (Naitlho et al., 2019). 

Moreover, in the development of stimuli-responsive nanocarriers, 
hybrid nanomaterials composed of both inorganic and organic compo-
nents have recently been studied. They have demonstrated improved 
properties combining the ease of processability of the organic compo-
nent and the mechanical and thermal stability of the inorganic substance 
(García and Uberman, 2019; Milczewska et al., 2016). One of the stra-
tegies that has been explored is the physical or chemical conjugation of 

Fig. 1. Molecular structures of A) 1,2-dipalmitoyl-sn-glycero-3-(cytidine diphosphate) (DG-CDP), B) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and C) 
cholesterol. 
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gold nanoparticles (AuNPs) for anchoring Lip surfaces (Mady et al., 
2012), which has proved to be an effective way to increase inorganic 
nanoparticle stability and biocompatibility under biological conditions 
(Lozano et al., 2012). AuNPs-functionalized Lip can be used to trigger 
the drug release in virtue of local temperature changes because of the 
light-induced heating response of the inorganic component. Thus, these 
smart hybrid systems can be designed to utilize the photonic properties 
of AuNPs for local heat generation and trigger content release (Hou 
et al., 2020; Lajunen et al., 2015; Li and Kataoka, 2020; Sau et al., 2009). 

Taking into account these last approaches, in a previous work we 
developed thermo-sensitive cationic Lip based on DPPC, cholesterol 
(Fig. 1C) and didodecyldimethylammonium bromide (DDAB) at two 
different ratios (75.24:3.35:21.42 mol% and 45:40:15 mol%), which 
were then loaded with doxorubicin (Dox) and surface decorated with 
anionic AuNPs. The influence of cholesterol levels on their interfacial 
and morphological properties, and drug release profiles were studied. 
The results obtained showed that the higher the proportion of choles-
terol, the higher the drug loading efficiency. Dox was released in a 
controlled manner and the percentage of drug released was higher as the 
temperature of the release medium increased, explained by the phase 
transition of DPPC present into the bilayer. The release was also influ-
enced by the proportion of cholesterol in the liposomal formulations and 
the drug preserved its anticancer activity when loaded into AuNPs- 
anchored Lip (García et al., 2021). 

The surface functionalization of Lip with AuNPs by complexation 
requires an appropriate modification of the bilayer composition to 
confer them surface charge. An alternative with increasing relevance in 
recent years is the use of Lip that incorporate nucleolipids, which also 
involves the incorporation of DNA bases into these biomimetic systems 
(Montis et al., 2012; Rouquette et al., 2019), providing a surface charge 
to the Lip. 

Nucleolipids are amphiphilic compounds formed by the covalent 
bonding of a nucleoside or nucleotide to the polar head of a lipid chain 
(Allain et al., 2012). They have aroused great interest in different areas 
of the biomedical field, such as chemotherapy or gene therapy of cancer 
(Barthélemy, 2009; Ramzy et al., 2017). Their properties are unique, 
since they can interact with nucleic acids through specific hydrogen 
bonds, pi-stacking, or electrostatic forces. The molecular recognition 
capabilities of these amphiphilic molecules to the complementary DNA 
base of the base fragment in the nucleolipid molecule have been 
demonstrated in Langmuir, Langmuir-Blodgett and Langmuir-Shaefer 
monolayers and bilayers (Alvarez-Malmagro et al., 2019, 2020; 
Argudo et al., 2019; Michanek et al., 2012; Montanha et al., 2011; Xin 
et al., 2012). In cancer therapy, the association of these nucleic acid 
fractions with lipids has been carried out to improve cellular uptake 
and/or the biodistribution characteristics of nucleosides (Oumzil et al., 
2014). Therefore, nucleolipids constitute an excellent model system that 
combines the self-assembly properties of the phospholipid structure and 
the specific recognition of the nucleoside fragment, which represents an 
important advance in the administration and targeting of nucleic acids 
(Loew et al., 2010; Pokholenko et al., 2013). 

With the aim of using nucleolipids like scaffolding material of lipid 
vesicles for drug loading and delivery, the stability of the lipidic film 
needs to be optimized. Lateral interactions between adjacent acyl chains 
play an important role in the stabilization and compact organization of 
the film. On the other hand, repulsive interactions between polar heads 
of nucleolipid, either of steric or electrostatic nature, can exert a nega-
tive effect on the organization of the molecules in the film. This is 
particularly relevant in the presence of buffer solution, suggesting that 
net negative charge of the phosphate groups of the nucleolipid is the 
main contribution to the repulsive interactions. To address this concern, 
mixed films of two or three different components can be assembled. In a 
previous work, the nucleolipid 1,2-dipalmitoyl-sn-glycero-3-(cytidine 
diphosphate) (DG-CDP, Fig. 1A) was analyzed in mixed films with DPPC 
(Prieto-Dapena et al., 2021a) and it was observed that increased the 
distances between nucleolipid polar heads while identical acyl chains in 

the whole film were maintained. 
The optimum composition of the mixed film can be achieved by 

thermodynamic analysis of the Langmuir isotherms of the monolayers 
formed at the air/buffer interface. This can also be performed by 
including cholesterol in the film formulation, which can be used to 
provide some extra stabilization of the film. 

We hypothesized that a new lipid nanoplatform aimed for triggering 
delivery of anticancer drugs may be achieved by using a nucleolipid, DP- 
CDP, as a scaffolding material for preparing lipid vesicles and that its 
presence in the bilayer constitutes an excellent model system for tar-
geting nucleic acids in cancer therapy, and also that the surface prop-
erties conferred by the nucleolipid to the Lip allow the further 
functionalization with amine-terminated PEGylated-AuNPs. 

In this work, we report for the first time DG-CDP-containing lipid 
vesicles, stabilized by combination with DPPC and cholesterol to design 
and develop pH-temperature dual-responsive stealth Lip surface func-
tionalized with NH2-PEGylated-AuNPs for triggering delivery of Dox. 
Langmuir isotherms of the mixed lipid monolayers were thermody-
namically analyzed to define the optimal composition of DG-CDP, DPPC 
and cholesterol. The drug loading efficiency, interfacial and morpho-
logical properties of liposomal formulations were studied as well as the 
drug release behavior against pH and temperature changes, simulating 
the conditions in the tumor microenvironment. The anticancer activity 
of free Dox and loaded into the liposomal formulations was compara-
tively studied against breast (MDA-MB-231) and ovarian (SK-OV-3) 
cancer cells. 

Dox was selected since it is an anthracycline cytotoxic drug widely 
used to treat different types of tumors, by a complex mechanism that 
includes intercalation between the nucleobases of double-stranded DNA, 
blockage of topoisomerase II, and the generation of free radicals (Sri-
tharan and Sivalingam, 2021; Thorn et al., 2011). Despite its large use as 
an anticancer agent, this drug causes many side effects, including high 
cardiotoxicity (Cai et al., 2019; Douedi and Carson, 2019; National 
Cancer Institute, 2020). Hence, the development of nanostructured 
systems based in AuNPs-Lip based on the aforementioned components 
and loaded with this anticancer drug may improve their responsiveness 
to pH and temperature changes, predicting an effective delivery of Dox 
to tumors and further reducing its side effects. 

