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Abstract

Background: Cell-penetrating peptides (CPPs) can act as carriers for therapeutic molecules such as drugs and
genetic constructs for medical applications. The triggered release of the molecule into the cytoplasm can be crucial
to its effective delivery. Hence, we implemented and characterized laser interaction with defined gold nanoparticle
agglomerates conjugated to CPPs which enables efficient endosomal rupture and intracellular release of molecules
transported.

Results: Gold nanoparticles generated by pulsed laser ablation in liquid were conjugated with CPPs forming
agglomerates and the intracellular release of molecules was triggered via pulsed laser irradiation (4 = 532 nm,

Touse = 1 NS). The CPPs enhance the uptake of the agglomerates along with the cargo which can be co-incubated
with the agglomerates. The interaction of incident laser light with gold nanoparticle agglomerates leads to heat
deposition and field enhancement in the vicinity of the particles. This highly precise effect deagglomerates the nano-
particles and disrupts the enclosing endosomal membrane. Transmission electron microscopy images confirmed this
rupture for radiant exposures of 25 mJ/cm’ and above. Successful intracellular release was shown using the fluores-
cent dye calcein. For a radiant exposure of 35 mJ/cm? we found calcein delivery in 81 % of the treated cells while
maintaining a high percentage of cell viability. Furthermore, cell proliferation and metabolic activity were not reduced
72 h after the treatment.

Conclusion: CPPs trigger the uptake of the gold nanoparticle agglomerates via endocytosis and co-resident mol-
ecules in the endosomes are released by applying laser irradiation, preventing their intraendosomal degradation. Due
to the highly localized effect, the cell membrane integrity is not affected. Therefore, this technique can be an efficient
tool for spatially and temporally confined intracellular release. The utilization of specifically designed photodispers-
ible gold nanoparticle agglomerates (65 nm) can open novel avenues in imaging and molecule delivery. Due to the
induced deagglomeration the primary, small particles (~5 nm) are more likely to be removed from the body.
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Background

In modern medicine, the efficient delivery of chemically
synthesized molecules or genetic material into cells is
highly desirable. The main barrier for the delivery of mol-
ecules is the cell membrane. This lipid bilayer prevents
passive molecule transport into the cytosol. Different
approaches to deliver foreign molecules are currently
being developed [1-4].

Cell-penetrating peptides (CPPs) have been developed
as efficient molecule carriers [5-7]. CPPs have several
advantages over other methods such as high cell through-
put, low toxicity at low concentrations and, particularly,
they can deliver molecular cargoes to different cell types
without damaging the cell membrane [8]. Depending on
the chosen peptide, specific subcellular or selective cell
targeting may be possible [9, 10]. CPPs either directly
penetrate the cell membrane or follow the endocytic
pathway [8, 11]. Once encapsulated in endosomes a trig-
gered release is essential for the biological cargo to take
effect [8, 12—16]. This escape can occur in different ways.
The rupture of the endosomes can be self-triggered by
changes of the pH-level [2, 14] or externally activated
by (laser)light [17-19], radiation, temperature, magnetic
fields or ultrasound [1, 20].

Another attractive approach is to use gold nanoparti-
cles as a vehicle for molecular cargo due to its inert and
stable properties. The interaction of lasers with gold
nanoparticles (AuNPs) was investigated for different
(medical) applications [21-24]. Depending on the chosen
parameters, occurring effects may include heat deposi-
tion and field enhancement or their subsequent impact
like e.g. protein denaturation, bubble formation and crea-
tion of a pressure wave to kill [25—30] or manipulate bio-
logical material [30-33]. AuNPs are used to transiently
open the cellular membrane in order to deliver extracel-
lular molecules [31-35]. Laser-particle-interactions were
also applied to open different carriers like nanocages,
liposomes or synthetic constructs containing nanoparti-
cles [36—38]. In addition, particles were applied for thera-
nostic applications to combine therapy and diagnosis [24,
39, 40].

