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Abstract: The design of nanovectors able to overcome biological barriers is one of the main challenges
in biomedicine. Gemini cationic lipids are considered potential candidates for gene therapy due to
their high biocompatibility and capacity to condense nucleic acids safely in the form of lipoplexes.
However, this approach presents difficulties regarding genetic unpacking and, therefore, control
over this process becomes crucial to ensure successful transfection. In this work, gemini cationic
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Lipoplexes are systems based on lipids or lipid mixtures able to compact nucleic acids
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(NAs), commonly used in gene therapy [1]. Their structural resemblance to biological
membranes confers these lipids with high biocompatibility, making them potential candi-
dates to replace traditional viral vectors, which exhibit higher transfection efficiency but
may trigger non-desired immune responses [2,3]. Cationic lipids (CLs) are particularly
attractive for their ability to interact electrostatically with NAs. The positively charged
lipoplexes thus formed are able to cross the negatively charged cellular membrane typically
by endocytosis [4,5]. Gemini cationic lipids (GCLs) are probably the most studied CL family
due to the high variability in their chemical structure, not only at the hydrophobic tails,

= but also at the cationic heads and spacers. GCL-type nanovectors have demonstrated their
ability to successfully transfect NAs in different cell lines [6-9]. They have been especially
used to transfect plasmid DNA (pDNA) with remarkable success when combined with a
helper lipid [10-12], which usually promote cellular uptake as well as facilitate endosomal
membrane rupture once inside the cell [11,13].
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However, on many occasions, lipoplexes present low therapeutic efficiencies due to
their inability to overcome the different biological barriers that separate them from the
final target [4,14]. Therefore, the specific destabilization of the endosomes is one of the
crucial factors of the release process. A low transfection efficiency is usually attributed to
poor gene unpacking, whereby only a minor fraction of NAs is able to exit the endocytic
vehicle [15]. Endosomal escape has to be a fast but safe process to avoid NA degradation
and, thus, control over it becomes critical. Many studies have focused on nanovectors that
respond to internal (i.e., changes in pH) or external (i.e., temperature or electric pulses)
stimuli for release or transfection [16,17].

The localized surface plasmon resonances (LSPRs) of gold nanoparticles (AuNPs) ren-
der them with strong absorption efficiency and attractive photothermal properties that can
be activated by external laser excitation [18]. As examples of biomedical applications, the
irradiation of AuNPs with lasers induces the release of controlled quantities of antitumor
drugs into cancer cells [19], or kills cancer cells in the case of plasmonic photothermal
therapies (PPTT) [20]. In particular, plasmonic gold nanostars (AuNSs) are especially
appealing because they exhibit broad LSPR bands, displaying very high electromagnetic
fields localized at the tips, much larger than those displayed by other morphologies such
as gold nanospheres or nanorods [21]. Additionally, the LSPR of AuNSs can be tuned to
the near-infrared (NIR) region as a function of the width, length and number of spikes [22].
The NIR region is interesting from a biomedical point of view due to the well-known first
(650-950 nm) and second (1000-1350 nm) biological windows, where the blood and water
within organisms present low NIR absorption and scattering [23-25]. As an example, we
have shown the use of AuNSs with an LSPR band centered at 800 nm for efficient PPTT on
melanoma cells by femtosecond laser irradiation [26].

The use of femtosecond pulse lasers to irradiate AuNPs and promote photothermal
processes is especially suited because the fast energy deposition rate leads to a high
electronic temperature, which is transferred to the nanocrystal lattice via electron-phonon
relaxation processes, heating the nanoparticles above the melting temperature of bulk
gold [27]. On the other hand, in nanosecond pulse laser excitation, the absorption of
photons continues when the relaxation processes have already started and the lattice is still
hot, yielding an increase of the lattice energy that usually produces uncontrolled heating
and undesired fragmentation of the nanocrystals [27].