2. Materials and methods 

2.1. Materials 

DPPC and DG-CDP were supplied by Avanti Polar Lipids (Alabaster, 
AL, USA), and cholesterol and Sephadex® G-50 beads were obtained 
from Sigma Aldrich® (Barcelona, Spain). NH2-PEGylated-AuNPs (15 
nm) solution was provided by Nanovex Biotechnologies® (Asturias, 
Spain). 

The reagents NaCl, NaOH pellets, Na3PO4, KH2PO4, K2HPO4 and 
ammonia 30% (PA grade, PanReac AppliChem®, Barcelona, Spain), 
chloroform stabilized with amylene (EPR grade, LAbKem, Barcelona, 
Spain), Dox and Triton X-100 solution (Sigma Aldrich®, Barcelona, 
Spain), HCl 37% (PA grade, T3 Química, Barcelona, Spain), (NH4)2SO4 
(Sigma Aldrich®, Barcelona, Spain), CH3COONa⋅3H2O (AnalaR Nor-
mapur, Barcelone, Spain), glacial acetic acid (Labkem, Barcelone, Spain) 
were used as purchased without further purification. Phosphate buffer 
solution (PBS) at pH 7.4 (to simulate plasmatic conditions) and acetate 
buffer solution (ABS) at pH 5.1 (to simulate intracellular endocytic 
conditions) were prepared according to the United States Pharmacopeia 
specifications (U.S. Pharmacopoeial Convention, 2015) using analytical 
grade reagents. 

All experiments were carried out with ultra-pure water freshly ob-
tained from a Milli-Q© system. 
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2.2. Cell cultures 

Human breast cancer cells (MDA-MB-231) and human ovarian can-
cer cells (SK-OV-3) were purchased from the American Type Culture 
Collection (ATCC) and the Cell Line Service (CLS, Eppelheim, Germany), 
respectively. Cells were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ 
mL penicillin and 100 μg/mL streptomycin. All cells were kept in a 
humidified 37 ◦C, 5% CO2 incubator. All cell culture reagents were 
purchased from Biowest (Nuaillé, France). 

2.3. Monolayers of lipids at the air/aqueous interface 

Stock solutions of the individual lipid compounds (DPPC, DG-CDP 
and cholesterol) were prepared in chloroform at concentrations of c.a. 
1 mg/mL. The lipid mixtures of different compositions were obtained by 
adding the required volumes of each lipid stock solution. All lipid so-
lutions were stored at –20 ◦C. Previously, the glassware used was 
cleaned in a hot ‘piranha’ solution (H2SO4 98%:H2O2 30% in a volume 
ratio of 3:1) at least 2 h, thoroughly rinsed with ultrapure water and 
dried overnight in an oven at 80 ◦C. 

Langmuir isotherms were obtained in a PTFE Langmuir trough 611 D 
from Nima, computer controlled, with a volume of subphase of c.a. 150 

cm3 and maximum interfacial area of c.a. 270 cm2. Two PTFE moving 
barriers allowed modification of the interfacial area and surface tension 
was measured with a PS4 Nima tension sensor using a 1 cm wide 
chromatographic paper from Whatman®, which was renewed in all 
measurements. The surface pressure of the monolayer (π) was obtained 
by the difference between the surface tension in the absence and the 
presence of the monolayer (γ0 − γ). The trough was maintained in a 
Perspex cabinet to avoid contamination from the laboratory atmosphere 
and interference of airstreams in the pressure sensor. 

To obtain the Langmuir isotherm of every monolayer, the trough was 
cleaned with methanol and water several times. A new Wilhelmy plate 
was placed hanging from the pressure sensor and the trough was filled 
with the subphase. The moving barriers were set at the closest position 
and the interface was aspirated using a new PET pipette tip to eliminate 
any possible dust from the interface. The barriers were then moved to 
the open position and the surface pressure sensor lecture was set to zero 
(γ0) and a precise volume in the range of 20–30 μL of the lipid solution 
with the selected composition was spread with a Hamilton chromato-
graphic syringe (0–50 μL) over the subphase and the cabinet was closed. 
A waiting lapse of 20 min was fixed to allow the solvent evaporation and 
the monolayer formed was then compressed at a rate of 25 cm2/min 
while the surface pressure was measured. All measurements were per-
formed at lab temperature (22 ± 1 ◦C). The Langmuir isotherms of the 

Fig. 2. Schematic representation of the different steps involved in the liposome (Lip) preparation, doxorubicin (Dox) encapsulation and anchoring process with 
amine-terminated PEGylated gold nanoparticles (NH2-PEGylated AuNPs). At the end of each step, images of the macroscopic appearance of non-irradiated (left) and 
laser irradiated (right) liposomal dispersions, showing the Tyndall effect. 
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monolayers represent the π vs the area per molecule (Amolec). 

2.4. Preparation of unilamellar Lip 

The pre-weighed components (DPPC, DG-CDP and cholesterol) at a 
ratio of 94:3:3 mol% were dissolved in chloroform. The sample was 
evaporated (Büchi®, R-200) at 42 ◦C, the organic solvent was removed 
and a thin lipid film was obtained, which was then hydrated by adding 3 
mL of 250 mM (NH4)2SO4 aqueous solution. Multilamellar Lip were 
formed after 5 alternated cycles consisting of stirring by vortex for 1 min 
and heating bath at 42 ◦C for 5 min. 

The liposomal formulations were then processed as previously 
described (García et al., 2021), with some modifications. Briefly, 2 mL of 
sample were placed in an extruder (Avanti Polar Lipids®, Alabaster, AL, 
USA) under airflow and a heating bath at 58 ◦C, and extruded through 
0.8 µm polycarbonate membranes followed by 0.4 µm polycarbonate 
membranes, 5 times each to obtain unilamellar Lip. The liposomal for-
mulations were then dialyzed to generate a transmembrane ammonium 
sulfate gradient between lipid vesicle core and external media/contin-
uous phase. The dispersion of unilamellar Lip was taken inside a cellu-
lose dialysis bag (10 kDa) and dialyzed against PBS pH 7.4 in a volume 
ratio of 1:600 for 6 h, at room temperature (23–25 ◦C), and under 
magnetic stirring. 

Fig. 2 shows a schematic representation of liposome preparation. 