A critical issue is the biocompatibility of nanoparticle
agglomerates. Here previous studies report on the advan-
tages of biodegradable agglomerates cross-linked by poly-
mers which dissipate in a cellular environment, while the
resulting small nanoparticles can be easily cleared from
the body via the kidney [41, 42]. The utilization of this
concept in combination with laser-induced deagglom-
eration, however, has not been previously examined. It
should be noted that small and ultrasmall gold nanopar-
ticles, released after deagglomeration, have been previ-
ously reported to be cytotoxic [43, 44]. However, a recent
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comparison of toxicological studies has shown that these
effects are predominantly caused by unrealistically high
surface doses [45] which will never be reached in poten-
tial biomedical applications. We could, in addition, verify
that small laser-generated nanoparticles, very similar to
those applied in this study, are highly biocompatible, as
they were proven not to interfere with critical functional
cell parameters like oocyte maturation, even though the
particles were taken up by the cells [46].

Combining both methods, CPPs in combination with
controlled interaction of lasers and particle agglomer-
ates, can lead to an efficient intracellular delivery of mol-
ecules without the need to disrupt the cell membrane.
The larger agglomerate size provides better stimulus of
the endocytic uptake, being assembled of smaller build-
ing blocks in a size range that is known to be more easily
cleared via the kidney. Therefore, we conjugated AuNPs
generated by pulsed laser ablation in liquid (PLAL) with
CPPs resulting in deliberately agglomerated CPP-AuNPs.
We recently characterized and studied the uptake of
these agglomerated particle conjugates by mammalian
cells [47]. In this study, we investigate the mechanisms
of the targeted laser-induced release of intraendosomal
molecules using a nanosecond pulsed laser and AuNP
agglomerates. Figure 1 shows a schematic diagram of the
process which was visualized using transmission electron
microscopy (TEM) and fluorescence microscopy. Cal-
cein molecules were utilized as cargo to be co-incubated
with CPP-AuNP agglomerates, resulting in their concur-
rent uptake and presence in the endosomes. Laser irra-
diation of cells containing these endosomes ruptured the
endosomal membrane and instantaneously released the
deagglomerated particles and the cargo into the cytosol.
We further studied the laser parameters necessary for
an efficient molecule release and the viability of the cells
after the treatment.

The combination of laser-triggered release and CPP-
conjugated AuNP agglomerates has specific advantages.
First, it is rather cell-type independent as the release
mechanism is solely based on the interaction of the laser
with the AuNPs and, therefore, depends on the param-
eters of those instead of the cell-type or the maturation
stage of the endosomes. Second, the damaging effects
are highly localized to the endosomal membrane as
they are limited to the vicinity of the particles. This
ensures that the treated cells retain normal functionality
and unwanted damages of other cellular organelles are
reduced. Additionally, the technique is spatially selec-
tive. Only laser-treated cells containing AuNPs exhibit
endosomal rupture leaving other cells unaffected. And
finally, the timing of the laser treatment can be arbitrary.
One can temporally control the release of the molecules
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Fig. 1 Schematic illustration of uptake and laser-based release of molecules co-incubated with CPP-AuNPs. During incubation CPP-AuNPs and the
cargo are endocytosed. Inside the cell these endosomes mature unless their membranes are ruptured via laser irradiation to release the content to
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into the cytosol. Therefore, the presented technique is a
promising method for a spatially and temporally specific
delivery of chemically synthesized drugs or other mol-
ecules in mammalian cells. Furthermore, the facile renal
clearance of the resulting deagglomerated small particles
can ensure the biocompatibility of the presented method.