The aim of this investigation was to evaluate the controlled release of pDNA in gemini
cationic lipoplex systems with the assistance of AuNSs upon irradiation with a femtosecond
laser (800 nm, Ti:sapphire, 90 fs laser pulses, 1 kHz). AuNSs were synthesized and charac-
terized by UV-Vis-NIR spectroscopy and transmission electron microscopy (TEM). The lipo-
somes were constructed from gemini cationic lipid 1,2-bis(hexadecyl imidazolium) dialkane
(IGCL) and helper zwitterionic lipid 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
(DOPE) (Scheme 1), and the formation of the corresponding lipoplexes upon addition of
pDNA were performed in the presence of AuNSs. Such lipid mixture was chosen due to
the high ability of the resulting lipoplexes to compact pDNA [10]. The liposome-AuNS and
lipoplex-AuNS systems were characterized and optimized by (—potential measurements,
UV-Vis-NIR spectroscopy and/or TEM at different nanoparticle concentrations and fem-
tosecond laser irradiation conditions. Agarose gel electrophoresis was used to analyze and
quantify the pDNA release upon irradiation.
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(a) (b)
Scheme 1. Molecular structure of the gemini cationic lipid IGCL (a) and zwitterionic lipid DOPE (b).

2. Materials and Methods
2.1. Materials

The reagents used for AuNS synthesis (sodium citrate, gold(Ill) chloride trihydrate,
hydrochloric acid, silver nitrate and ascorbic acid) and functionalization (poly(ethylene
glycol) methyl ether thiol, 6 kDa) were purchased from Sigma-Aldrich (St. Louis, MO, USA)
or Scharlab S.L. (Barcelona, Spain). The synthesis of IGCL has been previously reported [10],
and zwitterionic lipid DOPE was supplied by Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). Both molecular structures are shown in Scheme 1. pEGFP-C3 plasmid DNA (4700 bp)
(pPDNA) was extracted from competent Escherichia coli bacteria using a GenElute HP Select
Plasmid Gigaprep kit (Sigma-Aldrich).

2.2. Optical Characterization

All spectra were recorded at room temperature on a BioTek Instruments Uvikon XL UV-
Vis-NIR spectrophotometer, using quartz cuvettes with a 1 mm transmission path length.

2.3. AuNSs Synthesis

AuNSs were prepared by a modified seed-mediated growth method [28] in water.
Firstly, a seed solution was prepared by adding 5 mL of citrate solution (1%) to 95 mL
of a boiling HAuCly (0.45 mM) solution under vigorous agitation. The gold seeds were
citrate-stabilized after boiling for 5 min (red colloid). The seed solution was cooled down
to room temperature. Then, 750 uL of seeds were added under gentle stirring to 50 mL of
a HAuCly (0.25 mM) solution containing 50 pL of HCI (1.0 M). Next, 500 puL of AgNOs3
(3 mM) and 250 pL of ascorbic acid (100 mM) were added simultaneously. Finally, 500 uL
of PEG-SH (0.2 mM) was incorporated and mixed for 30 min to stabilize the AuNSs (blue
colloid). AuNSs were washed by centrifugation at 1190x g and 10 °C for 30 min. Then, the
final AuNS colloids were redispersed in N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic
acid (HEPES)-buffered medium at physiological conditions (40 mM, pH = 7.4).

2.4. Preparation of Lipoplex-AuNS System

Appropriate amounts of IGCL and DOPE solutions in chloroform were mixed to
obtain the optimal IGCL molar composition (x = 0.2) [10]. The solvent was evaporated
under high vacuum to form a dry lipid film. Then, the film was hydrated and homogenized
with the AuNSs colloidal solution at different nanoparticle concentrations by alternating
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vortex/sonication cycles. The liposome-AuNS system thus obtained was incubated with
pDNA at room temperature for 30 min, affording the lipoplex-AuNS system. The pDNA
concentration in this system was set at 0.05 mg/mL for (—potential measurements and at
0.02 mg/mL for the femtosecond laser irradiation experiments.

The lipoplex-AuNS system was formed at selected mass ratios of lipid mixture and
pDNA (mr/mppNa), following Equation (1):

my /mMppNA = (M gep+MDOPE) /MppNa @)

being mp, migcL, mpopg and mppna the mass of the total mixed lipid, IGCL, DOPE, and
PDNA, respectively.
The lipoplex-AuNS system was prepared at the selected effective charge ratio given
by Equation (2):
nt etgrcer (Micer/ MGCL)
Peff = —— = — — 2
Qeff,pDNA (m pDNA / MpDNA/bp)

wherent, n™, q:ff 1ceLs Deft PDNA’ MigcrL and Mppna are the number of moles of positive
(IGCL) and negative (pDNA) charges, effective charge of IGCL and pDNA per bp, and the
molecular weight of IGCL and pDNA per bp, respectively.