2.5. Dox loading and purification 

Remote loading method was used to encapsulate Dox into Lip, as 
previously described (García et al., 2021), with some modifications. 
Shortly, liposomal dispersions were incubated in a heating bath (42 ◦C, 
5 min). Small aliquots of Dox aqueous solution at a concentration of 1 
mg/mL were added to Lip, alternating with cycles of stirring by vortex 
for 1 min and heating bath at 42 ◦C. After adding the pre-determined 
amount of Dox, the Lip-Dox dispersions were incubated for 1 h at 42 
◦C and then left overnight at 4–8 ◦C. 

Purification process was applied to remove the unloaded Dox. 
Sephadex® G-50 beads were hydrated in previously degassed PBS pH 
7.4. Syringes of 2 mL without needles were used to prepare the purifi-
cation columns, following the same procedure described in a previous 
work (García et al., 2021) while PBS 7.4 was used as elution fluid. The 
eluted Lip-Dox colloidal dispersions were followed by direct observation 
under laser-induced effect of light scattering (Tyndall effect). The Dox- 
loaded Lip were eluted in the first 1.5 mL and collected for further 
studies. Free Dox was also collected, which eluted after adding 3 mL of 
PBS pH 7.4. 

Fig. 2 shows a schematic representation of Dox encapsulation in 
liposomal nanocarriers. 

2.6. Anchoring with NH2-PEGylated-AuNPs 

Unloaded and Dox-loaded Lip were surface functionalized with PEG- 
AuNPs by complexation after adding a suspension of NH2-PEGylated- 
AuNPs to the liposomal dispersions in a 3:8 (v/v) ratio and stirred with a 
vortex for 1 min. 

Fig. 2 shows a schematic representation of the anchoring process 
with NH2-PEGylated AuNPs once the Lip and Dox-loaded Lip were 
obtained. 

2.7. Characterization of liposomal dispersions 

2.7.1. Size and surface charge 
The apparent hydrodynamic diameter (dH) and zeta potential (ζ) 

were determined by measurements of dynamic light scattering and 
electrophoretic light scattering, respectively, using a Zetasizer Nano-S 
instrument (Malvern Instruments®, Malvern, UK). The cumulant 
method and the CONTIN algorithm were used to calculate the dH values 

and size distributions, respectively. Polydispersity indexes (PDI) were 
also determined. The Smoluchowski equation was used to convert 
electrophoretic mobilities to ζ. All measurements were made in tripli-
cate at room temperature (23–25 ◦C). 

2.7.2. Field-emission scanning electron microscopy (FE-SEM) 
The morphological analysis of liposomal dispersions was carried out 

in an FE-SEM microscope (Hitachi® S5200, Hitachi, Krefeld, Germany). 
For sample preparation, 40 µL of each dispersion were placed in a Si 
sample holder and observed (uncovered samples). Samples coated with 
sputtered Pt in Ar atmosphere in a high vacuum evaporator were also 
analyzed (covered samples). The images were then obtained at an 
excitation voltage of 5 kV. 

2.7.3. Encapsulation efficiency 
The amount of encapsulated Dox in the liposomal dispersions was 

determined by absorbance measurements at 480 nm (Agilent® 8453 
System, Agilent, Victoria, Australia) after lysis of Lip with Triton X-100 
(final concentration 0.5% v/v). The percentage of encapsulation effi-
ciency (EE %) was determined according to Equation (1): 

EE % =
DoxE

DoxT
× 100 (1)  

where DoxT is the total amount of drug added to prepare the Dox- 
containing Lip and DoxE is the amount of Dox quantified after lysis of 
Lip, thus corresponding to the encapsulated drug. To confirm these re-
sults, the EE % was also indirectly determined by quantifying Dox so-
lution samples eluted in the purification process (see Section 2.5). 

2.8. In vitro drug release studies 

Dox-loaded liposomal dispersions were subjected to drug release 
analysis. The release rate from an aqueous solution with an equivalent 
concentration of Dox was used as a reference. Experiments were per-
formed in Franz diffusion cells mounted with a semisynthetic cellulose 
membrane (molecular cut-off 10 kDa), which was placed between the 
donor and the receptor compartments. 1 mL of each sample was care-
fully placed in the donor compartment and kept in contact with 14.5 mL 
of receptor medium (PBS pH 7.4 and ABS pH 5.1). Samples of 1 mL of 
receptor medium were withdrawn at predetermined time intervals and 
replaced with equivalent volumes of preheated fresh medium. The 
concentration of Dox in the samples was determined by UV–Vis spec-
trophotometry at 480 nm (Agilent® 8453 System, Agilent, Victoria, 
Australia), using calibration curves constructed for each receptor me-
dium. All experiments were carried out in triplicate and the sink con-
ditions were maintained. The cumulative percentage of Dox released 
was calculated and expressed as a function of time. The results were 
expressed as the % average of three determinations with their respective 
SD. 

The Dox release profiles from the liposomal dispersions and the 
reference sample were statistically compared using the difference factor 
(f1) and the similarity factor (f2) (Equations (2) and (3), respectively). 
According to this methodology, a f1 value above 15 and a f2 value in the 
0–49 range implies a difference between the release profiles (Costa and 
Lobo, 2001). 

f 1 =

∑n
t=1|Rt − Tt|
∑

Rt
× 100 (2)  

f2 = 50 × log

⎧
⎨

⎩

(

1 +

(
1
n

)
∑n

t=1
(Rt − Tt)

2

)− 0.5

× 100

⎫
⎬

⎭
(3)  

where n is the number of sampling time points, 
∑

is the summation over 
all time points and Rt and Tt are the cumulative percentages of drug 
released at each of the n time points of the reference and test sample, 

M.C. García et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 619 (2022) 121691

6

respectively. The CV was below 15% in all cases. Only one point after 
85% of drug release was used for each equation. 

The mean release profiles at each release medium were fitted ac-
cording to common mathematical models, corresponding to Zero order, 
Higuchi and Korsmeyer–Peppas (Equations (4), (5) and (6), respec-
tively) (Costa and Lobo, 2001; Jain and Jain, 2016). 

Doxt

Dox0
= kZ×t (4)  

Doxt

Dox0
= kH×t0.5 (5)  

Doxt

Dox0
= kP × tn (6)  

where Doxt (%) is the percentage of drug released at time t; Dox0 is the 
initial value of Doxt, t is the time; n is the diffusion release exponent; and 
kZ, kH, and kP are the kinetic constants corresponding to Zero order, 
Higuchi and Korsmeyer–Peppas kinetic models, respectively. 