Results

Characteristics of CPP-AuNP agglomerates

CPP-AuNP agglomerates were prepared by using mono-
disperse laser-generated gold nanoparticles (see “Meth-
ods”) with a particle diameter of (5.0 £ 0.6) nm of the
primary particles (see Additional file 1: Figure A4.1).
Stabilized with BSA, which is a good stabilizer for nano-
particle-peptide-agglomerates and, additionally, is

highly biocompatible, their hydrodynamic diameter is
(14.1 £+ 4.7) nm (Fig. 2a). The agglomerates are formed
right after adding CPPs, deca-arginine or NLS, to the
ligand-free primary particles. The agglomeration pro-
cess is triggered by charge compensation between nega-
tively charged AuNPs and positively charged peptides.
This results in NLS-AuNP agglomerates (stabilized with
BSA) with a hydrodynamic diameter of (65.4 & 13.2) nm
as deduced by dynamic light scattering (DLS) and a PDI
of 0.29 (Fig. 2a). Data depicting their zeta potential of
(+ 18.7 £ 14.9) mV as well as additional characteristics of
deca-arginine agglomerates like the positive zeta poten-
tial of (+ 25.9 & 5.0) mV and a shift of the surface plas-
mon resonance of 20 nm is shown in the Additional file 1
Section A2. Although strong agglomeration tendencies
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were verified, the characterization of the agglomerates
by TEM shows the preservation of the primary par-
ticles (Fig. 2b) with a diameter of (5.8 &+ 1.2) nm which
is comparable to the diameter of ligand-free AuNPs of
(6.5 & 1.2) nm. Representative TEM-images are shown in
the insets of Fig. 2b.

Nanoparticles and their localization in the cells

TEM images of the CPP-conjugated negatively stained
particle clusters show shape and size variations in the
agglomerated state. The AuNP-clusters composed of
strings of multiple particles that seem to be loosely
attached to each other can reach sizes up to ~550 nm in
one dimension (Fig. 3a). Furthermore, the particles show
a sheath of less electron dense material which we pre-
sume to be bound BSA as it can not be found in non-BSA
stabilized agglomerates (Fig. 2b, both insets). This sheath
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can also be found in non-CPP-conjugated particle sam-
ples stabilized with BSA (Additional file 1: Figure A4.2a).

As shown in Fig. 3b, ¢, the CPP-AuNP agglomer-
ates were endocytosed. We found particle-loaded
endosomes all over the cytoplasm. In most cases, more
than one agglomerate was found in a single endosome
(Fig. 3b, inset). No particles were detected within the
nucleus. Without laser-irradiation the agglomerates are
retained inside the endosomes throughout their matu-
ration stages (Fig. 3). Interpretation of the endosomal
maturation stages in the TEM images follows the char-
acteristics described in [48]. The agglomerates inside the
endosomal compartments and agglomerates attached
to the cell membrane appeared highly condensed com-
pared to samples without cells (compare agglomerate
in solution Fig. 3a to intraendosomal agglomerates 3c).
Preferably in the later endosomal stages most of the
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Fig. 2 Characterization of ligand-free AuNPs and AuNP-CPP agglomerates. a Hydrodynamic diameter of ligand-free AuNPs and AuNP-NLS agglom-
erates (both stabilized with BSA) determined by dynamic light scattering. b Particle number distributions of agglomerated (NLS-conjugated) and
primary, ligand-free AUNPs obtained from TEM-images. Representative images are depicted in the insets (scale bars: left 50 nm, right 20 nm)
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Fig. 3 TEM-images of gold nanoparticles conjugated to CPP-AuNPs. CPP-AuNP-agglomerate in solution (a) and cells with CPP-AuNPs taken up via
endocytosis (b, €). Endosomes with AuNPs can be found in different stages of maturation (b), EE early endosome, LE late endosome, L lysosome). ¢
shows a more general overview of a cell containing endosomes with CPP-AuNPs. Scale bars:a 100 nm, b 500 nm, inset 100 nm, € 800 nm
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agglomerates appeared more rounded up and showed
less extensions.