2.5. {—Potential Measurements

The (—potential of the AuNSs and those of the liposomes and lipoplexes in the absence
and presence of AuNSs (100 pM) were determined by electrophoretic mobility measure-
ments using the phase analysis light scattering technique (Zeta PALS, Brookhaven Instru-
ments Corp., Holtsville, NY, USA). The experimental conditions selected were a tempera-
ture of 25 °C, dispersant refractive index of 1.33, viscosity of 0.9 cP, and dispersant dielectric
constant of 78.5. Each value of (—potential is the average of 50 independent measurements,
collected in a sigmoidal curve as a function of the mass ratio (mr/mppna) [29,30].

2.6. Femtosecond Laser Irradiation

The system included an amplified Ti:sapphire laser (Tsunami, Spectra-Physics, Santa
Clara, CA, USA) centered at 800 nm, with a pulse duration of 90 fs and repetition rate
of 1 kHz. The laser power density was controlled by a variable neutral density filter,
with a laser spot diameter of 5 mm. The lipoplex-AuNS system at selected nanoparticle
concentrations (from 20 to 200 pM) was irradiated in a 96-well plate at different times (from
5 to 60 min) and femtosecond laser power densities (from 50 to 700 mW).

2.7. Agarose Gel Electrophoresis

The release of pPDNA after femtosecond laser irradiation of the lipoplex-AuNS system
was determined by agarose gel electrophoresis. Free pDNA (used as the control) and
the lipoplex-AuNS samples (at different conditions of irradiation) were loaded in a 0.8%
(w/v) agarose gel in 1x TAE buffer with 0.7 uL of GelRed probe. Electrophoresis was
run at 100 mV and 400 mA for 1 h. The agarose gels were visualized using a Gel Doc
XR instrument (Bio-Rad, Hercules, CA, USA) running the Quantity One software, which
allowed quantification of the trace pPDNA bands (Int*mm). Probe emission was excited at
302-312 nm and recorded at 600 nm.

2.8. Transmission Electron Microscopy

TEM micrographs were recorded on a JEOL JEM 1400 transmission electron micro-
scope operating at an acceleration voltage of 120 kV. In the stained TEM images, both non-
irradiated and irradiated systems were fixed with a solution containing 4% paraformalde-
hyde and 2.5% glutaraldehyde in HEPES for 2 h at 4 °C. After three washes (at 10,000 rpm,
10 °C, 15 min), the samples were stained with 1% osmium tetroxide in HEPES solution
for 1 h at room temperature. The samples were further washed three times (at 10,000 rpm,
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10 °C, 15 min), gradually dehydrated in solutions of acetone, and finally embedded in
Epon. For TEM observation, the samples were previously cut by ultramicrotomy.

3. Results and Discussion
3.1. Synthesis and Characterization of AuNSs

Plasmonic AuNSs were synthesized following the colloidal seed-mediated growth
method (Materials and Methods section). Citrate seeds were used to grow AulNSs, later
functionalized with PEG-SH. Polyethylene glycol was used to confer high stability and
biocompatibility to the nanoparticles, avoiding their aggregation at physiological ionic
strengths [31]. The AuNSs exhibited a broad LSPR band centered at 812 nm in water
(Figure 1a), which can be assigned to a dipolar resonance localized at the tips [21]. A
slight blue shift of the LSPR band to 805 nm was observed in HEPES-buffered medium,
as a consequence of the changes in the chemical environment [32]. AuNSs with cores of
55.0 & 10.0 nm and spikes of 50 & 25 nm were visualized by TEM (Figure 1b,c).
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Figure 1. (a) Normalized UV-Vis-NIR spectra of the AuNSs with LSPR bands centered at 812 nm in water (red line) and
805 nm in HEPES-buffered medium (gray line), and of the liposome-AuNS and lipoplex-AuNS systems with the LSPR band
centered at 785 (black line) and 780 nm (blue line) and (b,c) TEM micrographs of AuNSs at low and high magnifications.

3.2. Formation and Characterization of the Lipoplex-AuNS System

The dry film formed by IGCL and DOPE was hydrated with the AuNSs colloid
solution to form the liposome-AuNS and lipoplex-AuNS systems upon addition of pDNA
(Materials and Methods section). The LSPR bands of the nanoparticles in the liposome-
AuNS and lipoplex-AuNS systems displayed a blue shift to 785 nm and 780 nm in HEPES-
buffered medium (Figure 1a), respectively, due to changes in the chemical environment
around the AuNSs. The decrease in intensity of the normalized LSPR band in both systems
was attributed to an increase in the spectral background resulting from incorporation of
the lipid mixture and pDNA. As shown by the stained TEM micrographs in Figure 2a,c,
the AuNSs were not in direct contact with the liposomes, but coexisted in the lipid mixture
by confinement in the inter-liposome space. Figure 2b,d shows that the presence of AuNSs
did not influence the formation of lipoplexes, for which a typical lamellar pattern was still
observed and where the nanoparticles remained at the inter-lipoplex region. Therefore,
in the presence of these nanoparticles, the stability of the IGCL/DOPE liposomes and
lipoplexes is retained, and also the plasmonic properties of the AuNSs, ensuring thus the
possibility of irradiation with femtosecond lasers at 800 nm.
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Figure 2. Stained TEM micrographs of the liposome-AuNS (a,c) and lipoplex-AuNS (b,d) systems
and (e) G-potential versus my/mppna of the lipoplex (green points) and lipoplex-AuNS (blue
points) systems.

The (—potential of the lipoplexes was studied in the absence and presence of AuNSs.
Figure 2e shows the typical sigmoidal profile of (-potential measurements vs. my/mppNa
(Equation (1)) in the lipoplex (green points) and lipoplex-AuNS (blue points) systems. The
(—potential values were similar, showing that the presence of AuNSs did not hinder the
formation and stability of lipoplexes (Figure 2b,d), in good agreement with the analogous
(—potential values obtained for the liposome system in the absence (32 = 2 mV) and
presence (36 = 2 mV) of AuNSs. Such coexistence was further supported by the null
value of the (-potential obtained in the case of free AuNSs (0 £ 1 mV). The Boltzmann-
type fit provided an electroneutrality ratio (that is, the composition at which the net
charge of lipoplex changes from negative to positive) of (my/mppNa)g = 5.3 + 0.3 for the



Nanomaterials 2021, 11, 1498

7 of 12

lipoplex and of 6.0 & 0.3 for the lipoplex-AuNS system. Following a protocol described
elsewhere [29,30], these values were used to obtain q¢ PDNA /bp in the absence and presence
of AuNSs, which indicated analogous effective pDNA charges per bp in both systems
(—1.6 £ 0.1 and —1.8 & 0.1, respectively). Finally, the values of q_ PDNA/bp in the presence

of AuNSs and q:ff ccr, (+1.7 £ 0.1) [10] were used to determine the effective charge ratio
(Equation (2)) of the lipoplex-AuNS system (pes = 5), at which the lipoplexes are positively
charged at moderate IGCL concentrations.

3.3. Femtosecond Laser Irradiation of the Lipoplex-AuNS System

Among the plasmonic properties of AuNSs, they display high plasmonic efficiency
at 800 nm (Figure 1a). By controlled irradiation with femtosecond laser pulses at such
wavelength, the thermal heating thus generated can be exploited to disrupt the lipoplex
structure, thereby inducing the release of pDNA from the lipoplex-AuNS system (see
scheme in Figure 3a).

Agarose gel electrophoresis was used to monitor the pDNA release after irradiation
(Materials and Methods section). Figure 3b shows the influence of the AuNS concentration
and laser power density on the pDNA release. The lipoplex-AuNS system was prepared at
different nanoparticle concentrations at which AuNSs are not cytotoxic [26] (20, 50, 100,
150 and 200 pM). After irradiation at the optimal laser power density of 400 mW (Figure 3b,
top panel) for 5 min, the lipoplex-AuNS systems were loaded in lanes 3, 5,7, 9 and 11, at
increasing order of nanoparticle concentration. The corresponding non-irradiated lipoplex-
AuNS systems were also loaded in lanes 2, 4, 6, 8 and 10, respectively. The fluorescent
bands in lane 1 (free pPDNA) are attributed to the coiled (upper band) and supercoiled
(lower band) free pPDNA conformations.

The lack of bands in lanes 2, 4, 6, 8 and 10 confirms the full compaction of pDNA by the
lipid mixture in the presence of AuNSs. Similar results were obtained for the lipoplexes in
the absence of AuNSs (see agarose gel electrophoresis image in Figure S1). No fluorescent
bands were observed in lane 3 (20 pM AuNSs, after irradiation) (Figure 3b, top panel).
From lane 5, the observation of bands indicates the release of pDNA in the irradiated
systems. Therefore, a critical AuNSs concentration of 50 pM was concluded to be necessary
to obtain enough thermal heating to trigger the release process. No significant increases in
the fluorescence intensity of the bands were observed above this critical NP concentration.
Additionally, equivalent lipoplex-AuNS systems irradiated at laser power densities below
400 mW for 5 min did not show significant pDNA release. In contrast, an increase of the
laser power density to 700 mW resulted in more intense fluorescence (Figure 3b, bottom
panel). Noticeably, the absence of new bands at both laser power densities indicated that
no fragmentation of pPDNA had occurred.

The effect of femtosecond laser irradiation on the lipoplex-AuNS system was studied
by UV-Vis-NIR spectroscopy and TEM. Figure 4 shows an example of 100 pM AuNSs
after irradiation. Under 400 and 700 mW for 5 min, noticeable changes in the LSPR band
were observed, with blue shifts of 39 and 92 nm, respectively (Figure 4a). Analogous
results were observed at different AuNS concentrations (Figure S2). These blue shifts
indicate reshaping from star to spherical morphology with the increasing laser power
density. The relatively long time of irradiation suggested the presence of an absorption
inner filter effect, in which AuNSs that were firstly affected by the incident laser pulses
absorbed more energy, and AuNSs behind needed more time to absorb enough energy to
be sufficiently heated; this process is governed by the Brownian motion of the nanoparticles
within the colloid. No significant changes in the LSPR band of AuNSs were appreciated
at laser power densities below 400 mW (Figure S3). These results were corroborated
by TEM imaging, whereby the number and length of spikes of AuNSs were seen to
decrease with the increasing laser power density until the final formation of nanospheres
(Figure 4b—d). Similar conclusions were drawn from irradiation experiments of the lipoplex-
AuNS systems at different nanoparticle concentrations (Figures 54 and S5).
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Figure 3. (a) Scheme of irradiation and (b) Agarose gel electrophoresis of lipoplex-AuNS systems
under non-irradiated (lanes 2, 4, 6, 8 and 10) and irradiated (lanes 3, 5, 7, 9 and 11) conditions,
at 400 mW (top panel) and 700 mW (bottom panel) for 5 min. The lipoplex-AuNS systems were
prepared at different AuNS concentrations: 20 pM (lanes 2-3), 50 pM (lanes 4-5), 100 pM (lanes 6-7),
150 pM (lanes 8-9) and 200 pM (lanes 10-11). Free pDNA was used as the control (lane 1).
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Figure 4. (a) Normalized UV-Vis-NIR spectra of the lipoplex-AuNS system (100 pM AuNSs) under
non-irradiated (blue line) and irradiated conditions, at 400 mW (red line) and 700 mW (brown line)
for 5 min. TEM micrographs of lipoplex-AuNS systems (100 pM AuNSs) under non-irradiated (b)
and irradiated conditions at 400 mW (c) and 700 mW (d) for 5 min.
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The structure of the lipoplexes in the presence of nanoparticles (100 pM AuNSs)
after femtosecond laser irradiation at 100 and 400 mW was next investigated by TEM.
Figure 5a,b shows that the characteristic lipidic pattern (lamellar structure, Figure 2b,d)
was not affected at 100 mW. Interestingly, no morphological modifications of the AuNSs
were observed at that laser power density (Figure S3d). At 400 mW, however, the lipid
bilayer structure could not be clearly identified (Figure 5c,d), suggesting the disruption of
the lipoplexes by thermal heating, therefore triggering the pDNA release.
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Figure 5. Stained TEM micrographs of the lipoplex-AulNS system (100 pM AuNSs) at irradiation
conditions of 100 mW (a,b) and 400 mW (c,d) for 5 min.

So as to optimize the pDNA release efficiency, the effect of the irradiation time (5,
15, 30 and 60 min) on the lipoplex-AuNS system (100 pM AuNSs) at the lowest effective
laser power density (400 mW) was studied. Figure 6a shows the agarose gel for the
electrophoresis experiment. Irradiated systems were loaded in lanes 3, 4, 5 and 6, at
increasing order of irradiation time. The free pDNA control and the corresponding non-
irradiated lipoplex-AulNS system were loaded in lanes 1 and 2, respectively. Figure 6b
shows the quantification of the two fluorescent bands in each lane, corresponding to the
coiled (unstriped bars) and supercoiled (striped bars) pDNA conformations. The intensity
of the band fluorescence increased with the irradiation time and, with it, the efficiency of
PDNA release. Note that the pDNA release achieved efficiency values up to 75% at times
longer than 15 min. Again, no additional fragments of pDNA were observed with the
increasing irradiation time.

Analysis of the UV-Vis-NIR spectra of these lipoplex-AuNS systems showed the
expected blue shift of the LSPR band with the irradiation time (Figure S6a) as a conse-
quence of the pronounced reshaping of the nanostars into nanospheres observed by TEM
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(Figure S6b—f). Accordingly, disruption of the lipoplexes was also observed at all irra-
diation times (Figure S7a-d), while no modification of the lipid pattern occurred below
400 mW (Figure S7e-h).

10,000

wu
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o

pDNA (min)

(a) (b)

Figure 6. (a) Agarose gel electrophoresis of the lipoplex-AuNS system (100 pM AuNSs) irradiated at 400 mW at different
times: 5 min (lane 3), 15 min (lane 4), 30 min (lane 5) and 60 min (lane 6). Lane 1: free pDNA as the control; lane 2: non-

irradiated lipoplex-AuNS system and (b) Quantification of the pDNA release as a function of the time of irradiation (min).

Traces (Int*mm) of the fluorescent bands of coiled (unstriped bars) and supercoiled (striped bars) pDNA conformations.

4. Conclusions

The addition of plasmonic AuNSs during the preparation of lipoplexes at physiological
conditions did not affect the typical lamellar pattern of such systems, since the nanoparticles
were found to remain confined at the inter-lipoplexes spaces. The high electromagnetic
enhancement at the tips of AuNSs by LSPR excitation with femtosecond laser pulses
allowed for controlled nanoparticle heating, disrupting the structure of the lipoplexes
by thermal heating and thus inducing effective pDNA release. The optimum release
conditions were determined as a critical AuNS concentration of 50 pM and laser power
density of 400 mW, with an efficiency that reached up to 75% at irradiation times beyond
15 min. Under these experimental conditions, the thermal heating that triggered the release
of pDNA also resulted in reshaping from nanostars to nanospheres. Irradiation of the
lipoplex-AuNS system did not lead to pDNA fragmentation. We have demonstrated that
the femtosecond pulse laser excitation of AuNSs can be used as an external stimulus for
“on-demand” pDNA release, offering an interesting strategy for potential transfection
applications. Further experiments will be required to determine the viability of the present
lipoplex-AuNS system and derivative systems with larger interaction specificities between
lipoplex and AuNSs to control transfection assisted by femtosecond laser irradiation in
different cell lines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11061498/s1, Figure S1: Agarose gel electrophoresis experiments of GCL/DOPE-pDNA
lipoplexes (without AuNSs), Figure S2: Additional UV-vis-NIR spectra, Figure 53: Additional UV-Vis-
NIR spectra and TEM micrographs, Figures S4 and S5: Additional TEM micrographs, Figure S6: Ad-
ditional UV-Vis-NIR spectra and TEM micrographs, Figure S7: Additional stained TEM micrographs.
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