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Single Pulse Nanosecond Laser-Stimulated Targeted
Delivery of Anti-Cancer Drugs from Hybrid Lipid
Nanoparticles Containing 5 nm Gold Nanoparticles

Antoine Uzel, Leonidas Agiotis, Amélie Baron, Igor V. Zhigaltsev, Pieter R. Cullis,
Morteza Hasanzadeh Kafshgari,* and Michel Meunier*

Encapsulating chemotherapeutic drugs like doxorubicin (DOX) inside lipid
nanoparticles (LNPs) can overcome their acute, systematic toxicity. However,
a precise drug release at the tumor microenvironment for improving the
maximum tolerated dose and reducing side effects has yet to be
well-established by implementing a safe stimuli-responsive strategy. This
study proposes an integrated nanoscale perforation to trigger DOX release
from hybrid plasmonic multilamellar LNPs composed of 5 nm gold (Au) NPs
clustered at the internal lamellae interfaces. To promote site-specific DOX
release, a single pulse irradiation strategy is developed by taking advantage of
the resonant interaction between nanosecond pulsed laser radiation (527 nm)
and the plasmon mode of the hybrid nanocarriers. This approach enlarges the
amount of DOX in the target cells up to 11-fold compared to conventional
DOX-loaded LNPs, leading to significant cancer cell death. The simulation of
the pulsed laser interactions of the hybrid nanocarriers suggests a release
mechanism mediated by either explosive vaporization of thin water layers
adjacent to AuNP clusters or thermo-mechanical decomposition of overheated
lipid layers. This simulation indicates an intact DOX integrity following
irradiation since the temperature distribution is highly localized around AuNP
clusters and highlights a controlled light-triggered drug delivery system.

1. Introduction

Chemotherapy, surgery, and radiation therapy are standard
methods to treat breast cancer. However, while these methods
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successfully cure early stage cancers, they
pose problems for advanced cancers. In the
case of chemotherapy, treatments are long,
and because chemotherapeutic agents are
not specific to cancer cells, <5% of the an-
ticancer drug reaches the tumor through
the bloodstream.[1] Some chemotherapeu-
tic agents (e.g., DOX)[2] are also cardiotoxic
and accumulate in the patient’s heart, lim-
iting the cumulative dose the body can
tolerate.[3] Innovative drugs encapsulated
in LNPs to deliver treatments and per-
form cancer therapy have emerged as new
functional strategies. Their effectiveness
has been demonstrated, for example, with
Covid-19 vaccines.[4] The lipid bilayer pro-
vides a protective barrier against early drug
elimination and allows passive delivery of
chemotherapeutic agents to the tumor. En-
capsulation of the anticancer drug in lipo-
somes, such as Doxil,[4] reduces toxic side
effects. Studies have further shown that
it reduces the photodegradation of DOX
[5] and generally promotes the photostabil-
ity of other photosensitive drugs.[6] More-
over, the encapsulation of anticancer drugs

in liposomes increases tumor accumulation, assisted by the im-
pact of enhanced permeation and retention. Although a signifi-
cant improvement over chemotherapy alone, lipid encapsulation
of cargo has limitations, that is, chemotherapeutic agent release
in healthy tissues. Site-specific delivery to minimize collateral
damage to healthy tissue can be achieved by triggered release
(stimuli-responsive release). For instance, endogenous stimuli,
for example, triggered by changes in pH, redox conditions, and
enzymes at the diseased site, can be utilized to locally degrade
liposomes sensitive to these stimuli.[7] However, the complexity
of the intracellular mechanisms of cancer cells compared to non-
cancerous cells or immune reactions to enzymes,[8] may lead to
an ineffective treatment induced by endogenous stimuli.

Alternatively, external stimuli can trigger a remote drug re-
lease of stimuli-responsive liposomes accumulated at the tumor
site.[7a,9] These external stimuli include magnetic fields, ultra-
sound, heat, microwave radiation, and light. Among the vari-
ous external stimuli available, laser light is an appealing can-
didate as it generally allows for remote interaction with engi-
neered nanomaterials with high spatiotemporal resolution and
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spectral selectivity.[10] Wavelengths in the ultraviolet-visible range
are primarily applicable for topical treatments, while the near-
infrared range is preferred to obtain penetration depths of a few
millimeters and avoid interaction with most biomolecules found
in tissue.[11] For deeper areas of the body, minimally invasive in-
terstitial laser thermal therapy utilizing optical fiber is required.
As for the development of compatible, laser light-responsive li-
posomes, many efforts have been devoted to the incorporation
of AuNPs within specified compartments of the liposomes[12] as
well as the other approaches assembling plasmonic NPs within
polymer nanostructures.[13] Indeed, the development of such
therapeutic nano-platforms not only facilitates their spectral tun-
ability to the desired laser wavelength (due to the surface plas-
mon resonance of AuNPs) but also further pushes the precision
of the interaction to the nanoscale.[14] Therefore, such precision
enables nanometric manipulation of localized regions on a single
liposome.

Over the past decade, various laser radiation approaches (i.e.,
continuous wave or pulsed) have been employed to trigger
cargo release from AuNP-containing liposomes or other poly-
meric nanovesicles.[15] Each approach differs regarding underly-
ing mechanisms and cargo release kinetics. To begin with, drug
release from AuNP-containing liposomes by continuous wave
laser radiation relies on local hyperthermia, increasing the lipo-
some membrane permeability.[10b] However, by this approach,
the release rate of chemotherapeutics can only be reduced to the
minute timescale.[16] Consequently, these conditions do not allow
optimal drug concentration at a treated tumor site, highlighting
the requirement for a faster release strategy.[17] Pulsed laser ir-
radiation can address this problem by allowing the decomposi-
tion of the liposomes’ membranes via a single laser shot.[17] Re-
lease occurs rapidly, ultimately governed by the diffusion of the
drug to its surroundings. Specifically for doxorubicin chemother-
apy by AuNP-containing liposomes, several approaches for light-
triggered release by multiple laser pulses have been proposed.[18]

Other studies have utilized multiple laser pulse triggering
for photoacoustic imaging[19] or DNA plasmid transfection.[20]

Only a few works have examined the effect of content re-
lease (e.g., calcein,[12a,c] calcium,[12b,21] inositol triphosphate,[21]

adenosine triphosphate,[12b] or carboxyfuorescein[12b,d]) from li-
posome/AuNP carriers by a single laser pulse.[12a,b,21] Relatively
large Au nanostructures (≈40–50 nm) have been used to manage
content release from AuNP-containing liposome vesicles,[12b-d]

presumably via a bubble cavitation process. Other approaches ex-
ploit smaller AuNPs (< 5 nm) to cover the liposome membrane
and tune the surface plasmon resonance of the vesicles to the
near-infrared range so that uncaging of cargo is triggered by ei-
ther nanobubble formation or mechanical forces.[12a,21] Still, the
underlying mechanisms of single pulse release of chemothera-
peutic agents from light-responsive liposomes remain elusive.

To develop a site-specific stimuli-responsive drug release sys-
tem, a new generation of light-responsive oligolamellar LNPs
containing AuNP clusters inside their membrane (residing
within junctions of the lamellae) has been formulated for pro-
moting a safe and controlled chemotherapy. DOX has been
tightly encapsulated in the aqueous core of the hybrid plasmonic
LNPs and released into the target cancer cells after exposure to
the pulsed ns laser. Benefiting from the localized interaction of
a well-defined plasmonic resonance (540 nm) of AuNPs with

nanosecond pulsed-laser irradiation at the same resonance peak,
we establish site-specific light-triggered delivery of DOX in MDA-
MB-231 human breast adenocarcinoma cells by application of a
single pulse per irradiated site. Further, a numerical model is de-
veloped to shed light on the mechanisms of the triggered drug re-
lease from the internalized DOX-Au-LNPs through single-pulsed
irradiation to demonstrate the localized stimuli-responsive deliv-
ery of LNP-mediated chemotherapy with a fast release rate trig-
gered by a single laser pulse.

2. Results and Discussion

2.1. Formulation of DOX-Loaded Hybrid Plasmonic LNPs

Hybrid plasmonic LNPs have been synthesized by a recently
developed “bottom-up” approach[22] to encapsulate hydropho-
bic negatively charged AuNPs and DOX, a hydrophilic an-
ticancer drug. The hybrid LNPs are assembled by mixing
ionizable cationic lipids (1, 2-dioleoyl-3-dimethylammonium-
propane = DODAP) with distearoylphosphatidylcholine (DSPC),
cholesterol, and poly(ethylene glycol)−1, 2-distearoyl-sn-glycero-
3-phosphoethanolamine (PEG-DSPE) through a well-established
volume ratio of 10/49/40/1 to entrap the negatively charged
AuNPs (5 nm in diameter)[22] within the membrane of LNPs
(junction of bilayers). Therefore, the outermost monolayer of
the hybrid LNP presented here is composed almost entirely of
DSPC and cholesterol to prevent immune responses and provide
a longer circulation time. The hybrid plasmonic LNPs have been
formulated with an average hydrodynamic diameter of ≈138 nm
(polydispersity index = PDI of 0.19) and negative zeta potential
(−3.4 mV), as shown in Figure 1A–C. The AuNP/lipid molecule
ratio was 2.2 × 1013 particles/μmol lipid for forming the Au-
LNPs, thereby obtaining AuNP entrapment efficiency close to
100%.[22] Furthermore, LNP formulations, including DOX-Au-
LNPs as well as control Au-free DOX-LNPs, were loaded with
DOX by following 0.1 DOX/total lipids ratio (wt/wt) to achieve
a loading efficacy ≈100%, exactly as described in the earlier
work.[22] AuNP clusters have been precisely placed within the
junctions of the lipid bilayers (average 5–7 particles per LNP)
of these bilamellar or oligolamellar vesicles (Figure 1D). Accord-
ingly, the most representative case corresponds to the top-left
image, that is, AuNPs are clustered within the junction of lipid
bilayers. Note that other structures, such as bilamellar or oligo-
lamellar vesicles, with AuNP clusters placed within i) inner lipid
bilayers, ii) intermediate aqueous compartments, or iii) inner
aqueous compartments have been observed with less popula-
tion (Figure 1D). However, the entrapped internalized AuNPs
are still associated with lipids without being freely dispersed in
the aqueous phase since the cationic lipid (DODAP) drives the
AuNP uptake upon the formation of the hybrid system. To enable
DOX encapsulation in the formulated hybrid plasmonic LNPs,
ammonium sulfate was entrapped into the aqueous core by tak-
ing advantage of the created pH gradient between the interior
of the liposomes and the exterior. In all cases, the DOX encap-
sulation has occurred in the aqueous core of the vesicles, form-
ing a rod-shaped nanocrystal (Figure 1D) with high loading effi-
ciency (an initial drug-to-lipid ratio of 0.1 wt./wt.) without any
probable leakages in the physicochemical conditions. The ab-
sorbance spectrum of 5 nm AuNPs peaks at 520 nm according to
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manufacturer technical data (Ted Pella Inc, 5 nm PELCO NanoX-
act Gold Nanoparticles), in fair accordance with Mie theory (plas-
mon peak at 522 nm for AuNP in water). The formulation of the
DOX-loaded hybrid plasmonic LNPs (DOX-Au-LNPs) has been
validated by evaluating the ultraviolet–visible spectroscopy (ab-
sorbance spectrum) of the encapsulated AuNPs with a plasmon
peak at ≈540 nm (Figure 1E), whereas absorbance and fluores-
cence peak of the encapsulated DOX has been observed at ∼495
and ∼590 nm (Figure 1E,F). The plasmon peak shift at 540 nm
is indicative of aggregation of 5 nm AuNPs within lipids. Accord-
ing to the optical properties of the formulated DOX-Au-LNPs, a
pulsed laser with an irradiation peak at ≈530 nm would efficiently
provide the resonant effect to obtain the stimuli-responsive DOX
release.

2.2. Stimuli-Responsive Intracellular DOX Release

Taking advantage of the watertight encapsulation of DOX into the
hybrid plasmonic LNPs preventing the early cargo release or leak-
age in the natural physicochemical conditions, a pulse laser irra-
diation at the resonance (≈530 nm) of the hybrid plasmonic LNPs
robustly promotes a stimuli-responsive intercellular release of
the encapsulated DOX into the cancer cells (MDA-MB-231 ade-
nocarcinoma breast cancer cell line). To examine the stimuli-
responsive intracellular DOX release (Figure 2A), the cancer cells
have been initially incubated with DOX-Au-LNPs. After removing
the excess free LNPs, single-pulse laser irradiation was carried
out by scanning the treated cells’ target region (500 μm× 500 μm)
with the internalized DOX-Au-LNPs. By performing irradiation
at the scanning speed of 50 μm s−1 and a repetition rate of 10 Hz
(objective 10X with numerical aperture 0.13), each internalized
DOX-Au-LNPs received a single pulse of at least ≈91% of the peak
fluence (the focused Gaussian beam by adjusting the objective on
the target region, Section S.2, Supporting Information).

The single-pulse laser-triggered DOX release has occurred
only in our integrated system by taking advantage of the inter-
nalized hybrid plasmonic LNPs (50 μg mL−1 equal to 5 μg mL−1

of free DOX with a drug-to-lipid ratio of 0.1 wt/wt) and irradia-
tion on the target region. Compared to the control systems, the
single-pulse irradiation with the above-mentioned parameters on
the target cells with the internalized DOX-loaded LNPs without
AuNPs has not been effective. It showed a similar result to the
region without irradiation and with hybrid plasmonic LNPs. A
significant DOX release into the irradiated cells treated with hy-
brid plasmonic LNPs, seen as strong red fluorescence intensity
in the cell nucleus, same as the DOX-only control group, was ob-
served in all the strategies of Figure 2B. The single-pulsed laser
irradiation alone has not been able to promote the DOX release
in all control groups (no red fluorescence in Figure 2B in control
groups). To obtain an optimal internalization window for DOX-
Au-LNPs into the target cells (Figure 2B), different incubation

times from 15 min to 4 h have indicated a nonsignificant effect
on the fluorescent intensity (20 h post-irradiation) of the irradi-
ated cells due to the high-rate cellular uptake at the early stage
of the incubation. A short incubation (15 min) of DOX-Au-LNPs
(50 μg mL−1) with the target cells has been sufficient for gaining
a good internalization since the amount of the released DOX on
the target cells, and diffusion in the nuclei was consistent com-
pared to the longer incubation time (4 h). It may indicate a quick
internalization and penetration of the DOX-Au-LNPs into the tu-
mor microenvironment by overcoming biological barriers before
being systematically washed away. These washed-away and non-
irradiated DOX-loaded LNPs (DOX-LNPs) are made to be stable
and remain intact after being internalized by healthy cells, thus
not leading to cytotoxicity. In addition, the single-pulse irradia-
tion performed before the washing step (after the LNPs incuba-
tion) has triggered a similar intracellular DOX release compared
to the groups with the washing step, thereby indicating a mini-
mal effect of the single-pulse irradiation on free DOX-Au-LNPs
outside of the target cells. A short incubation time from the addi-
tion of nanocarriers to the washing step, preventing probable cel-
lular damage to the healthy cells, provides a therapeutic amount
of intercellular DOX release that can be triggered by performing
single-pulse ns irradiation to the target cancer cells.

The stimuli-responsive intracellular release into target MDA-
MB-231 cells, dynamically performed using nanosecond pulsed
laser (scanning mode), have been evaluated using fluorescence
microscopy after post-treatment incubation (20 h). As shown in
Figure 3A, the laser scanning parameters, including different
pitch sizes and velocities (condition-I: 10 μm with 100 μm s−1 and
condition-II: 5 μm with 50 μm s−1) as well as pulse energies, have
indicated a significant effect on the intracellular DOX release,
and eventually accumulated into the nucleus (Figure S4, Support-
ing Information). Accordingly, the applied dynamic irradiation
for condition-I and -II has provided an exposure of > 91% and >

98% of the peak fluence to the target region (500 μm × 500 μm),
respectively (Section S.2, Supporting Information). To eliminate
non-specific intracellular DOX release and laser toxicity, a pulse
energy threshold of 14.2 μJ has been determined to effectively
induce sixfold higher DOX release from DOX-Au-LNPs com-
pared to the non-effective irradiation of the DOX-LNPs (without
AuNPs) as illustrated in Figure 3A. Moreover, the reduction of the
pitch size to 5 μm (condition-II) to fully cover the target region
has enhanced up to 11-fold the DOX release from DOX-Au-LNPs
compared to the irradiated DOX-LNPs (without AuNPs) exposed
to the pulse energy of 14.2 μJ (Figure 3B). Although all control
groups (e.g., DOX-LNPs with and without irradiation) have not
released their DOX cargo into the target cells due to the lack of
the encapsulated AuNPs, the irradiation alone with more pulses
per spot at higher fluence (e.g., 30 μJ) can probably damage the
cells, prevent cell-membrane recovery and cause cytotoxicity.

To evaluate the cancer cell death caused by the stimuli-
responsive release of DOX after the site-specific single pulse

Figure 1. Design, characteristics, and optical properties of DOX-Au-LNPs system. The average A) size, B) PDI, and C) zeta potential of the formulated
DOX-Au-LNPs, DOX-LNPs, Au-LNPs, and LNPs. D) Four configurations with clustering of 5 nm AuNPs trapped inside of the LNPs; the most representa-
tive case corresponds to the top-left image (AuNPs within the junction of bilayers) (Cryo-TEM images were adapted with permission.[22] Copyright 2022,
American Chemical Society). The inset scale bar corresponds to 100 nm. E) The absorption spectrum of DOX-Au-LNPs, DOX-LNPs, Au-LNPs, LNPs, and
DOX indicates the presence of AuNPs and DOX in the complex structure of hybrid plasmonic nanocarriers. F) Fluorescence spectra of DOX-Au-LNPs
and DOX-LNPs indicating the DOX encapsulation (Ex/Em: 490/595 nm). All those spectra were measured at the equivalent concentration of DOX and
the corresponding concentration of LNPs.
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Figure 2. A) Representative schematic of stimuli-responsive intracellular DOX release from the internalized DOX-Au-LNPs following single pulse irradi-
ation with pulsed ns laser at the plasmonic resonance 540 nm. B) Different strategies for the incubation (I: 15 min, II: 1 h, and III: 4 h) of DOX-Au-LNPs
(50 μg mL−1) with the target MDA-MB-231 cells have been taken place to gain an optimal cellular uptake for performing a highly efficient single-pulse
ns irradiation. The fluorescence images in each strategy show the treated MDA-MB-231 cells incubated with DOX-Au-LNPs. The control DOX-LNPs
with and without single-pulse irradiation are shown in Figures S1–S3, Supporting Information). The irradiation was performed with an objective 4X (NA
0.13), pulse energy of 19.7 μJ, velocity of 50 μm s−1, and pitch of 5 μm. The green color shows calcein-AM stained cells, and the red indicates the released
DOX.

laser irradiation, the irradiated MDA-MB-231 cells at the tar-
get region (500 μm x 500 μm) have been stained with calcein-
acetoxymethylester (calcein-AM) to indicate the viable cells (20 h
post-treatment) under fluorescence microscopy. Accordingly, a
significant decrease in the number of viable cells treated with
DOX-Au-LNPs has been counted after the irradiation. Many of
these irradiated cells with internalized DOX have been detached
during the post-irradiation incubation (20 h), and no prolifera-
tion has been observed in this treated region compared to the
control groups (treated cells with DOX-Au-LNPs without irradi-
ation and DOX-LNPs with and without irradiation). As shown
in Figure 3C, the irradiation of the cells treated with the DOX-
Au-LNPs by following condition-II has reduced the cell viabil-

ity (detached cells) by 25% (pulse energy of 14.2 μJ) and 50%
(pulse energy of 19.7 μJ). In addition, an intensive intracellular
red fluorescence (tenfold) related to the released DOX from the
DOX-Au-LNPs has been observed at the stronger pulse energy
(19.7 μJ) compared to the weaker ones. The dead and living cell
imaging by propidium iodide (PI) and calcein-AM staining was
performed after the irradiation on the different control samples
to assess cell viability (Figure 3D). The control groups, including
the irradiation alone and DOX-LNPs without AuNPs (19.7 μJ with
condition-I and -II), have shown no significant difference in the
number of viable cells before and after treatments, indicating that
almost all the cells stayed alive. This integrated mechanism trig-
gering the DOX release does not impact cell viability but only the
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Figure 4. Model geometries and respective results of numerical simulations. The interaction of a single particle with a single nanosecond pulse is
considered for two cases: a single AuNP is located within the lipid bilayer or in aqueous compartments of the oligolamellar vesicles. Laser fluence
F∼1.6 J cm−2. A,D) The geometry of the problem for lipid and water medium, respectively. B,E) Left-axes: the absolute temperature results of the two-
temperature model at the interface of a single nanoparticle and the surrounding medium (lipid and water, respectively). Right-axes: the temporal evolution
of the absorption cross-section of the particle. C,F) The spatiotemporal evolution of temperature transient increase in the surrounding medium.

volume was calculated at a fluence 1.6 J cm−2 (corresponding to
a pulse energy of 14.2 μJ, as shown in Figure 3, at the estimated
16.5 μm 1/e2 beam spot radius), at which increased drug release
triggered by laser radiation is observed experimentally. The
simulation results shown in Figure 4 indicate that the calculated
temperatures transiently exceed the onset of thermodynamic
transitions of the Au and its surroundings. The melting point
of bulk Au (≈1370 K) is well exceeded when lipid is taken as
the surrounding medium. Maximum temperatures of ≈630 or
≈615 K are reached at the interface when lipid or water is taken
as the surrounding medium, respectively. The system cools to
room temperature within ≈10 ns (following the pulse envelope).

In what follows, an absolute temperature of 600 K
is taken as a reference to evaluate triggered drug
release. Indeed, thermogravimetric analysis (heat-
ing from 50 to 700 °C, heating rate 10°C min−1) of
DSPC/cholesterol/Dimethyldioctadecylammonium (DDAB)
liposomes (6:4:1 molar ratio), has shown peak decomposition
temperatures at ≈270 and ≈330 °C with ≈50% weight loss.[23]

Furthermore, bubble nucleation reportedly occurs when a thin
layer of 1–2 nm of water crosses the spinodal temperature of
water (≈580 K) for particles >10 nm. However, for smaller parti-

cles, the required value of overheated layer thickness is expected
to increase further under the influence of Laplace pressure.[24]

Lastly, the absolute temperature of ≈500 K is taken as a reference
to evaluate the integrity of the encapsulated DOX. It has been
shown that DOX typically undergoes substantial decomposition
when heated beyond 220 °C.[25]

The effect of collective heating due to the clustering of AuNPs
has been further considered (Figure 5;Section S.3, Supporting
Information) to estimate the affected zones that exceed 600 and
500 K around a cluster of seven particles (average number of par-
ticles per cluster ≈6–7, based on Cryo-TEM images; see Figure 1D
top-left image being the most representative case where the
AuNPs clusters are within the junction of bilayers). At laser flu-
ence F ≈1.6 J cm−2, depending on the type and orientation of a
cluster, calculations have shown that 600 K temperature is tran-
siently (≈1 ns) reached at distances d(T = 600 K) ≈3.8–10.5 nm
away from the cluster perimeter, exceeding the typical thickness
of a single lipid bilayer (≈4.2 nm). At the same fluence, the corre-
sponding distance of 500 K temperature was estimated to vary be-
tween d(T = 500 K) ≈8.7–18.1 nm away from the cluster perime-
ter, which amounts for 7.6–15.8% of the liposome hydrody-
namic diameter. The calculation indicates that the encapsulated
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Figure 5. A) The affected zones around a cluster of seven particles, due to collective heating, as a function of input laser fluence F. The affected zones are
defined by the maximum distance from the cluster perimeter over which a characteristic temperature is attained at the peak of the pulse. The red line d(F,
T = 600 K) corresponds to the distance at which a maximum absolute temperature of 600 K is attained, which demarcates the thermal decomposition
of liposomes.[23] Therefore, the latter effect expectedly occurs within the red area of the graph. The green line d(F, T = 500 K) indicates the distance at
which maximum absolute temperature of 500 K is attained, which demarcates the onset of thermal decomposition of DOX.[25] Therefore, DOX integrity
is expected preserved within the green area of the plot. B) Schematic representation of the affected zones under single pulse irradiation near the fluence
threshold required for drug release.

DOX probably remains intact for the most part, while a portion
(<15.8%) may undergo thermal degradation. Reportedly, thermo-
gravimetric analysis of DOX has shown a 5% weight loss of the
molecule in the range of 500–600 K within minutes of continuous
heating.[25] Thermal degradation of equal extent is yet unlikely
within the nanosecond timescale, indicating that DOX would
have kept its integrity after a single nanosecond irradiation.

Requiring experimentally a laser fluence >1.6 J cm−2 and
highly localized temperature transients >600 K to obtain efficient
and triggered drug release implies that it is necessary to destroy
the lipid vesicles by a single pulse, rather than transiently and
locally melting the lipid bilayers. In addition to numerical esti-
mations, this conclusion is also supported by the following:

1) The employed DOX-LNPs are characterized as either bilamel-
lar or oligolamellar vesicles.[22] Cryo-TEM images (Figure 1D)
based on our earlier study, describing in the fabrication pro-
tocol, have shown that, in principle, AuNPs are located at
junctions of the inner and outer vesicles of a single lipid
nanoparticle.[22] However, as seen in Figure 1D, NPs may reside
entirely within a bilayer of inner vesicles (≈25% of the popula-
tion), or even at inner and intermediate aqueous compartments
(≈15%).

2) The permeability of the irradiated vesicles is altered only
transiently after heating and recovers after cooling (≈10 ns),
provided that the vesicles are not fractured. For large unil-
amellar vesicles of pure DSPC,[26] near the transition regime
from gel to a liquid-disordered phase,[27] permeability in-
creases dramatically[26,28] (as proven for DPPC vesicles),[29]

given abrupt structural changes. The transition is accompa-
nied by significant changes in heat capacity 𝛿cp, which in re-
turn affects the membrane permeability in nm/s as P = c0 (T)

+ c1(T)𝛿cp, where c0(T) and c1(T) are monotonically increas-
ing functions of temperature, related to thermal expansion
of the lipid.[29,30] Nonetheless, cholesterol lowers that transi-
tion below room temperature for pure lipids; therefore, the
lamellae of the examined liposomes reside already at a liquid-
ordered phase at room temperature.[27] Further, cholesterol con-
tent significantly reduces the compressibility of the lipid and
its permeability.[28,30,31] By temperature increase (laser-induced
heating of AuNPs) the liposomes are expected to undergo a
transition from liquid-ordered toward liquid-disordered phase
with negligible 𝛿cp.[26,27,32] We estimate the permeability of the
liposomes studied here up to ≈400 K (at their full lateral thick-
ness); for instance, the order of magnitude of permeation rate k
of fluorescent biomolecules through DPPC vesicles of ≈100 nm
is reported ≈10−3 s−1, maintained beyond the gel to liquid-
disordered transition.[29] This can be considered an upper limit
value since, generally, cholesterol prevents abrupt changes in
permeability and reduces its value. Assuming P ≈ kr/3[28] (r is
the size of the vesicle), a maximum transient permeability P <

0.1 nm s−1 is estimated for the lipid vesicles studied here when
heated to the liquid-disordered regime (total release of content
in < 103 s through the unilamellar vesicle).

3) At higher temperatures (≈400–600 K), vaporization of aqueous
compartments near heated nanoparticles is expected. Thereby,
the lipid bilayer surroundings are transiently dehydrated, which
raises its critical points[33] and hinders further increase of
the membrane permeability. For instance, thermotropic melt-
ing (to liquid-ordered phase) of pure, anhydrous (or monohy-
drate) DSPC occurs around ≈390 K, and isotropic melting (to
liquid-disordered phase) around ≈500 K.[33a] Furthermore, a
water vapor nanobubble can be nucleated when a thin water
layer of ≈1–2 nm is heated beyond ≈600 K.[24] Notably, this
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temperature is close to the decomposition temperatures of free
cholesterol and heptadecane.[34] Thus, the lipid bilayer sur-
rounding AuNPs is expected to undergo thermo-mechanical de-
composition when transiently overheated beyond 600 K at their
full extent (≈4.4 nm lateral thickness for a single bilayer).

Taken together, following the laser-induced heating of AuNPs,
it is reasonable to assume that the exchange rate of DOX
through localized overheated (liquid-disordered) lipids is unlikely
to change dramatically unless all vesicles of the bilamellar or
oligolamellar liposomes are disrupted. Drug release rates will
then be governed by the diffusion coefficient of the DOX pre-
cipitates in water (or solutions with a similar viscosity). In other
words, a volatile interaction must be triggered; however, there is
little doubt, according to calculations, that drug release is medi-
ated by either explosive vaporization of thin water layers adjacent
to AuNPs (or clusters of AuNPs) or thermo-mechanical decompo-
sition of overheated lipid bilayers. Furthermore, due to the clus-
tered AuNPs, the temperature increase is highly localized around
the cluster, thus preserving the integrity of the encapsulated DOX
inside the LNPs (e.g., located at the aqueous core).

3. Conclusion

This study demonstrates a highly accurate stimuli-responsive an-
ticancer DOX release from hybrid plasmonic LNPs by single-
pulsed laser irradiation. A single ns pulse in the resonance of
AuNP clustered into the internal membrane of LNPs has been
sufficient to locally decompose the liposomes, thus releasing
the encapsulated DOX into the target cells. The laser irradia-
tion (pulse energy 14.2 μJ) of the target cells with the internal-
ized DOX-Au-LNPs enables an 11-fold increase in the intracellu-
lar DOX release compared with control cells (non-irradiated cells
and irradiated ones incubated with DOX-LNPs without AuNPs
in their structure). Compared to the control groups, these irra-
diation conditions have induced site-specific cell death in >50%
of the irradiated cells (pre-treated with DOX-Au-LNPs). Numer-
ical simulations suggest that a single nanosecond pulse results
in a localized temperature increase near the AuNPs, inducing
the thermal decomposition of adjacent lipid lamellae. Thus, the
release of the DOX into the cell rapidly occurs and is governed
by the diffusion coefficient of the molecule into the surrounding
medium. Furthermore, this temperature increase has been suffi-
ciently localized in space and time to preserve the DOX integrity
before its release. While this proof-of-concept study has been
experimentally demonstrated for the interaction between 5 nm
AuNPs and pulsed ns laser (𝜆: 527 nm), the general approach
can be extended to irradiation wavelengths in the near-infrared
by using alternative types of plasmonic nanostructures, such as
small nanorods. In our view, the single laser pulse-based stimuli-
responsive release of DOX on the internalized DOX-Au-LNPs
paves the way for both rapid and localized delivery of chemother-
apeutics at deceased sites, thereby limiting side effects to non-
irradiated healthy tissue.

4. Experimental Section
Cell culture: MBA-MD-231 cells (ATCC, Manassas, Virginia) were

grown in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher

Scientific, Waltham, Massachusetts) medium supplemented by 10% Fe-
tal Bovine Serum (FBS, Life Technologies, Carlsbad, California), 1% Peni-
cillin/Streptomycin (Life Technologies) and Glutamine amino acid antibi-
otics in 75 cm2 polystyrene flasks (Sarstedt AG & Co., Germany). Cells
were incubated in a 5% CO2, 37 °C environment.

Formulation of LNPs: Different formulations of liposomes (LNPs,
DOX-LNPs, Au-LNPs, and DOX-Au-LNPs) were prepared by following our
established T-tube protocol.[22] Briefly, DODAP, DSPC, and PEG-DSPE
were obtained from Avanti Polar Lipids (Alabaster, Alabama). Choles-
terol and ammonium sulfate (AS) were purchased from Sigma–Aldrich
(St. Louis, Missouri). DOX was bought from Cayman Chemicals (Ann Ar-
bor, Michigan). Spherical AuNPs (5 nm diameter, particle concentration
5.5 × 1013 particles/mL) were provided by Ted Pella, Inc. (Redding, Califor-
nia) as aqueous dispersions. For the formation, for example, of DOX-Au-
LNPs, a solution composed of DODAP, DSPC, and PEG-DSPE at a volume
ratio of 10/49/40/1 had been prepared and formulated by mixing them in
ethanol buffer with an aqueous phase containing AuNPs (Au/lipid con-
centration of 2.2 × 1013 particles/μmol). The aqueous AS (450 mM) was
added to the prepared lipid/AuNPs dispersion and dialyzed (dialysis mem-
brane, cutoff 12–14 kDa, Spectrum Laboratories, Rancho Dominguez, Cal-
ifornia) against PBS to remove the ethanol and unentrapped AS until
reached pH 7.4. To encapsulate DOX into the Au-LNPs, the concentrated
AS-containing Au-LNPs (10 mg mL−1 of lipid) were mixed with the DOX
solution (0.1 wt/wt DOX-to-lipid ratio corresponding to 1 mg/mL of DOX)
and incubated at 60 °C. After removing the free DOX, the loading efficiency
was determined by analyzing the fluorescence intensity (excitation 480 nm
and emission 590 nm) of the isopropanol-treated DOX-Au-LNPs (for ob-
taining 100% of DOX release) with a PerkinElmer LS50 fluorimeter (Perkin
Elmer, Waltham, Massachusetts).

Absorbance and Fluorescence Quantification of LNPs: UV-visible spec-
tra of LNPs were obtained using an Epoch spectrometer from BioTek Com-
pany (Winooski, Vermont). Samples were placed in 96-well plates holding
a volume of 300 mL. Each measurement was performed with a working
volume of 300 μL. Fluorescence spectra were obtained with a Shamrock
spectrometer coupled with an ANDOR Newton camera from Oxford In-
struments (Abingdon, UK). This spectrometer was mounted at the output
of a microscope, which could be used to obtain spectra of small objects
such as single nanoparticles. An objective, 10X, with a numerical aperture
0.3 was used to acquire the spectra with a fluorescence cube composed
of 2 bandpass filters. This cube allowed to observe only the fluorescence
spectrum. The cube comprises a bandpass filter from 505 to 555 nm, used
for the excitation, and a bandpass filter from 570 to 620 nm, implemented
for the emission (Nikon, Minato City, Tokyo, Japan). The light source used
was “white” mercury.

Zeta Potential and Dynamic Light Scattering (DLS) Measurement: DLS
measurements (average size and polydispersity index) and zeta potential
measurements of LNPs were performed on a Zetasizer nano ZS (Malvern,
UK). The different LNPs (0.1 mg mL−1) were diluted in phosphate-
buffered saline (PBS) from GIBCO (Thermo Fisher Scientific Inc.). The
obtained solutions were placed in folded capillary zeta cells (Malvern,
UK) to perform all the measurements with the software provided by
Malvern.

Cryo-Electron Transmission Microscopy of LNPs: Cryo-electron trans-
mission microscopy images (Cryo-TEM) of DOX-Au-LNPs were acquired
on FEI Tecnai G20 TEM (TEI, Hillsboro, Oregon). The samples and images
were prepared and taken at the UBC Bioimaging Facility (British Columbia,
CA). Before imaging, the samples were concentrated at 20 mg mL−1. An
aliquot of 3–5 μL obtained was placed on a glow-discharged copper grid in
an FEI Mark IV Vitrobot. It was then put into liquid ethanol to freeze and
generate vitreous ice. Until imaging, the sample was put in liquid nitro-
gen. Imaging by TEM was performed at 200 kV in low dose mode, using
a bottom mount FEI high-resolution CCD camera with an under-focus of
2–4 μm.

Samples Preparation Before the Laser Irradiation: Irradiations were per-
formed on samples incubated in Ibidi μ-wells grid-500 plates (Munich,
Germany) featuring 500 μm × 500 μm grids to facilitate irradiation. 300 μL
of cells were incubated at 2.5 × 104 cells mL−1. After 2 days of incubation,
LNPs were added to the cells at 5 μg mL−1 DOX (i.e., 50 μg mL−1 lipid).
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The LNPs were first diluted in the culture medium used before addition to
the cells at the concentration of 50 μg mL−1.

Laser Irradiation: The nanosecond laser used was a Quanta 1 from
Quantum Light Instruments (Vilnius, Lithuania) to perform the ultrafast
irradiations. The characteristics of the laser are a wavelength of 527 nm,
pulse time of 7.7 ns, and repetition rate of 10 Hz. The samples were
mounted on a microscope with a motorized plate (Proscan III, Prior Scien-
tific, Rockland, Massachusetts) that could easily be controlled via LabView
software to scan the sample. During irradiations, the plate containing the
cells was placed in a portable incubator, allowing the cells to be maintained
in a 37 °C environment with 5% CO2. A Nikon 4X Fluor plane objective with
a numerical aperture of 0.13 was used for the irradiations. The 1/e2 radius
of the beam at the focal plane was estimated to be 16.5 μm.

Cells Staining: Calcein-AM and PI were purchased from Thermo Fisher
Scientific to assess cell viability in samples without DOX. PI was added to
the cells at a concentration of 6.3 μM. Calcein-AM staining (0.5 μM) was
used to image cellular membranes in all samples and to assess cell viabil-
ity. After a 30 min of incubation with the fluorophores, cells were washed
twice with culture medium before leaving them in the medium (300 μL)
used for growth.

Fluorescence Imaging Process: Red fluorescence images, that is, DOX
and PI fluorescence, were acquired using a Cy3 filter (Nikon), with an
excitation between 513 and 556 nm and an emission between 570 and
613 nm. Calcein-AM images were obtained using a green fluorescence
filter from Nikon. A white light (X-Cite 120LED from Excelitas, Waltham,
Massachusetts) was used with a Q Click Q imaging camera (Teledyne Pho-
tometrics, Tucson, Arizona) to obtain the fluorescence images. Two objec-
tives (Nikon) were used to acquire the images: i) 20X, plan Fluor, with a
0.45 numerical aperture, and ii) 60X oil objective, with a numerical aper-
ture from 0.5 to 1.25.

Quantification of Fluorescence Intensity: Quantification of fluorescence
intensity was conducted using ImageJ software. All the images were taken
with the same acquisition parameters. No adjustments were performed on
the images for the intensity calculation. The average intensity of the red flu-
orescence of each nucleus was measured in different groups in the work-
ing / treated area of 500μm × 500 μm. The obtained value was normalized
by subtracting the autofluorescence and background of each group. This
value was considered as the minimal fluorescence measured. The total av-
erage of the normalized intensity was individually presented to statistically
evaluate the performance of each group.

Quantification of Cell Death: Cells counting was performed using Im-
ageJ software, using images acquired with a 20X objective before and after
post-treatment staining with calcein-AM. This staining protocol removes
all the dead cells due to DOX, detached from the plate. The ratio of the
counting before and after staining in a given group was, therefore, rep-
resentative of cell viability. Note that PI staining for the dead cell analysis
due to overlapping its emission wavelength with that of DOX had not been
used for the samples treated with DOX-loaded nanocarriers.

Statistical Analysis: The difference across multiple groups was statis-
tically analyzed with GraphPad Prism software based on one-way non-
parametric Kruskal-Wallis ANOVA of unpaired groups followed by Dunn’s
statistical hypothesis testing or two-stage set-up methods of Benjamini,
Krieger, and Yekutieli for controlling the false discovery rate. p values
were considered statistically significant, as n/s: not-significant, *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Supporting Information is available from the Wiley Online Library or from
the author.
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