Effect of laser irradiation on particles and cells

After irradiating particle agglomerates with a radiant
exposure of 35 mJ/cm? the maximal radiant exposure
used for the release study (see next section), no BSA-
sheath was visible. Non-electron dense material with
particle leftovers having a similar shape to the agglomer-
ates was found (Additional file 1: Figure A4.1). In some of
these structures, single nanoparticles were still present.
Moreover, the agglomerates were mostly broken into iso-
lated particles (Additional file 1: Figure A4.2b). Similarly,
when AuNPs were endocytosed by the cells, laser irra-
diation induced separation of the particle agglomerates
in the cells. Additionally, most of the endosomal mem-
branes enclosing particles were fully or partially ruptured
or completely dissolved (Fig. 4a,b). The inset in Fig. 4b
is a typical image showing a partly ruptured endosomal
membrane through which the particles enter the cyto-
plasm. Despite this strong effect no rupture of the outer
cell membrane was observed. After irradiation isolated
particles are found all over the cytoplasm (Fig. 4a—c, red
dashed circles). The majority of the AuNPs are detached
but still in the vicinity of the endosome they escaped
from (Fig. 4a—c, red dashed arrows). Comparing cells
irradiated with 25 mJ/cm? to cells treated with 35 m]J/
cm?, the latter ones showed distinctly higher amounts
of vacuoles—areas showing no electron dense material
(Fig. 4c, blue arrows). They might originate from blown
up lumen of the endoplasmic reticulum (Fig. 4c, yellow
arrows). Small vacuoles were also found in cell mito-
chondria (Fig. 4c, green dotted arrows). In cells irradiated
with 25 mJ/cm? (Fig. 4a) this effect was rarely observed.
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Nevertheless, to a smaller extent such vacuoles were also
observed in non-irradiated cells. A selection of further
images of the intracellular particle release obtained by
irradiation with 25 mJ/cm? compared to 35 mJ/cm? can
be found in the Additional file 1: Figure A3.1 and Figure
A3.2, respectively.

Efficient calcein release into the cytoplasm
4 h after co-incubating the cells with CPP-AuNP agglom-
erates and calcein, the cells contain small, localized and
fluorescing spots (Fig. 5b). These are endosomes contain-
ing particle agglomerates and calcein. Irradiation of cells
with these endosomes ruptures the endosomal membrane
as confirmed with TEM (section above). The content
diffuses throughout the whole cell leading to an overall
increase of the fluorescing area (Fig. 5c) without a sig-
nificant change on the cell morphology (Fig. 5a, d). The
irradiation, however, does not completely dissipate the
bright fluorescing spots. This indicates that not all endo-
somal content was completely released. Partly irradiated
samples only show a visible release of dye into the cytosol
in treated regions. In Fig. 5 only the cell inside the dotted
box was irradiated. A selection of images showing differ-
ent fields of view before and after irradiation can be found
in the Additional file 1: Section A5, Figures A5.1 and A5.2.
For future clinical applications and to avoid harm-
ful impact on the cells like vacuoles or blebbing (as
described later) the applied radiant exposure should
be kept to a minimum. Hence, we irradiated cells that
were co-incubated with CPP-AuNPs and calcein for 4 h
with different radiant exposures up to 35 mJ/cm? The
obtained images were analyzed as described in the Meth-
ods section. The results are presented in Fig. 6. It shows
the amount of cells with sufficient fluorescent changes
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Fig. 4 TEM images of laser-irradiated cells containing endosomes with CPP-AuNPs. Cells irradiated with 25 mJ/cm? (a) and 35 mJ/cm? (b, ). CPP-
AuNPs are desagglomerated and endsosomes are partly or completely opened. Most particles are isolated, but still close to each other and the
endosome they escaped (red dashed arrows). Some particles are distributed already inside the cytoplasm (red dashed circles). Blue arrows indicate
laser-induced vacuoles. Vacuoles are also found in mitochondria (green dotted arrows) and blown up lumen of the endoplasmic reticulum (yellow
arrows). Scale bars: a 500 nm, b 300 nm, inset 100 nm, € 800 nm
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cytoplasm. Scale bars: 20 um

Fig. 5 Visualization of calcein uptake and release. Calcein was co-incubated with CPP-AuNPs and cells for 4 h. The cell within the dotted box was
irradiated. Brightfield images show no change of cell morphology after irradiation (d) compared to before (a). b Fluorescent image of cell before
irradiation exhibits clear fluorescent spots. € After irradiation some of these spots are still visible, but calcein was released and spread all over the

per image according to the defined criteria (see “Meth-
ods” and Additional file 1: Section A5). