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ARTICLE INFO ABSTRACT

Keywords: Angiotensin-(1-9), a component of the non-canonical renin-angiotensin system, has a short half-life in blood. This
Angiotensin-(1-9) peptide has shown to prevent and/or attenuate hypertension and cardiovascular remodeling. A controlled release
Cardioprotection

of angiotensin-(1-9) is needed for its delivery to the heart. Our aim was to develop a drug delivery system for
angiotensin-(1-9). Thermosensitive liposomes (LipoTherm) were prepared with gold nanoclusters (LipoTherm-
AuNC) to increase the stability and reach a temporal and spatial control of angiotensin-(1-9) release. Encapsu-
lation efficiencies of nearly 50% were achieved in LipoTherm, reaching a total angiotensin-(1-9) loading of
around 180 pM. This angiotensin-(1-9)-loaded LipoTherm sized around 100 nm and exhibited a phase transition
temperature of 43 °C. AuNC were grown on LipoTherm and the new hybrid nanosystem showed energy ab-
sorption in the near-infrared (NIR) wavelength range. By NIR laser irradiation, a controlled release of angio-
tensin-(1-9) was achieved from the LipoTherm-AuNC nanosystem. These nanosystems did not show any cytotoxic
effect on cultured cardiomyocytes. Biological activity of angiotensin-(1-9) released from the LipoTherm-AuNC-
based nanosystem was confirmed using an ex vivo Langendorff heart model.

Cardiovascular diseases
Thermosensitive liposomes
Nanoparticles

resulting in heart failure (HF) [4]. Pathological cardiovascular remod-
eling is a process where arteries and heart suffer irreversible structural

1. Introduction

Cardiovascular diseases (CVD) are currently the leading cause of
death globally [1]. Both coronary artery disease (CAD) and hypertension
(HT) are the most common causes of CVD [2,3]. Moreover, CAD is the
main cause of myocardial infarction (MI) [3]. Heart and blood vessels
are affected through pathological structural and functional remodeling,

and functional changes regularly associated with overactivation of the
renin-angiotensin system (RAS), and the adrenergic system [5]. Dereg-
ulation of the RAS system by angiotensin II (Ang II) or aldosterone
significantly contributes to the pathophysiology of CVD and perpetuates
cascades of pro-inflammatory, pro-hypertrophic, atherogenic and pro-
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Fig. 1. Schematic diagram of Ang-(1-9) encapsulation and its NIR light-induced controlled release from gold-coated thermosensitive liposomes. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

thrombotic effects triggering end-organ damage [6,7]. In recent de-
cades, the efficacy of the therapeutic agents targeted to the RAS has
greatly improved cardiovascular clinical outcomes by suppressing car-
diac hypertrophy, fibrosis and improving electromechanical function
[8]. The 9-aminoacid peptide angiotensin-(1-9) [Ang-(1-9)] is a
component of the counter-regulatory axis of the RAS [9]. We and others
have shown that Ang-(1-9) exerts cardiovascular protective effects, by
decreasing myocardial damage induced by ischemia/reperfusion,
adverse cardiovascular remodeling and inflammation triggered by HT
[10-17]. However, these beneficial actions of Ang-(1-9) are limited by
its short half-life in circulation caused by enzymatic degradation. In our
in vivo studies, we have used osmotic mini-pumps for a sustained
infusion-like administration of Ang-(1-9) to show its beneficial effects
[11,12]. Accordingly, alternative strategies that enable less invasive and
controlled drug delivery are required for its clinical translation.

Nanomedicine provides unique approaches to pack, protect and
transport drugs and biomolecules, as well as control their delivery to
specific sites with high versatility and potential to reduce systemic
toxicity and increase therapeutic efficacy [18]. The evidence has shown
that nanocarrier drug formulations are useful to provide controlled de-
livery of therapeutic agents in cardiovascular applications [19-22]. For
example, the “enhanced permeability and retention” (EPR) effect, ach-
ieved by the use of nanoparticles, enhances the passive accumulation in
inflammation regions. Ichimura et al. showed in a porcine model that
the EPR effect is useful for the accumulation of pitavastatin-loaded PLGA
nanoparticles in the infarcted myocardial region and this nanosystem
was further able to deliver the drug efficiently [23].

Liposomes are extensively considered as appropriate nanocarriers for
cardiovascular drug delivery because of their physicochemical versa-
tility, biodegradability, biocompatibility (non-toxic, non-hemolytic and
non-immunogenic) and their recognized potential for targeted and
controlled release [21,24-27]. Liposomes can carry their load into their
lipid bilayer or aqueous core, while protecting its degradation in the
body [24-27]. In other studies, certain cardioprotective peptides,
including angiotensin- [1-7] and [Pyrl]-apelin-13, have been encap-
sulated into liposomal formulations to increase their stability and pro-
tect them from enzymatic degradation in the blood [24,28,29].

By using liposomes to encapsulate therapeutic agents, higher sta-
bility and long-circulating properties can be achieved. The so-called EPR
effect, due to particle size and avoidance of the clearing mechanisms for
exogenous particle elimination, enables nanocarriers for long circu-
lating times, extravasation in leaky sites in the body (associated with
inflammation [30] and tumors [31]), and accumulation in such sites,
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leading to improved accumulation at damaged sites [32]. However, the
encapsulated therapeutic agent can lose bioavailability due to its low
release efficiency from liposomes, or slow passive diffusion through the
lipid bilayer [33]. In turn, it is often challenging to combine high drug
stability in the bloodstream with a rapid and optimal spatiotemporal
release at the target site [34]. In the case of Ang-(1-9), this peptide
should have an efficient and controlled spatio-temporal release from the
liposome as its therapeutic effect highly depends on extracellular
availability and direct binding to the AT, extracellular membrane re-
ceptor [13].

Thermosensitive liposomes are a useful alternative to increase drug
release efficiency when used along with local mild hyperthermia of a
few degrees above the average normal body temperature (40-43 °C), but
enough to modify the liposome bilayer properties to enable drug release
[35]. This conformational change in the lipid bilayer structure is pro-
duced in response to a higher energy state during the gel-to-liquid phase
transition at the transition temperature (Tp), which leads to an
increased volume in the lipid bilayer and a subsequent increase of its
permeability [36]. Moreover, with the incorporation of lysolipids like
MSPC (1-stearoyl—2-hydroxy-sn-glycerol-3-phosphocholine) into the
lipid bilayer structure of liposomes, it has been possible to increase the
loaded amount and speed up the release of the therapeutic agent from
the aqueous core by the formation of nanopores inside the lipid bilayer
at the Ty, [36]. However, it is often difficult to achieve an adequate local
temperature control in a clinical setting [37]. Therefore, in order to
obtain a controlled hyperthermia for spatial and temporal control
release, plasmonic nanoparticles, such as gold nanostructures deposited
onto the surface of the liposome can be used for producing a mild local
hyperthermia around the liposomes after near-infrared (NIR) irradia-
tion, which induces the phase transition in the lipid bilayer at Ty,
increasing its permeability and leading to an increased and faster release
of the cargo [38-40]. Light-controlled release using a catheter or
endoscopic light may allow precise, on-demand content delivery in a
precise intervention in vivo [37].