2.9. In vitro anticancer activity 

The anticancer activity of Dox-loaded liposomal formulations (Lip- 
Dox and PEG-AuNPs-Lip-Dox) was studied against MDA-MB-231 and 
SK-OV-3 cancer cells and compared with the cytotoxicity exhibited by 

free Dox. Cell viability was evaluated by a colorimetric assay, resazurin. 
This assay is based on the reduction of the blue compound resazurin by 
viable cells into the pink-soluble product resorufin. The quantity of 
resorufin produced is proportional to the number of viable cells. Briefly, 
exponentially growing cells were seeded in 96-well plates and allowed 
to grow for 24 h. Cells were then exposed to the treatments for 2 h and 
allowed to grow for an additional 70 h in drug-free medium; or cells 
were continuously treated for 72 h. After incubation times, cells were 
washed once with PBS pH 7.4, and 150 μL resazurin (20 µg/mL in me-
dium) were added to each well. The plates were incubated for 5 h at 37 
◦C and 5% CO2, and, then the optical densities were measured at 540 nm 
and 620 nm with an absorbance spectrophotometer microplate reader 
(Multiskan EX Labsystems). Cell viability was expressed as a percentage 
respect to the untreated cells (control). Results were expressed as mean 
± SEM. All data are from two independent experiments. 

3. Results 

3.1. Langmuir isotherms and thermodynamic analysis 

Langmuir isotherms of mixed DPPC/DG-CDP monolayers were 
measured at the air/NaF 0.1 M interface of the Langmuir trough, at 
different mole fractions of the nucleolipid (xDG-CDP). Fig. 3A shows a 
representative sample of the registered isotherms. It can be observed 
that the increase in the mole fraction of the nucleolipid also increased 

Fig. 3. A) Langmuir isotherms in the air/NaF 0.1 M interface for mixed DPPC/DG-CDP monolayers with the mole fraction of the nuclelipid DG-CDP (xDG-CDP) 
indicated in the figure. B) Compressibility elastic modulus (1/Cs) of the monolayers in A plotted as a function of surface pressure (π). C) Area per molecule (Amolec) 
and D) 1/Cs vs. mole fraction of nucleolipid (xDG-CDP) at the surface pressure values indicated in figure C. Solid lines in C and D represent the ideal plots calculated 
with Equations (8) and (9). 
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the averaged Amolec of the mixed films at constant π. In addition, the 
isotherms adopted a lower slope in the entire surface pressure range. It 
evidenced a higher fluidity of the films, that could be quantified with the 
elastic compressibility modulus (1/Cs), defined as described in Equation 
(7). 

1
Cs

= − Amolec
dπ

dAmolec
(7) 

Compressibility modules vs. the surface pressure (π) are plotted in 
Fig. 3B. It can be observed that only the pure DPPC monolayer reached 
1/Cs values higher than 200 mN/m, characteristic of a solid-like 
behavior. At the approximate equilibrium pressure of the DPPC mono-
layers, 30 mN/m, they behaved almost like a liquid condensed phase, 
with a 1/Cs > 100 mN/m. In contrast, the monolayers containing DG- 
CDP exhibited values of the 1/Cs that were characteristics of a liquid 
expanded phase. This effect was more evident as the nucleolipid con-
centration increased. 

Deviations from the ideality of the lipid’s mixture could be detected 
by plotting the Amolec and the 1/Cs vs the xDG-CDP at constant pressure, as 
can be observed in Fig. 3C and 3D. 

In an ideal mixture, the Amolec and 1/Cs values must be averaged 
considering that DPPC and DG-CDP molecules did not change these 
values when they were in a pure component monolayer or a mixed 
monolayer. Then, Aideal

molec and Cideal
s can be calculated according to 

Equations (8) and (9). 

Aideal
molec = xDG− CDP⋅Amolec(xDG− CDP= 1) + (1 − xDG− CDP)⋅Amolec(xDG− CDP= 0) (8)   

The ideal values of Amolec and 1/Cs, included in Fig. 3C and 3D, were 
almost coincident with the experimental values, suggesting an ideal 
behavior of the two components in the mixture. 

In order to decrease the fluidity of the nucleolipid-containing lipidic 
film, variable ratios of cholesterol were added to the mixture with a 7:3 
DPPC:DG-CDP mole ratio. The corresponding π vs. mean Amolec were 
registered and the compression elastic moduli were calculated (Fig. 4A 

and 4B). The results clearly showed that to obtain a gel-like behavior, at 
a surface pressure of 30 mN/m, it would be necessary a mole fraction of 
cholesterol higher than 0.6, which is too high. 

3.2. Morphological and interfacial properties and drug loading efficiency 

Fig. 2 shows the macroscopic appearance of liposomal dispersions 
under non-irradiation (left images) and laser irradiation (right images), 
showing the Tyndall effect of them because of their colloidal properties. 
Table 1 summarizes the results of dH, PDI, ζ and EE % of the different 
liposomal dispersions as well as the NH2-PEGylated-AuNPs suspension. 
As observed, all liposomal formulations exhibited sizes on the nano-
meter scale, with a size range of approximately 400 to 650 nm. The size 
increased as increased the complexity of the lipid system. PEG-AuNPs- 

functionalized Lip unloaded and loaded with Dox exhibited higher dH 
than their respective counterparts without the PEG-AuNPs anchoring. 
The NH2-PEGylated-AuNPs showed a small size, according to the in-
formation provided by the manufacturer. PDI values were acceptable in 
all the analyzed samples (PDI ≤ 0.35). The presence of the nucleolipid 
provided to the Lip serie a negative surface charge. Anchoring with 
positively charged NH2-PEGylated-AuNPs induced an increase in the ζ 
values of both unloaded and Dox-loaded Lip, which was greater for the 

Fig. 4. A) Langmuir isotherms in the air/NaF 0.1 M interface for mixed DPPC/DG-CDP monolayers with the mole fraction of cholesterol (xchol) indicated in the 
figure. B) Compressibility elastic modulus (1/Cs) of the monolayers in A plotted as a function of surface pressure (π). 

Cideal
s = −

1
Aideal

molec
[xDG− CDP⋅Amolec(xDG− CDP= 1)⋅Cs(xDG− CDP= 1) + (1 − xDG− CDP)⋅Amolec(xDG− CDP= 0)⋅Cs(xDG− CDP= 0)] (9)   

Table 1 
Hydrodynamic apparent diameter (dH), polydispersity index (PDI), zeta poten-
tial (ζ) and encapsulation efficiency (EE %) of unloaded and doxorubicin (Dox)- 
loaded nucleolipid-containing liposomes (Lip and Lip-Dox, respectively) with 
and without functionalization with NH2-PEGylated gold nanoparticles (PEG- 
AuNPs-Lip and PEG-AuNPs-Lip-Dox, respectively). The properties of pure PEG- 
AuNPs are also described.  

Sample dH (nm) PDI ζ (mV) EE % 

Lip 415 ± 7 0.19 ± 0.01 –23 ± 1 – 
PEG-AuNPs 17 ± 1 0.25 ± 0.01 +69 ± 3 – 
PEG-AuNPs-Lip 479 ± 9 0.27 ± 0.04 –18.2 ± 0.2 – 
Lip-Dox 535 ± 9 0.30 ± 0.03 –14.7 ± 0.1 82 ± 5 
PEG-AuNPs-Lip-Dox 651 ± 9 0.33 ± 0.01 –6.6 ± 0.3 78 ± 4  
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latter. Lip-Dox displayed a slightly higher mean EE % value compared to 
the PEG-AuNPs-Lip-Dox. 

The morphology of liposomal formulations and NH2-PEGylated- 
AuNPs, as well as PEG-AuNPs decorated Lip, was analyzed by FE-SEM 
(Fig. 5). Unloaded and Dox-loaded Lip with and without 

functionalization with PEG-AuNPs displayed approximately spherical 
shapes on the nanometer scale with sizes comparable to those obtained 
by dynamic light scattering. NH2-PEGylated-AuNPs also exhibited a 
spherical shape, small sizes and discrete nanoparticles were observed in 
the sample with almost depreciable agglomeration. The PEG-AuNPs 

Fig. 5. FE-SEM images of (A) Lip, (B) Lip-Dox, (C) PEG-AuNPs, (D) PEG-AuNPs-Lip, and (E) PEG-AuNPs-Lip-Dox. A, B and D, scale bar: 500 nm, C and D, scale bar: 
400 nm. Lip: nucleolipid-containing liposomes; Dox: doxorubicin, and PEG-AuNPs: NH2-PEGylated gold nanoparticles. 

Fig. 6. Effects of pH and temperature on the in vitro release of doxorubicin (Dox) from liposomal formulations. Release profiles obtained in (A) PBS pH 7.4 at 37 ◦C, 
(B) ABS pH 5.1 at 37 ◦C and (C) ABS pH 5.1 at 42 ◦C. In vitro Dox release profiles from the free drug are also displayed. D) Schematic depiction of the Dox-loaded 
nucleolipid-based Lip anchored with PEGylated AuNPs and their dual responsiveness to pH and temperature changes for triggering delivery of Dox. Lip-Dox: 
nucleolipid-containing Dox-loaded liposomes and PEG-AuNPs-Lip-Dox: NH2-PEGylated gold nanoparticles anchored on the surface of Lip-Dox. 
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decorating the surfaces of both Lip, with and without Dox, was visual-
ized in the corresponding samples, which showed a greater white 
brightness on their outside. In Lip sample, some porous were observed 
while they disappeared in all the other liposomal samples. 

3.3. In vitro release of Dox 

The in vitro release profiles of Dox from liposomal formulations to-
ward PBS pH 7.4 and ABS pH 5.1, simulating physiological and lyso-
somal conditions, respectively, at 37 ◦C and 42 ◦C as receptor media 
were analyzed. Fig. 6 shows cumulative Dox release percentages as a 
function of the time. The release profiles of a reference sample of pure 
Dox are also depicted. 

Dox was released in a controlled manner towards both media (acidic- 
and neutral-pH environment) at the two temperatures evaluated 
(physiological and hyperthermia values), being more sustained from 
Lip-Dox than from PEG-AuNPs-Lip-Dox; while the release of Dox refer-
ence sample was faster, reaching almost 100% of drug released at 6 h 
and 4 h toward PBS pH 7.4 and ABS pH 5.1, respectively. 

Negligible burst effects were observed for the different samples to-
ward physiological conditions. Slight burst effects were observed for Lip- 
Dox toward acidic medium in the first 15 min, reaching up to 6% and 
9.5% at 37 ◦C and 42 ◦C, respectively. Important burst effects were 
observed from PEG-AuNPs-Lip-Dox at pH 5.1 at both temperatures, 
reaching approximately 13% of Dox released in the first 15 min. 

A lower leakage of the drug release was achieved from both lipo-
somal formulations toward physiological pH and temperature compared 
to the Dox release in an acidic environment, which increased even at 
higher temperature. As observed, at any time, the PEG-AuNPs-Lip-Dox 
formulation released major percentages of Dox at pH 5.1 compared to 
pH 7.4, reaching approximately 63% and 50%, respectively (32.6 and 
47.9 for f1 and f2 values, respectively), and the drug release was even 
augmented at 42 ◦C in comparison to 37 ◦C (64.2 and 45.9 f1 and f2 
values, respectively), reaching almost 88% of drug release at 8 h of the 
assay. This triggered effect produced at acidic pH and hyperthermia 
temperature indicated the responsiveness to both stimuli from the 
nucleolipid-containing stealth Lip. Non-significant differences were 
observed in the release profiles of Dox from Lip-Dox formulations to-
wards pH 7.4 and 5.1 at 37 ◦C (f1 = 14.2 and f2 = 53.4), from which the 
percentages of drug release reached almost 30% and 38%, respectively. 
However, a significant increase in the percentage of drug release was 
observed at 42 ◦C compared to 37 ◦C (f1 = 31.3 and f2 = 47.9), reaching 
approximately 50% of Dox release at 8 h of the experiments. 

Kinetic analysis of in vitro release data using Zero order, Higuchi and 
Korsmeyer-Peppas equations were carried out to evaluate the main 
mechanism of Dox transport through the lipid-based nanostructures. 
Results of kinetic data are summarized in Table 2. At pH 5.1, release data 
plotted as Higuchi and Korsmeyer-Peppas models were found to be fairly 

linear for both liposomal formulations, Lip-Dox and PEG-AuNPs-Lip- 
Dox, which was also supported by their regression coefficient values 
(R2 > 0.985 and R2 > 0.994, respectively). Furthermore, n values in the 
range of 0.481–0.592 confirmed that the kinetics of Dox release from 
these formulations indicated a Fickian transport with a preponderant 
release mechanism controlled by drug diffusion. These results were in 
good correlation with the R2 values obtained by applying the Higuchi 
model. In particular, in the case of PEG-AuNPs-Lip-Dox, the n > 0.5 
suggested that even the main mechanism of drug release is diffusion- 
controlled, other mechanisms such as membrane permeability, disrup-
tion, etc. could also occur. At pH 7.4, release data of Lip-Dox fitted to 
Korsmeyer-Peppas model (R2 > 0.978) with a n value near 0.5, indi-
cating a Fickian transport. Under this release condition, the Dox release 
profile from PEG-AuNPs-Lip-Dox (plotted as the Higuchi model) was 
found to be fairly linear (R2 > 0.995), suggesting a main release 
mechanism controlled by drug diffusion. In the case of the Dox reference 
sample, independent of the pH and temperature of the release media the 
release profiles were well fitted to Zero order (R2 > 0.996), indicating a 
constant release rate. 

3.4. In vitro anticancer activity 

The Resazurin assay was used to evaluate whether Dox-loaded 
liposomal formulations could preserve its cytotoxicity against cancer 
cells. Because Dox, alone or in combination with other drugs, has been 
widely used as the first-line to treat a variety of metastatic tumors, 
including breast and ovarian cancer, we chose the human breast carci-
noma cell line MDA-MB-231 and the human ovarian adenocarcinoma 
cell line SK-OV-3 as in vitro models. To study the influence of the release 
kinetic characteristics of Dox from Lip and AuNPs-Lip on its cytotoxicity, 
cells were exposed for 2 h to the treatments, followed by an additional 
period of 70 h in drug-free medium; or cells were continuously treated 
for 72 h. 

Results of resazurin assay (Fig. 7) clearly showed that the cytotoxic 
activity of Dox loaded into non-functionalized and AuNPs- 
functionalized Lip was time-dependent. Fig. 7A and 7B show that the 
antiproliferative effect of free Dox was higher than that of Dox released 
from liposomal dispersions after 2 h of treatment. Cell viability for both 
cell lines was approximately 60% after 2 h of exposure to the highest 
concentration tested of free Dox, while Dox-loaded Lip and AuNPs-Lip 
were found to be slightly cytotoxic (cell viabilities > 80%). These re-
sults are consistent with the data shown in Fig. 6 since liposomal dis-
persions released approximately 15–25% Dox during the first two hours 
at pH 7.4 and 37 ◦C, the same as the cell culture conditions used. 
Therefore, these data show that Dox was not immediately released from 
Lip. Dox-unloaded Lip did not have a remarkable cytotoxic effect against 
both cell lines (data not shown). 

Fig. 7C and 7D showed that the developed formulations (Lip-Dox 

Table 2 
Kinetic data obtained from doxorubicin (Dox) release studies toward PBS pH 7.4 and ABS pH 5.1 at two different temperatures, using Zero order, Higuchi and 
Korsmeyer-Peppas equations.  

Temperature Release medium Kinetic Models 

Sample Zero Order Higuchi Korsmeyer-Peppas 

kZ R2 kH R2 kP n R2 

37 ◦C PBS pH 7.4 Dox  24.9  0.999  50.1  0.978  23.3  1.068  0.998 
Lip-Dox  4.9  0.976  10.7  0.965  13.3  0.425  0.978 
PEG-AuNPs-Lip-Dox  4.9  0.909  16.2  0.995  18.2  0.531  0.971 

ABS pH 5.1 Dox  26.0  0.999  58.3  0.983  27.0  0.974  0.999 
Lip-Dox  5.9  0.974  14.0  0.998  15.1  0.483  0.985 
PEG-AuNPs-Lip-Dox  6.2  0.925  21.6  0.994  25.2  0.481  0.997 

42 ◦C ABS pH 5.1 Dox  26.3  0.996  53.5  0.964  31.6  0.759  0.980 
Lip-Dox  8.2  0.955  18.8  0.997  19.8  0.489  0.997 
PEG-AuNPs-Lip-Dox  0.9  0.950  31.6  0.998  28.3  0.592  0.999 

kZ, kH and kP expressed as % h− 1, % h− 0.5 and % k− n, respectively. Experimental data correspond to 5–60% of Dox released. Lip-Dox: nucleolipid-containing Dox-loaded 
liposomes and PEG-AuNPs-Lip-Dox: NH2-PEGylated gold nanoparticles anchored on the surface of Lip-Dox. 
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and PEG-AuNPs-Lip-Dox) showed high cytotoxicity in both cell lines, 
suggesting that Dox was released from these formulations over time. The 
inhibitory concentration 50 (IC50) values (mean ± SEM, nM) of free 
Dox, Lip-Dox and PEG-AuNPs-Lip-Dox in MDA-MB-231 cells were 
1403.0 ± 336.2, 3294.8 ± 911.9 and 3562.7 ± 1502.5, and in SK-OV-3 
were 373.8 ± 60.2, 978.5 ± 523.3 and 2350.9 ± 288.5, respectively. 
Both Dox-loaded Lip and AuNPs-Lip displayed less cytotoxicity than free 
Dox, probably as a consequence of slower Dox release kinetic charac-
teristics under cell culture conditions (pH 7.4 and 37 ◦C). Cell lines are 
adapted to grow under specific conditions, which limits the possibilities 
of changing temperature and pH. 

4. Discussion 

Cancer nanomedicine is a promising approach to overcome limita-
tions of current anticancer treatments. Nano-scale systems provide 
numerous advantages, including enhanced drug delivery to tumor tissue 
and, therefore, minimizing the side effects in the rest of the organism. 
Although several Dox-containing liposomal formulations have already 
been developed to reduce Dox-induced cardiotoxicity (Beltrán-Gracia 
et al., 2019), they have shown limitations and pharmacological prob-
lems, such as low half-life due to rapid clearance by the host’s immune 
system. Therefore, novel formulations are needed to overcome their 
limitations, among which those designed to release their cargo only 
when exposed to a specific trigger stimulus at the tumor site, preventing 
or minimizing drug release in the bloodstream and normal tissues 
(Aghdam et al., 2019), as well as those with stealth surfaces (Franco 
et al., 2021) that allow optimal anticancer effects to be achieved and 
prevent the immune system with the subsequent clearance from the 
systemic circulation. Here we report for the first time the design, 
development and evaluation of DG-CDP-containing pH-temperature 
dual-responsive Lip to trigger the delivery of anticancer drugs such as 
Dox. 

When lipid-based formulations are prepared with mixtures of the 
lipid components, their proportion is critical because it determines the 
stability of the obtained Lip. Fig. 3A shows that the Amolec increased at 
constant π with the mole fraction of DG-CDP. Taking into account that 
the acyl chains of DPPC and DG-CDP are identical, the increase in the 
Amolec must be caused by repulsive interactions, either electrostatic and 
steric, between the nucleolipid polar heads. In a previous paper (Prieto- 
Dapena et al., 2021a), the charge number per DG-CPD molecule in 
mixed DPPC/nucleolipid monolayers transferred to gold electrodes was 
determined to be between − 1.5 and − 2 units, explaining repulsive in-
teractions between the polar heads of close DG-CPD molecules. More-
over, the cytosine moiety of DG-CDP was demonstrated to be tilted 
towards the monolayer, probably as a consequence of H-bonding in-
teractions between adjacent molecules. On the other hand, Fig. 3B 
shows that the inclusion of DG-CDP in the formulation diminished the 1/ 
Cs below 120 mN/m at the equilibrium π values of DPPC monolayers 
(30–35 mN/m). 