Liposomes coated with gold nanoclusters (AuNC) have gained
attention because of their optical absorption in NIR, which allows a non-
invasive therapy with greater light penetration into human tissues
during irradiation, without causing damage (the so-called “biologically
friendly” NIR window) [40,41] (Fig. 1). Moreover, the degradation of
these gold-liposome hybrid nanosystems allows the disaggregation of
the gold clusters toward gold nanoparticles of about 6 nm, which meet
the requirements for renal excretion [38]. Therefore, NIR light-induced
release from gold-liposomes nanosystems would offer spatial and
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temporal control for the Ang-(1-9) delivery.

The present study was aimed to develop thermosensitive liposomes
(LipoTherm) coated with AuNC to encapsulate Ang-(1-9) and evaluate
its release induced by NIR light. We also evaluated the cytocompatibility
and biological activity of Ang-(1-9) released from the nanosystem using
an ex vivo Langendorff heart rat model. To our knowledge, the light-
controlled release of cardioprotective peptides using a nanosystem
based on thermosensitive liposomes with gold nanoparticles has not
been described yet. Thus, this study shows relevant insights about the
design of novel nanosystem formulations for controlled drug delivery in
the field of CVD.

2. Materials and methods
2.1. Reagents

Ang-(1-9) was synthetized using a solid-phase method and provided
by Acuapeptide Synthesis (Nticleo de Biotecnologia de Curauma, Pon-
tificia Universidad Catdlica de Valparaiso, Valparaiso, Chile). 1,2-Dipal-
mitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1,2-distearoyl-sn-
glycero-3-phosphatidylcholine (DSPC), 1-myristoyl-2-stearoyl-sn-glyc-
ero-3-phosphocholine (MSPC or lyso-SPC) and 1,2-distearoyl-sn-glyc-
ero-3-phosphatiylethanol-amine-N-[methoxy (polyethylene glycol)-
2000] (DSPE-PEG2000) were purchased from Avanti Polar Lipids
(Alabaster, AL). Chloroform, Triton X-100 and p-glucose monohydrate
were obtained from Merck (Darmstadt, Germany). Hydrogen tetra-
chloroaureate (III) hydrate (HAuCl4*xH30, 99.995%) and r-ascorbic
acid (BioXtra, > 99.0%) were purchased from Sigma-Aldrich (St. Louis,
MO). Nitrogen gas was provided by Linde S.A, Chile. All chemicals and
solvents were of analytical grade and used without further purification.
Milli-Q water (Millipore Corp, MA) was used for all aqueous solutions.
All glassware used for gold reduction was washed with aqua regia and
extensively rinsed with Milli-Q water.

2.2. Synthesis and characterization of the Ang-(1-9) peptide

Peptide sequence was synthesized using the Fmoc/tBu strategy. A
wang resin (loading 0.6 mmol/g) was used as the solid support and the
attachment of the first amino acid was performed by using diisopropyl
carbodiimide and 4-dimethylamino pyridine(DIC/DMAP) to avoid
racemization. [42]. One synthesis cycle was composed of Fmoc-
deprotection and coupling. Standard couplings of amino acids were
carried out in dimethylformamide (DMF) solvent using a mix of an
activating agent (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU)/ OxymaPure®), Fmoc-protected amino
acid and the tertiary base diisopropilethylamine (DIPEA), in proportions
of 3:3:4.5 equivalents, respectively (one synthesis cycle was 3 h). For the
amino acid arginine, double couplings were made; the second coupling
was with N,N,N',N'-Tetramethyl-O-(benzotriazol-1-yl)uronium tetra-
fluoroborate (TBTU)/ Oxymapure /DIPEA. The deprotection was per-
formed with 20% piperidine in DMF (2 x 7 min).

After completing synthesis, the peptide was cleaved from the solid
support using trifluoroacetic acid (TFA), under gentle agitation over a
period of 3 h at room temperature, in the presence of scavengers
(standard cleavage solution: TFA/Triisopropylsilane (TIS)/water
95:2.5:2.5). After filtration the crude peptides were precipitated by the
addition of cold diethyl ether (Ety0), centrifuged, washed with cold
Et,0 five times, dried, dissolved in ultrapure water, frozen, and lyoph-
ilized. The C-terminal end of the peptide was obtained as free carboxylic
acid. The peptide was purified using a C18 column. Characterization of
the Ang-(1-9) peptide was made by high performance liquid chroma-
tography (HPLC) to verify purity and ESI-MS mass spectrometry to
confirm identity, using a LCMS-2020 ESI-MS (Shimadzu Corp., Kyoto,
Japan), with a column XBridge BEH130 C18 3.5 pm dp, 4.6 x 100 mm
and a gradient of 0-70% acetonitrile-water in 8 min. Supplementary
Fig. 1 shows the corresponding spectra.
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2.3. Preparation of Ang-(1-9)-loaded thermosensitive liposomes
(LipoTherm)

Thermosensitive liposomes, called LipoTherm, were prepared using
the thin-lipid film hydration method followed by extrusion, with a lipid
composition able to exhibit temperature-sensitive controlled release
similar to one previously described [43]. DSPC was added to obtain li-
posomes with a phase transition temperature (T, = 43 °C) slightly
higher than that reported using DPPC (T, = 42 °C) in order to avoid
drug leakage produced by phase transition onset near body temperature.
Therefore, the membrane was composed of DPPC, DSPC, MSPC and
DSPE-PEG2gq0 in a 71:15:10:4 M ratio. Briefly, the proper amounts of
dry lipids were solubilized in chloroform and dried with nitrogen gas
and temperature to ensure solvent removal. The resulting dry lipid film
was then hydrated (24 mM lipid concentration) with a 0.3 M hyper-
osmotic aqueous glucose solution containing 200, 300 or 400 pM of Ang-
(1-9) at 53 °C (nearly 10 °C above the gel-to-liquid phase transition
temperature), alternating with vortex agitation for 30 min. After hy-
dration, the liposomal suspension was subjected to sequential extrusion
(mini-extruder, Avanti, AL) at the same hydration temperature through
polycarbonate membranes (Nucleopore, Whatman, NJ) of decreasing
pore size (400, 200 and 100 nm). Twenty extrusion cycles were per-
formed for each pore size to obtain homogeneous unilamellar vesicles.
The liposomal suspension was then dialyzed by adding 2 mL into a
dialysis cellulose bag (molecular weight cut off [MWCO] 10 kDa, Sigma-
Aldrich, USA). The dialysis bag was clamped and suspended in 1 L PBS,
pH 7.4 (release medium), at room temperature and rotated at 150 rpm.
The dialysis system was kept overnight and on the following day, the
dialysis medium was changed twice every 3 h. A second step of purifi-
cation by diafiltration was required for a more effective removal of the
non-encapsulated Ang-(1-9). Preliminary data of this study showed that
after purifying only by dialysis, an amount of up to 10 pM of non-
encapsulated Ang-(1-9) remained, while by adding the diafiltration
step, no residual Ang-(1-9) was detected (its presence can hinder the
gold reduction process). The diafiltration system (Amicon, EMD Milli-
pore Corporation, MA, USA) consisted of a diafiltration cell (10 mL ca-
pacity, Amicon 8010) with a magnetic stirrer (100 rpm), a regenerated
cellulose membrane (MWCO 5 kDa, 25 mm diameter), a reservoir (1 L
capacity), a selector, and a pressure source (3 bar). The purification was
performed for 3 h by passing a continuous flux of PBS from the reservoir
through the diafiltration cell, which contained 2 mL of liposomal sus-
pension. Finally, the resulting liposomal formulations were stored at
4 °C until characterization or the subsequent gold reduction stage.

2.4. Physicochemical characterization of Ang-(1-9)-loaded LipoTherm

Particle size distribution and surface charge of the Ang-(1-9)-loaded
liposomes were evaluated by dynamic light scattering (DLS) using a
Zetasizer Nano ZS system (Malvern Instruments, UK). Liposome con-
centration was determined by nanoparticle tracking analysis (NTA)
using a NanoSight NS300 instrument (NanoSight, Amesbury, UK).
Liposome Ty, was analyzed by differential scanning calorimetry (DSC)
using a Perkin Elmer DSC 6000 microcalorimeter with sealed pans,
operating at a scan rate of 5 °C/min for both heating and cooling cycles
(two cycles each), spanning the temperature range of 4-80 °C. Trans-
mission electron microscopy (TEM) images were obtained in a
transmission-mode scanning electron microscope (TSEM, FEI Inspect
50). A drop of the liposomal dispersion was placed on formvar/carbon-
coated copper grids and then stained with 0.5% phosphotungstic acid,
before TSEM evaluations.

2.5. Evaluation of the encapsulation efficiency of Ang-(1-9)
In order to evaluate the encapsulation efficiency and total Ang-(1-9)

encapsulated inside the liposomes, the liposomal formulations were
previously treated with a solution of 0.5% Triton® X-100 at 50 °C for 1 h



J. Bejarano et al.

to disrupt the lipid bilayer and release the encapsulated Ang-(1-9). Ang-
(1-9) concentration was measured by high-performance liquid chro-
matography (HPLC) using a Flexar™ Perkin Elmer instrument with a
C18 analytical column XBridge™ peptide BEH130 (130 A, 3.5 pum, 4.6 x
100 mm, Waters, USA), at 25 °C. The mobile phases consisted of
acetonitrile (A) and 0.045% trifluoroacetic acid in deionized water (B).
We employed a detection wavelength of 220 nm and a flow rate of 0.9
mL/min, with gradient elutions from 5% of A and 95% of B to 100% of B,
over 20 min. Under these conditions, Ang-(1-9) had an elution time of
11 min and its concentration was calculated from the peak area using an
equation obtained through a standard curve.

2.6. Evaluation of free and encapsulated Ang-(1-9) stability

Stability of free and encapsulated Ang-(1-9) was evaluated with a
test performed in heat-inactivated fetal bovine serum (FBS). A 120 pM
free Ang-(1-9) solution and a sample of liposomes (24 mM lipid con-
centration) loaded with the same Ang-(1-9) concentration were diluted
five times in FBS, maintained at 37 °C and centrifuged at 300 rpm for 5,
10, 30, 60 and 120 min. After each time point, an aliquot was taken and
dissolved two times in a methanol/5% Triton X-100 (4:1 ratio) solution
and left at least 20 min at 4 °C with subsequent centrifugation at 13,000
g for 30 min to precipitate proteins. The supernatant was maintained at
50 °C for 30 min to allow complete extraction of Ang-(1-9) from the
liposomes and Ang-(1-9) concentration was quantified by HPLC, as
described above.

2.7. Temperature-induced release of Ang 1-9 from LipoTherm

The in vitro release of entrapped Ang-(1-9) from LipoTherm at Ty, was
determined at 5, 10, 20, 40 and 80 min. We then evaluated the effect of
the initial Ang-(1-9) concentration (200, 300 and 400 pM) on the
maximum Ang-(1-9) loading, encapsulation efficiency and release pro-
file. Briefly, 200 pL of liposomal suspension in PBS were placed into
separate tubes for each time point, and incubated in a water bath at
43 °C for the designated time period. After each heating period, the
samples were quenched in cold water (2 min), then diluted twice with
PBS, and centrifuged for 1 h at 226,800 g to obtain a liposomal pellet.
Supernatants were then analyzed by HPLC to measure the concentration
of Ang-(1-9) released at each time period (n = 3).

2.8. Reduction of gold on the Ang-(1-9)-loaded LipoTherm: development
of LipoTherm-AuNC

The reduction of a gold salt and subsequent formation of gold
nanoclusters (AuNC) onto the liposome surface was achieved using a
similar process previously reported [38,39,44]. Briefly, aqueous solu-
tions of 100 mM auric chloride and 500 mM ascorbic acid were ob-
tained. To get resonance wavelengths in the NIR of around 750 nm, 12
pL of auric chloride 100 mM and 18 pL of ascorbic acid 500 mM were
added to 1 mL of the previously prepared Ang-(1-9)-loaded liposome
formulations in PBS (24 mM lipid concentration and 140 pM Ang-(1-9).
First, the gold solution was added and gently swirled for 2 min until a
homogeneous solution is achieved. Then, ascorbic acid was added and
gently magnetic stirred until a blue color appeared. Finally, the resulting
blue dispersions were left stirring for 6 min. Following the gold reduc-
tion step, the gold-coated liposomes (LipoTherm-AuNC) were dialyzed
twice against PBS to remove any residue of the starting solutions.
Briefly, 1 mL of LipoTherm-AuNC was added into a dialysis cellulose bag
(10 kDa MWCO, Sigma-Aldrich, USA). The dialysis bag was suspended
in 1 L PBS, pH 7.4 (release medium), at room temperature and rotated at
150 rpm. The dialysis system was kept overnight and on the following
day, the dialysis medium was changed twice every 3 h.
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2.9. Physico-chemical characterization of the Ang-(1-9)-loaded
LipoTherm-AuNC nanosystems

Gold-coated liposomes were characterized by NTA, DLS and TEM to
evaluate their size distribution, nanoparticle concentration, surface
charge and morphology. TEM images were obtained with a HT7700
model microscope (Hitachi) operated at 100 kV and a high resolution
microscope (HR-TEM) FEI Tecnai G2-F20, operated at 200 kV and
equipped with X-ray energy dispersive spectroscopy (XEDS) to confirm
the presence of the gold nanoparticles and their interaction with the
liposomes. UV — vis spectroscopy using a Lamba 25 instrument (Perkin
Elmer, MA) was used to evaluate the absorption spectra of the gold
nanoclusters grown on LipoTherm. The degradation of the gold-coated
LipoTherm was evaluated by DLS and TEM after lysis of the lipid
bilayer with 1% Triton X-100 at 50 °C for 1 h.

2.10. Light-induced release of Ang-(1-9) from the LipoTherm-AuNC
nanosystems

The light-induced release of Ang-(1-9) from the previously prepared
LipoTherm-AuNC nanosystems (24 mM lipid concentration and 140 pM
Ang-(1-9)) was conducted in a custom -made temperature- controlled
chamber at 37 °C. Briefly, 200 pL of Ang-(1-9)-loaded LipoTherm-AuNC
was placed into a glass tube and maintained under magnetic stirring to
guarantee homogeneity during laser illumination. The illumination was
obtained from an 808 nm continuous wave NIR laser source, at 350 mW
(Power Technology Inc., AR) and the sample was irradiated from the
top, so as to directly interact with the sample for 2.5, 5, 10, 20 and 40
min. A thermal imaging infrared camera series LT3 (Zhejiang DALI
Technology Co. Ltda, China) was used to record the local temperature
changes in the samples during laser illumination. After each irradiation
period, the sample was quickly quenched in cold water for 2 min to
stabilize the liposomes and prevent further release of Ang-(1-9). The
samples were then centrifuged for 1 h at 226,800 g to get a LipoTherm-
AuNC pellet. Supernatants were then analyzed by HPLC to quantify Ang-
(1-9) release during each irradiation time period (n = 3).

2.11. Preparation and culture of neonatal rat ventricular myocytes
(NRVM)

All experiments were performed in agreement with the Guide for the
Care and Use of laboratory Animals published by the US National In-
stitutes of Health (2016) and were approved by the Institutional Ethics
Review Committees from Universidad de Chile (CBE2015-29 and
18,164-CYQ-UCH). Adult male and 1-3 day-old Sprague Dawley rats
were obtained from the Animal Breeding Facility of the Faculty of
Chemical and Pharmaceutical Sciences, Universidad de Chile. NRVM
were isolated as described in [45]. Cells were pre-plated for 2 h in plastic
Petri dishes to discard non-myocyte cells. The cardiomyocyte-enriched
fraction was plated on gelatin-precoated 35 mm plates and grown in
DMEM/M199 (4:1) medium containing 10% (w/v) fetal bovine serum
(FBS) and bromodeoxyuridine (100 mM) for 24 h before the
experiments.

2.12. Evaluation of cytotoxicity

The cytotoxic effect of the Ang-(1-9)-loaded LipoTherm-AuNC
nanosystems was evaluated by measuring the activity of lactate dehy-
drogenase (LDH) by spectrophotometry at 490 nm in samples of the
culture medium after 24 h of incubation with the different stimuli, using
the CytoTox 96® Non-Radioactive Cytotoxicity Assay kit, (Promega
Corp., Madison, WI), according to the manufacturer’s instructions. To
evaluate cell death, NRVM were randomly assigned to the following
conditions: a) control: MM with 10% (w/v) fetal bovine serum (FBS); b)
positive control using hydrogen peroxide 2%; c) empty LipoTherm; d)
free Ang-(1-9) (1 pM); e) empty LipoTherm-AuNC system; f) Ang-(1-9)-
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Fig. 2. Characterization of Ang-(1-9)-loaded LipoTherm by: (A) Scanning transmission electron microscopy (STEM), (B) Cryo-transmission electron microscopy
(TEM), (C) Dynamic light scattering (DLS) and (D) Differential scanning calorimetry (DSC).

loaded LipoTherm-AuNC; g) Ang-(1-9)-loaded LipoTherm-AuNC system
with laser irradiation (808 nm, 350 mW) for 10 min and h) irradiated
control (MM with 10% (w/v) FBS.

2.13. Ex vivo evaluation of Ang-(1-9) released from the LipoTherm-
AuNC nanosystem

Non-toxic and cardiac functional effects of Ang-(1-9)-loaded
LipoTherm-AuNC were investigated in isolated hearts from adult male
Sprague-Dawley rats (250 g) subjected to a perfusion protocol using the
Langendorff retrograde perfusion method [46]. Rats were anesthetized
with pentobarbital [80 mg/kg i.p.] and heparin 100 U/kg was injected
into the right atria. Hearts were perfused retrogradely through the aorta
with Krebs-Henseleit (KH) buffer containing: 128.3 mM NacCl, 4.7 mM
KCl, 1.35 mM CaCly, 1.1 mM MgSO4, 20.2 mM NaHCOs3, 0.4 mM
NaH,PO4 and 11.1 mM glucose, pH 7.4 (equilibrated with a 95% 03/5%
CO4 at 37 °C), using a peristaltic pump (Gilson Miniplus 3, France). A
latex balloon (filled with saline solution) connected to a pressure
transducer was placed through the left atrium and mitral valve into the
left ventricle in order to assess isovolumetric intraventricular pressure.
Perfusion flow was 10-14 mL/min and hearts were paced at 240-300
beats/min with platinum electrodes, using a temperature-controlled
chamber and a Grass stimulator (pulses of 5 V, 1 ms). The following
cardiac parameters were continuously monitored: left ventricular (LV)
developed pressure (LVDP), LV end-diastolic pressure (LVEDP; set at
5-10 mmHg at the beginning of the experiment). A volume of 200 pL of
both empty nanosystem and with Ang-(1-9) (10 pM) was laser irradiated
(808 nm, 350 mW) for 10 min and dissolved 2.5 times in PBS buffer,
with subsequent centrifugation at 226,800 g for 1 h at 4 °C. The su-
pernatant was analyzed by HPLC, as described above. The hearts were
perfused with a solution of the released Ang-(1-9) (50 pL of released
Ang-(1-9) (1.6 pM) was dissolved in 150 mL of KH buffer a final
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concentration 0.5 nM). Adult rat hearts were randomly assigned to the
following groups: a) Control: hearts were perfused with the KH buffer for
20 min; b) Ang-(1-9): hearts were stabilized for 20 min, followed by
perfusion with 50 nM Ang-(1-9); c) Lipo-Au: Hearts were stabilized for
20 min, followed by perfusion with supernatant post irradiation from
empty LipoTherm-AuNC nanosystem; d) Lipo-Au-Ang 1-9: Hearts were
stabilized for 20 min, followed by perfusion with supernatant 0,5 nM
Ang-(1-9) post irradiation from loaded LipoTherm-AuNC. Cardiac pa-
rameters were continuously monitored with pressure transducers:
LVDP, LVEDP and maximum rate of LV pressure increase (+dP/dt).

2.14. Statistical analysis

Data are presented as the mean + standard deviation (SD), and the
resulting values from each experiment were subjected to 2-way Kruskal-
Wallis test and Dunn’s Multiple Comparison post-analysis. Differences
with values of p“0.05 were considered as statistically significant.

3. Results and discussion
3.1. Ang-(1-9)-loaded thermosensitive liposomes

Ang-(1-9) was efficiently loaded into an optimized thermosensitive
liposomal composition using the thin-lipid film hydration method fol-
lowed by extrusion, which allows payloads up to 183 uM of Ang-(1-9),
encapsulation efficiency (EE) of about 50% and monodisperse size dis-
tributions, with average particles size around 100 nm. Additionally, the
purification processes with ultrafiltration and dialysis allowed to obtain
an appropriate liposomal dispersion for the subsequent gold reduction
step, which would be highly affected by the presence of a significant
residual amount of non-encapsulated Ang-(1-9). Fig. 2 shows the char-
acterization of the Ang-(1-9) loaded LipoTherm. The liposomal
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Table 1

Summary of the Ang-(1-9)-loaded LipoTherm properties.
Property
Average size (nm) 107 + 38
Polydispersity index 0.08
Concentration (liposomes/mL) 6.4 x 1012 + 1.9 x 107
Z potential (mV) 2+3
Phase transition temperature (°C) 43

Table 2
Effect of the Ang-(1-9) dosed during the LipoTherm preparation on total loading
and encapsulation efficiency.

Dosed Ang-(1-9) Total loaded Ang-(1-9) Encapsulation efficiency

(uM) (uM) (%)
200 107 54
300 153 51
400 183 46

dispersion was composed by nanovesicles around 100 nm of diameter,
as shown in the TSEM image (Fig. 2A). Cryo-TEM confirmed the average
particle size shown by TEM and the unilamellar structure and lipid
bilayer of the liposomes was further observed in detail (Fig. 2B). The
information about the liposome particle size obtained by TEM was
further supported by DLS analysis (Fig. 2C), which showed a mono-
disperse size distribution, with an average hydrodynamic particle size of
107 nm (Table 1). Additionally, the liposome concentration evaluated
by NTA was 6.4 x 10'2 liposomes/mL for a lipid concentration of 20
mg/mL. Ang-(1-9)-loaded LipoTherm exhibited a surface charge of —2
mV (Table 1) in PBS (pH = 7.4), which is consistent with the neutral
lipids of the liposome composition (DPPC, DSPC, MSPC and DSPE-PEG).
A summary of the liposome properties is shown in Table 1.

Liposomal dispersion showed high colloidal stability in PBS at 4 °C
for at least one month, maintaining its nanometric particle size, neutral
surface charge and steric stabilization by the PEG (Supplementary
Table S1).

The phase transition temperature (Ty,) is an important property in
thermosensitive liposomes because it determines the onset of the liquid
disordered phase state in the lipid bilayer, which is characterized by an
increased permeability of the entrapped compounds [36]. The perme-
ability is greatest around Ty, due to the coexistence of membrane areas
in both solid gel and liquid disordered phases [47]. DSC was used to
identify the Ty of the LipoTherm sample (Fig. 2D), showing an
approximate Ty, at 43 °C, with onset and endset temperatures of 40 and
45 °C, respectively. The onset of the phase transition at 40 °C, i.e. above
body temperature (37 °C), helps to avoid Ang-(1-9) leakage in vivo
because at 37 °C the lipid bilayer of the liposomes is in a solid gel phase
(Lp) of low permeability [48].

The encapsulation of Ang-(1-9) inside the LipoTherm was performed
using three different concentrations of this peptide (200, 300 and 400
puM) to evaluate their effect on the total loading (TL) and EE. Table 2
shows the values of TL and EE for each dosed Ang-(1-9) concentration.
EE was about 50%, showing a slight decrease when the dosed concen-
tration increased. On the other hand, the TL was above 100 pM, reaching
concentrations around 180 pM for the maximum dosed concentration
(400 pM). This evaluation allowed to find the initial Ang-(1-9) con-
centration necessary for the desired liposome loading in subsequent cell
tests or therapeutic evaluations. The absence of a concentration-
dependent response upon increasing amounts of Ang-(1-9) could be
associated with working conditions close to the drug saturation content
of the system [49].

3.2. Stability of free and LipoTherm-encapsulated Ang-(1-9)

One of the main goals of encapsulating the Ang-(1-9) peptide inside
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Fig. 4. Effect of temperature and Ang-(1-9) concentration on the release of
Ang-(1-9) over time.

the LipoTherm was to protect it from metabolic degradation in the blood
after systemic administration. Serum proteases usually cleave peptide
bonds in seconds or minutes, so these peptides have high clearance and
poor pharmacokinetics. Ang-(1-9) is a specific substrate for angiotensin
converting enzyme (ACE), producing Ang-1-7 [50]. The stability of Ang-
(1-9), either in free or encapsulated form, was evaluated by exposure to
FBS and the residual or non-degraded Ang-(1-9) concentration was
measured by HPLC after 5, 10, 30, 60 and 120 min (Fig. 3). Residual
Ang-(1-9) was calculated as a percentage respect to the total Ang-(1-9)
concentration present at the beginning of the test.

The results in Fig. 3 show that after 10 min in FBS, both free and
encapsulated Ang-(1-9) suffered degradation to some extent, remaining
82% and 75% of the initial Ang-(1-9) concentration for the encapsulated
and free Ang-(1-9), respectively. This could be associated with Ang-(1-9)
availability in the external surface of the lipid bilayer, enabling its
degradation when exposed to FBS. As time increased, free Ang-(1-9)
suffered a greater degree of degradation since the residual amount
decreased to 27% at 60 min, and completely decreased after 120 min in
FBS. Conversely, Ang-(1-9) encapsulated inside LipoTherm was pro-
tected from degradation in FBS and the residual concentration inside
liposomes was maintained above 80% until 120 min. These results
confirm that the stability of Ang-(1-9) in serum can be increased by its
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Fig. 5. Characterization of Ang-(1-9)-loaded LipoTherm-AuNC nanosystems. (A) UV-vis spectra of nanosystems with varying HAuCl, and ascorbic acid concen-
trations. (B) Dynamic light scattering (DLS) comparison of size distribution in the LipoTherm and Ang-(1-9)-loaded LipoTherm-AuNC nanosystems. (C) Transmission
electron microscopy (TEM) images. (D) Chemical analysis of Ang-(1-9)-loaded LipoTherm-AuNC nanosystems by XEDS. Scale bars: 200 nm.

encapsulation into the aqueous core of the LipoTherm. Previous reports
have indicated that liposome carriers can improve circulating times of
short-lived peptides [28,29,51]. Angiotensin- [1-7] is another vasoac-
tive peptide with a short blood half-life and its circulating times have
been improved in liposomal formulations for brain administration
[28,29]. Liposomes have also been used to enable efficacy of pulmonary
acting peptides that exhibit a short half-life after local administration
[51]. As such, vasoactive intestinal peptide has been encapsulated in
liposomes to enhance its pulmonary bioavailability.

3.3. Temperature-dependent Ang-(1-9) release from LipoTherm

The release profiles of Ang-(1-9) from LipoTherm induced by tem-
perature was evaluated for the three encapsulated concentrations (107,
153 and 183 pM). Fig. 4A shows the concentration of Ang-(1-9) released
from the Lipotherm at Ty, (43 °C) and body temperature (37 °C). Ang-
(1-9)-loaded LipoTherm did not release a significant amount of Ang-(1-
9) at 37 °C (around 1 pM), which demonstrated the stability of the
loading inside the liposome cores, avoiding significant leakage at body
temperature. Conversely, when the LipoTherm were exposed to 43 °C,
Ang-(1-9) was released through the bilayer and the maximum released
amount depended on the peptide concentration in the aqueous core. For
instance, the maximum concentrations released at 10 min of heating
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were 40, 55 and 100 pM for the encapsulated loads of 107, 153 and 183
pM, respectively. These released amounts corresponded to 37%, 36%
and 55% of their corresponding loads (Fig. 4B). These results showed
that a higher Ang-(1-9) concentration loaded in the liposome aqueous
core allows more Ang-(1-9) to pass through the lipid bilayer, by taking
advantage of the lipid mobility and nanopores generated by the lysolipid
(MSPCQ) at Ty, [52]. Moreover, the release profiles were similar for all the
drug payloads and these were characterized by a rapid release until 10
min; then, release reached a steady-state that lasted for the period
studied. The transition from rapid to steady-state release was gradual
between 5 and 10 min for the LipoTherm with 107 and 153 pM payloads,
while this transition was sudden at 10 min for the 183 pM payload due to
the higher Ang-(1-9) concentration inside the liposome core, which
produced a faster diffusion through the bilayer. Similar drug release
results have previously shown that temperatures higher than T, are
desired for a more complete and faster drug release from thermo-
sensitive liposomes [53-55]. In this work, the release of Ang-(1-9)
from the LipoTherm core was also favored by diluting Ang-(1-9) in a
glucose solution to produce a higher inner osmotic pressure than that
outside the liposome (PBS) [56]. Noteworthy, LipoTherm can release
100 pM of Ang-(1-9) after 10 min of heating, which has been reported as
a therapeutic concentration in in vitro hypertrophy studies reported by
Ocaranza et al. [11].
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Fig. 6. Evaluation of Ang-(1-9)-loaded LipoTherm-AuNC nanosystem degradation after treatment with Triton X-100. (A) Dynamic light scattering (DLS) comparison
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arrows show independent gold nanoparticles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

3.4. Ang-(1-9)-loaded LipoTherm-AuNC nanosystems

The synthesis of AuNC on the Ang-(1-9)-loaded LipoTherm outer
surface and the characterization of the resulting nanosystems are shown
in Fig. 5. The reduction of gold on the LipoTherm was evaluated by
varying the concentrations of auric chloride and ascorbic acid, while the
formation of AuNC was followed by measuring the absorption spectrum
of the synthesized nanosystems (Fig. 5A). Before the gold reduction,
LipoTherm only showed the short wavelength extinction due to the
Rayleigh scattering of liposomes without any NIR absorption [38]. After
using 0.8 mM of HAuCly and 6 mM of ascorbic acid for the gold
reduction (T1 synthesis), a NIR band between 600 nm and 1100 nm
(maximum around 745 nm) was generated, thus showing the presence of
gold nanoclusters coexisting with the liposomes. When higher concen-
trations of HAuCly and ascorbic acid were used, the intensity of the NIR
band increased and the maximum was shifted toward longer wave-
lengths for T2 (maximum around 780 nm) and T3 (maximum around
814 nm). However, when the concentrations of the reagents were even
higher (T4, T5 and T6 synthesis), the bands became wider, indicating
the formation of more polydisperse and denser gold nanostructures
[38]. These synthetic conditions with larger amounts of HAuCl4 and
ascorbic acid showed a dark blue color, compared with the light blue
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obtained from the synthesis conditions with lower amounts of these
reagents (Fig. 5A).

DLS was another technique used to evaluate gold reduction and
choose optimal synthetic conditions. Fig. 5B shows the size distribution
of both bare and gold-coated LipoTherm using the T1 synthesis condi-
tion. Before gold reduction, the LipoTherm showed an average size of
118 nm with low polydispersity (polydispersity index, PDI: 0.07), while
after synthesis, the average size became 193 nm, with higher poly-
dispersity (PDIL: 0.20), thus confirming the formation of larger hybrid
nanosystems composed of LipoTherm and gold nanostructures. Absence
of other nanoparticle populations or large agglomerates was evidenced
for T1 synthesis conditions (Fig. 5B). On the other hand, other nano-
particle populations with larger particle sizes (average particle size
larger than 600 nm, depending on the gold concentration), probably
composed of isolated AuNC or gold agglomerates not bound to the
LipoTherm surface, or aggregations of AuNC and several liposomes were
observed for the synthesis conditions with higher concentration of
HAuCl, and ascorbic acid (see Supplementary Fig. 2). These DLS results
showed that the T1 synthetic condition produces a more homogeneous
LipoTherm-AuNC nanosystem.

The synthesized LipoTherm-AuNC nanosystem was also analyzed by
TEM (Fig. 5C-D). The assembling of gold nanoparticles to form AuNC on
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Fig. 7. Release of Ang-(1-9) and temperature changes after t1: 2.5 min, t2: 5 min, t3: 10 min, t4: 20 min and t5: 40 min of near-infrared (NIR) laser irradiation of
Ang-(1-9)-loaded LipoTherm-AuNC nanosystem. (A) Ang-(1-9) release profile. (B) Thermal images after irradiation of the nanosystem, as synthesized. (C) Ang-(1-9)
release profile. (D) Thermal images after irradiation of the nanosystem, diluted ten times.

the LipoTherm was confirmed (Fig. 5C), as the large number of high-
contrast nanoparticles covering the LipoTherm was evident. Further-
more, a compositional analysis by XEDS confirmed that these nano-
clusters were made of gold (Fig. 5D). These AuNC surrounding the
LipoTherm were composed of gold nanoparticles with sizes around 10
nm (TEM image magnified in Fig. 5C) and the resulting Ang-(1-9)-
loaded LipoThem-AuNC nanosystems showed particle sizes consistent
with the range of sizes obtained from the DLS analysis (Fig. 5B). The
collective plasmon resonance depends on the number of the gold
nanoparticles that are part of the AuNC and the nanocomposite formed
with the lipid bilayer [38,57].

3.5. Disintegration of the AuNC after LipoTherm degradation

Clearance of nanoparticles used for treatment or diagnosis remains a
major challenge [38]. The LipoTherm-AuNC nanosystem was designed
to absorb NIR radiation (a preferred spectral range for irradiation due to
its weak interaction with biological tissue), release its cargo and finally
degrade in organic molecules and inorganic components around 5 nm to
facilitate their renal elimination [38,58]. Fig. 6A shows evidence of the
Ang-(1-9)-loaded LipoTherm-AuNC nanosystem degradation after the
treatment with 1% Triton X100, condition in which the average size of
the nanosystem decreased from 116 nm to 7.5 nm (ranged from 2.5 to
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20 nm), indicating that the disruption/lysis of the liposomes further
promoted AuNC disintegration. The degradation of this nanosystem was
also evaluated by measuring the absorption spectrum before and after
the treatment with Triton X-100 (Fig. 6B). After the Triton X-100
treatment, the nanosystem showed a NIR absorption spectrum with a
lower intensity than that from the pristine nanosystem before the
treatment. Moreover, the UV absorption from the liposomes at wave-
lengths below 500 nm markedly decreased after the treatment. Optical
density or turbidity is mainly affected by the number and size of the
particles present in a dispersion; hence, if the number of liposomes or
their size is reduced, the absorbed UV light decreases accordingly
[59,60]. Therefore, this UV-vis result in Fig. 6B indicates that the li-
posomes were disrupted or degraded by the Triton X-100 treatment. The
residual NIR absorption on this same spectrum suggests that there are
still AuNC forming more stable shells, which did not disintegrate when
the liposome was degraded. The disintegration of the nanosystem was
confirmed by TEM (Fig. 6C-D). Liposomal debris or deformed liposomes
grouped with some disaggregated gold nanoparticles were observed and
indicated with the red arrows in Fig. 6C. Gold nanoparticles were
completely disaggregated and isolated, showing sizes between 4 and 15
nm, approximately (white arrows in Fig. 6C-D). These particle sizes
observed by TEM were consistent with the particle size distribution
obtained by DLS (Fig. 6A), thus confirming the potential for renal
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Fig. 8. Evaluation of the effect of laser irradiation on the LipoTherm-AuNC nanosystem. (A) UV-vis spectrum. (B) Size distribution by dynamic light scattering (DLS).
(C) Transmission electron microscopy (TEM) images of the nanosystem after 40 min of laser irradiation. Bar scale: 200 nm.

elimination of the Ang-(1-9)-loaded LipoTherm-AuNC nanosystem, as
was reported for quantum dots smaller than 6 nm [58]. Troutman et al.
[38] also showed that the disintegration of gold nanoshells/DPPC
liposome nanosystems generates small gold nanoparticles which can be
potentially eliminated by the renal system. In this study, the complete
disintegration of the nanosystem was obtained with the surfactant
Triton X-100. Additionally, the same level of degradation could be
achieved under conditions representing a biologically relevant process
by means of a lipid hydrolysis model produced by phospholipase A2
(PLA2) in the presence of calcium (physiologic pathway of lipid break-
down and recycling).

3.6. NIR-activated Ang-(1-9) release from the LipoTherm-AuNC
nanosystem

The controlled release of Ang-(1-9) from the Ang-(1-9)-loaded
LipoTherm-AuNC nanosystem was evaluated using NIR laser irradiation
as an external stimulus. Fig. 7 shows the percentage and concentration
of Ang-(1-9) released after 2.5, 5, 10, 20 and 40 min of laser irradiation,
as well as the thermal images representing the temperature changes in
the nanosystem dispersion during the irradiation. Fig. 7A-B depicts the
release from the nanosystem sample without dilution; i.e., at the same
nanoparticle concentration as that synthesized. Meanwhile, Fig. 7C-D
represents a ten times-diluted sample, as used for the cell test.

The nanosystem, maintained at about 37 °C under stirring, showed a
maximum Ang-(1-9) release of around 5% (4 pM) of the total peptide
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load until 40 min. This small quantity of released Ang-(1-9) could be
associated with Ang-(1-9) remaining over the nanosystem surface or
passive diffusion of Ang-(1-9) through the lipid bilayer over time. Laser
stimulation for 2.5 min led to a fast release of around 55% (76 pM) of
Ang-(1-9) during this early irradiation period. The sample irradiated for
10 min released 70% of the initial encapsulated Ang-(1-9). The Ang-(1-
9) amount released from the nanosystem increased with irradiation
time, until reaching a release of 96% after 40 min of irradiation. It is
worth pointing out that when the LipoTherm (non coated with AuNC)
was heated using a water bath for 40 min, the percentages of released
Ang-(1-9) were lesser (33%-53%) (Fig. 4) that the light-induced release
at the same time point. It is believed that the hyperthermia and physical
effect produced by the the NIR irradiation of AuNC generated a more
effective Ang-(1-9) release from the LipoTherm due to either a higher
local temperature or formation and collapse of vapor bubbles around the
laser-heated AuNC, similar to a transient cavitation effect [33]. The
temperature of the nanosystem samples also increased with irradiation
time from approximately 37 °C up to around 50 °C at 40 min (Fig. 7B).
These thermal images helped to monitor the temperature of the sur-
rounding medium at each irradiation time; therefore, the temperatures
shown in Fig. 7B indicated that this concentration of the AuNC-
LipoTherm nanosystem was not safe for the cells or tissue. Therefore,
the light-induced Ang-(1-9) release and the associated temperature
changes were also evaluated using a ten-fold diluted sample (Fig. 7C-D).
The release profile of this diluted sample was slightly different at early
times (2.5 and 5 min) from that of the non-diluted sample, showing a
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Fig. 9. LDH cytotoxicity test to evaluate the effect of the Ang-(1-9)-loaded
LipoTherm-AuNC nanosystem and the NIR irradiation conditions on car-
diomyocytes. The graph shows the percentage (%) of lactate dehydrogenase
(LDH) released into the culture medium after incubation with the different
treatments. Data is expressed as mean + SEM. Sample size of 5 independent
experiments. Data were analyzed by 2-way Kruskal-Wallis test, and Dunn’s
Multiple Comparison post-analysis. “p < 0.005 vs positive control (Hz03), *p <
0.05 vs positive control (H205).

smaller Ang-(1-9) release from the nanosystem due to the lower tem-
perature generated in the dispersion (37 °C) or around the liposomes.
Therefore, the non-diluted sample (43 °C-46 °C) probably did not allow
adequate bilayer permeabilization at earlier times. The release at times
longer than 10 min had a behaviour comparable to that of the non-
diluted sample, showing similar percentages of released Ang-(1-9).
Moreover, the concentration of the released Ang-(1-9) was consistent
with the dilution factor. This diluted sample generated lower and safer
temperatures for cells or surrounding tissue (Fig. 7D). Similar release
profiles for gold-functionalized thermal-liposomes have been previously
described [48,55]. Over short periods of time of continued laser irra-
diation (min range), much of the drug payload is quickly released,
enabling its triggerable release.

3.7. Effect of hyperthermia on the LipoTherm-AuNC nanosystem

The effect of hyperthermia on the LipoTherm-AuNC nanosystem
after laser irradiation was evaluated by UV-vis spectrophotometry, DLS
and TEM (Fig. 8). After 40 min of irradiation, the nanosystem showed a
NIR absorption spectrum with lower intensity, compared to that of the
nanosystem without irradiation (Fig. 8A). The size distribution showed a
change in the nanoparticle population after irradiation, generating a
distribution with a higher polydispersity and an additional nanoparticle
population of smaller sizes (Fig. 8B). These results from UV-vis spec-
trophotometry and DLS could indicatesuggest that these AuNC-based
nanosystems suffered morphological changes and AuNC disaggrega-
tion, possibly due possibly to the effect of localized high temperatures
and physical phenomena suffered byon the AuNC during NIR illumi-
nation [33,61]. TEM images (Fig. 8C) obtained from the irradiated
samples supported revealed the dissaggregation of the AuNC-based
nanosystems as nanoparticles with typical morphology and sizes (indi-
cated by blue arrows), along with some smaller isolated gold nano-
particles of around 20 nm (indicated by red arrows) were observed. We
were not able to detect many of these smaller AuNC or gold
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nanoparticles by TEM. However, these evaluations (UV-vis, DLS, and
TEM) indicated that NIR irradiation induces some morphological
changes of the nanosystems.

3.8. Cell viability

The cytotoxic effect of the Ang-(1-9)-loaded LipoTherm-AuNC
nanosystems on NRVM was investigated after 24 h. Fig. 9 shows that
there was no significant cytotoxic effect of the LipoTherm-AuNC nano-
systems, compared to the negative control (No stimulus, NS). Bare Lip-
oTherm and Ang-(1-9) were also evaluated as controls. Moreover, no
cytotoxic effect was detected after laser illumination of the Ang-(1-9)-
loaded LipoTherm-AuNC nanosystem (ten times diluted) for 10 min.
This result shows that the increase in temperature generated by the laser
irradiation did not produce cardiomyocyte toxicity. In conclusion, the
Ang-(1-9)-loaded LipoTherm-AuNC nanosystem at the indicated con-
centrations and NIR irradiation conditions did not produce significant
effects on cell viability.

3.9. Cardiac function measurements after administration of Ang-(1-9)-
loaded LipoTherm-AuNC

With the purpose of evaluating if Ang-(1-9) released from the
LipoTherm-AuNC nanosystem after NIR illumination still retained its
biological activity in the heart, the Langendorff model was used to study
ex vivo myocardial function after administration of the released Ang-(1-
9).

Ang-(1-9)-loaded LipoTherm-AuNC improved left ventricular func-
tion in isolated adult rat hearts and are biologically compatible with
isolated hearts, in a manner similar to that reported by Mendoza-Torres
etal [62]. As shown in Fig. 10, treatment with 0.5 nM Ang-(1-9) released
post irradiation (laser 808 nm, 350 mW for 10 min) from loaded
LipoTherm-AuNC Lipo-Au-Ang) during perfusion, improved LVDP by
approximately 17%, compared to the negative control (empty
LipoTherm-AuNC post irradiation, Lipo-Au). Importantly, this result
depicts that the Ang-(1-9)-loaded LipoTherm-AuNC nanosystem at this
Ang-(1-9) concentration and NIR irradiation conditions is able to
generate a significant pharmacological effect in isolated adult rat hearts,
showing that the light-induced release of Ang-(1-9) from the LipoTherm-
AuNC nanosystem did not affect its biological activity.

This study shows the temporal controlled release capacity achieved
by NIR irradiation. Our research group is working on novel active tar-
geting strategies to provide spatially controlled release of the Ang-(1-9)-
loaded LipoTherm-AuNC nanosystem. This approach would generate a
nanosystem able to release Ang-(1-9) at a specific area at the desired
time. Moreover, it would allow taking better advantage of the thera-
peutic effects of this peptide.

Future clinical applications of this technology should explore any of
the current approaches used for cardiac laser revascularization. In this
case, a commercial NIR laser fiber could be inserted using either trans-
myocardial or percutaneous procedures. The transmyocardial procedure
consists in creating a small incision between the ribs (thoracotomy) with
the patient under general anesthesia. Then, the flexible laser fiber is
positioned on the surface of the beating heart. In the percutaneous
procedure, the surgeon injects a local anesthetic into an area on the
groin and then makes a tiny incision to place a catheter in the femoral
artery. A fiber-optic catheter is then placed inside the first catheter and
guided through the blood vessels to the heart [63,64].

4. Conclusions

In this work, a thermo-sensitive LipoTherm-AuNC nanosystem was
developed to enable NIR-triggered Ang-(1-9) release. MSPC and DSPC
incorporation in the DPPC liposomal system allowed the effective
release of the Ang-(1-9) peptide with a precise release control by thermal
stimulation at Tpy. Ang-(1-9) was appropriately protected from
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Fig. 10. Effect of the Ang-(1-9)-loaded LipoTherm-AuNC nanosystem on myocardial function using the Langendorff model. (A) Representative tracings of LVDP at
2.5 s after treatment with respect to baseline. (B) LVDP measured at 2.5 s after treatments. Bar graphs represent mean + SEM. N = 7 hearts in each condition. *p <
0.05 vs control hearts with LipoTherm + AuNCs. Data were analyzed by 2-way Kruskal-Wallis test and Dunn’s Multiple Comparison post-analysis. LVDP: left
ventricular developed pressure; LipoTherm + AuNCs: supernatant from irradiated LipoTherm-AuNC nanosystem; LipoTherm + AuNCs + Ang-(1-9): supernatant from

irradiated Ang-(1-9)-loaded LipoTherm-AuNC nanosystem.

enzymatic degradation in the nanosystems and revealed a triggered
release upon NIR irradiation, releasing its complete payload during the
time period of this study. Ang-(1-9)-loaded LipoTherm-AuNC nano-
systems were safe in both the in vitro cell testing and the ex vivo Lan-
gendorff heart model. Moreover, the released Ang-(1-9)from this
nanosystem elicited improved LVDP. These results reveal the potential
of the triggerable system for -the otherwise short-lived- Ang-(1-9) as an
enabler of its pharmacological effect. For future in vivo studies and
clinical practice, it would be interesting to the evaluate pulsed NIR
sources with micro-, nano-, pico- or femtosecond pulses, which have
shown efficient localized stimulation of nanosystems, therefore
achieving the release of the content with minimal or no thermal impact
to the surrounding tissue.
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