The Amolec and the 1/Cs plotted in Fig. 3C and 3D as a function of the 
mole fraction of DG-CDP (xDG-CDP) indicated that mixed DPPC/DG-CDP 
monolayers exhibited an ideal behavior, suggesting a homogeneous 
distribution of the components of the monolayer. To obtain stable Lip, 
with low polydispersity and suitable for drug delivery, higher 1/Cs 
would be required. In the case of neutral lipid films containing only 
zwitterionic molecules, this can be achieved by including small fractions 
of cholesterol in the formulation, as we have demonstrated in a previous 
article (García et al., 2021). However, in the case of mixed DPPC:DG- 
CDP monolayers in a mole ratio 7:3, as can be observed in Fig. 4C, it 
was necessary a mole fraction of cholesterol higher than 0.6 to reach 1/ 
Cs higher than 100 mN/m at π values in the 30–35 mN/m range. In any 
case, we have tried to prepare DG-CDP-containing Lip with the lipidic 
composition indicated above, and we have found that the high fluidity of 
the lipidic films originated precipitates in the rehydration medium and 
the thin-film was hard to be redispersed. Therefore, to avoid fluidization 

Fig. 7. Cytotoxicity of free doxorubicin (Dox) and 
Dox-loaded liposomes (Lip-Dox and PEG-AuNPs-Lip- 
Dox) against MDA-MB-231 breast cancer cells (A 
and C) and SK-OV-3 ovarian cancer cells (B and D). 
Cells were exposed to the treatments for 2 h and 
allowed to grow for an additional 70 h in drug-free 
medium (A-B); or cells were continuously treated for 
72 h (C-D). Finally, cell viability was measured with 
the resazurin assay. The concentrations of the Lip 
represented in the graphs are those used to deliver 
the concentrations of Dox shown on the x axis of the 
graphs (log10 concentration of Dox). Data are re-
ported as means ± standard error of mean (SEM) 
and were obtained from two independent 
experiments.   
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of the lipidic membrane induced by the interaction between the polar 
heads of DG-CDP, a very low concentration of nucleolipid was used (xDG- 

CDP = 0.03) to prepare the Lip, maintaining the mechanical properties of 
the pure DPPC membrane. To slightly increase the rigidness of the film, a 
0.03 mol ratio of cholesterol was added to the liposomal formulations. 

In a previous work, the solubility of Dox in different media was 
studied to select the appropriate medium for drug loading through the 
transmembrane pH gradient method, from which ammonium sulfate 
solution was chosen, since it allowed the achievement of a high drug 
concentration within the Lip based on DPPC, DDAB and cholesterol 
(García et al., 2021). This method was also useful for encapsulating Dox 
inside the nucleolipid-based Lip. EE percentages higher than 80% 
(Table 1) were achieved, comparable to the Dox-containing liposomal 
formulations previously reported by the authors. Although the EE % 
were high, they were slightly lower than those of other reported Lip 
(Rehman et al., 2018; Zarchi et al., 2018), which can be explained due to 
differences in the composition of the bilayer (Abraham et al., 2005; 
Rehman et al., 2018). Furthermore, as shown in Table 1, Dox-loaded 
PEG-AuNPs-functionalized Lip exhibited slightly lower EE % 
compared to Lip-Dox. This effect on drug encapsulation has been pre-
viously reported for other Lip in which the presence of AuNPs decreased 
the drug loading efficiency (Zarchi et al., 2018). It has been argued that 
AuNPs can induce destabilization in the bilayer of Lip (Ghosh et al., 
2008), which may facilitate leaking of part of encapsulated Dox from the 
aqueous compartment. 

As expected, the surface functionalization with PEG-AuNPs not only 
affected the EE % but also the dH and ζ values (Table 1). After anchoring, 
the size of liposomal dispersions, with and without Dox, increased 
almost 1.2-fold, and also the drug loading had an impact on the size of 
Lip. These results are in agreement with previous works in which higher 
dH were observed as the system complexity was higher (Abraham et al., 
2005; Rehman et al., 2018; Zarchi et al., 2018). All liposomal disper-
sions exhibited negative ζ values due to the negative charge of the 
phosphate groups of the nucleolipid DG-CDP (Prieto-Dapena et al., 
2021b), which allowed surface functionalization with positively 
charged AuNPs. Therefore, the anchoring process induced a reduction in 
the absolute value of ζ when comparing non-decorated and PEG-AuNPs 
decorated Lip. This confirmed the electrostatic interaction between 
positively charged AuNPs and negatively charged Lip, as previously 
reported (Mady et al., 2012; Zarchi et al., 2018). Images obtained by FE- 
SEM analyses (Fig. 5) demonstrated the nearly spherical shapes of all Lip 
as well as their nano-scale sizes, comparable to those observed by DLS 
(García et al., 2021; Hou et al., 2020). 

Liposomal formulations efficiently controlled the Dox release (Fig. 6) 
under different release conditions, acting as promising nanocarriers. As 
expected, Dox reference sample was released at a constant rate, inde-
pendently of the medium and temperature, fitting to a Zero order model. 
Kinetic data results of both liposomal formulations fitted well to the 
Peppas model with n values near to 0.5 or the Higuchi model (Table 2), 
indicating a main Fickian transport in which the release of the drug was 
controlled by diffusion, in agreement with previous results (Haghir-
alsadat et al., 2018). Interestingly, they can trigger the drug release at 
acidic pH and hyperthermia temperature, confirming their responsive-
ness to both stimuli. 

Release studies from PEG-AuNPs-functionalized Lip showed higher 
percentages of Dox released in both media (PBS pH 7.4 and ABS pH 5.1) 
and temperatures (37 ◦C and 42 ◦C) compared to Lip-Dox. Interestingly, 
the acidic medium and the high temperature had a higher impact on the 
Dox release from PEG-AuNPs-Lip-Dox than that from Lip-Dox, which 
demonstrated its usefulness as a pH-temperature dual-sensitive 
nucleolipid-containing stealth Lip. 

The increase in the percentage of Dox release from both liposomal 
formulations at higher temperature (42 ◦C) compared to physiological 
temperature (37 ◦C) demonstrated their thermal response. This can be 
explained by considering that high temperatures enhance the fluidity of 
lipid membranes, leading to an increase in the permeability of the lipid 

bilayer and facilitating Dox diffusion (Jiang et al., 2011). This property 
is favored due to the presence of DPPC, since this zwitterionic lipid 
exhibits a phase transition temperature, around 41 ◦C (Naitlho et al., 
2019). In the case of PEG-AuNPs-Lip-Dox, at high temperature, the 
formation of transient pores in the bilayer or other forms of mechanical 
disruption of the lipid bilayer may occur due to the AuNPs functional-
ization (Al-Ahmady et al., 2016). The responsiveness to temperature 
changes is particularly interesting in the treatment of cancer since tumor 
tissues usually show hyperthermia due to the rapid metabolism of cancer 
cells (Franco et al., 2021). Furthermore, PEG-AuNPs-functionalized Lip 
may also be used to be remotely activated by irradiation, triggering the 
drug release by light-induced heating response thanks to the presence of 
AuNPs (Hou et al., 2020; Lajunen et al., 2015; Li and Kataoka, 2020; Sau 
et al., 2009). 

pH-responsive Lip can undergo phase transition and acquire fuso-
genic ability in acidic medium, leading to the cargo release. This prop-
erty is of particular interest for anticancer drug delivery because the 
extracellular pH of cancer tissues is slightly acidic due to the high 
metabolic activity of cancer cells. This allows them to trigger drug 
release into the cytoplasm, optimizing cancer treatment (Aghdam et al., 
2019; Franco et al., 2021; Rehman et al., 2018). If the components of Lip 
present acid-cleavable bonds or acid-base ionizable groups, respon-
siveness to pH changes can be obtained. The results showed that PEG- 
AuNPs-Lip-Dox exhibited pH-sensitive behavior when comparing the 
release profiles at 37 ◦C (Fig. 6A and 6B), while non-significant differ-
ences were observed in the release profiles from Lip-Dox. An explanation 
for this behavior may consider a change in the apparent pKa of Dox 
(pKa1 = 7.34 (phenol); pKa2 = 8.46 (amine)) on the surface of AuNPs. A 
possible 1.2-fold reduction in the apparent pKa of Dox can occur as a 
consequence of the high and positive ζ generated by the PEG-AuNPs 
(Tsui et al., 1986). This change in the apparent pKa may produce 
neutral molecules of Dox capable of interacting either by specific 
adsorption on AuNPs (Curry et al., 2015) or by hydrogen bonds between 
the keto groups of Dox and the OH groups of the PEGylated AuNPs. 
Under acidic conditions (pH 5.1), Dox is protonated, inducing electro-
static repulsion with the AuNPs, then increasing its release. 

The interaction of Dox with cytidine moiety of the nucleolipid and/ 
or with the gold surface could have affected its activity by blocking the 
Dox release. However, cell viability studies carried out with human 
breast and ovarian cancer cell lines showed that Dox was released from 
the developed formulations (Lip-Dox and PEG-AuNPs-Lip-Dox) over 
time and that Dox preserved its cytotoxic activity against both cancer 
cells. Several authors have developed pH-temperature dual-responsive 
stealth Lip (Kanamala et al., 2019; Zhao et al., 2020; Zheng et al., 2017), 
but, to the best of our knowledge, this is the first report on DG-CDP- 
containing lipid vesicles functionalized with PEGylated-AuNPs for trig-
gering delivery of Dox. Results in Fig. 7 suggest that both Dox-loaded Lip 
and AuNPs-Lip were released in a sustained manner over time, in 
agreement with the release results (Fig. 6). A short-time exposition to 
the liposomal formulations was insufficient to release enough Dox to the 
cancer cells and, therefore, they showed very low cytotoxicity. However, 
with an extension of the treatment time from 2 to 72 h, Lip-Dox and PEG- 
AuNPs-Lip-Dox showed high cytotoxic activity. As shown in the release 
studies, both Lip, with and without AuNPs surface anchoring, have been 
developed as stimuli-responsive nanocarriers, designed to release Dox in 
acidic environment and high temperature; however, cells were incu-
bated in standard cell culture conditions (pH 7.4 and 37 ◦C) for the cell 
viability assay. As shown in Fig. 6C, PEG-AuNPs-Lip-Dox released almost 
100% of Dox at pH 5.1 and 42 ◦C compared to approximately 65% at pH 
7.4 and 37 ◦C. Thus, the lower cytotoxic effect of them compared to that 
of free Dox was probably due to the slower Dox release rate under cell 
culture conditions. In any case, these results show that PEG-AuNPs-Lip- 
Dox released Dox in a controlled manner without losing its anticancer 
effect. Further studies are required to evaluate the efficacy and safety of 
PEG-AuNPs-Lip-Dox, including studies under hyperthermia conditions 
and in vivo experiments in animal models of metastasis. 
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Although several pH-responsive (Tang et al., 2019) and thermo- 
responsive nanocarriers (Bordat et al., 2019), including polymer-based 
and lipid-based nanosysemts as carriers of Dox have been published 
hitherto and significant advances have been achieved in the develop-
ment of Dox delivery systems (Zhao et al., 2018), to best of our 
knowledge, the here developed liposomal system is the first multifunc-
tional nanoplatform that combines in a single nanocarrier i) a self- 
targeted component, the nucleolipid DG-CDP, ii) a dual pH/thermo- 
responsive behavior for triggered delivery of Dox, iii) a functionalized 
surface based on PEGylated-AuNPs that would allow preventing the 
immune system, being also useful for photothermal therapy. Even 
though different strategies have been explored to functionalize the 
surface of liposomal systems (Khan et al., 2020; Makwana et al., 2021), 
the as-described liposomal nanoplatform incorporates a nucleolipid, 
DG-CDP, as a key component of the Lip since it combines the self- 
assembly properties of the phospholipid structure and the specific 
recognition of the nucleoside fragment, which represents an important 
advance in the administration and targeting of nucleic acids. Moreover, 
DG-CDP provides negative surface charge, allowing surface functional-
ization with amine-terminated PEGylated-AuNPs, which plus DPPC, a 
zwitterionic lipid, lead to Lip with ’stealth’ surfaces that would reduce 
protein binding and increase plasma residence time. Furthermore, var-
iations in the pH and/or the temperature, specifically acidic media and 
hyperthermia conditions, may modify the fluidity and permeability of 
lipid bilayer, thus facilitating the triggered release of the drug allowing 
liposomal systems to behave as a stimuli-responsive nanocarrier; be-
sides, the anchoring with AuNPs could be exploited for photothermal 
therapy with perspectives for cancer nanomedicine. 

5. Conclusion 

Summing up, our results indicated that DG-CDP can be used as 
scaffolding material of Lip and the developed nucleolipid-containing 
liposomal formulations would be a promising approach for cancer 
therapy because of their nano-scale size, stealth surface due to the 
anchored with PEGylated AuNPs, capacity to control the drug release 
under physiological conditions, triggering the Dox release under acidic 
and hyperthermia conditions, and anticancer activity. Overall, their 
promising properties could be further explored in other cancer cell lines 
as well as in murine models even in presence of an external stimulus for 
evaluating the light-induced heating response for hyperthermia therapy. 
In addition, studies to comprehensively analyze their efficacy and safety 
are also needed to better define their advantages over the traditional 
treatments with Dox or even other already reported Dox-loaded nano-
carriers, mainly considering the side effects of Dox, viz., cardiotoxicity 
and damage on red blood cells. 

CRediT authorship contribution statement 

Mónica C. García: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Writing – original draft, Writing – review 
& editing, Project administration, Funding acquisition. José Manuel 
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Funding acquisition. Miguel López-Lázaro: Investigation, Resources, 
Writing – review & editing, Funding acquisition. Francisco Prieto- 
Dapena: Conceptualization, Validation, Investigation, Resources, 
Writing – original draft, Writing – review & editing, Supervision, 
Funding acquisition. María Luisa González-Rodríguez: Conceptuali-
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Barthélemy, P., 2009. Nucleoside-based lipids at work: From supramolecular assemblies 
to biological applications. C. R. Chim. 12 (1-2), 171–179. 
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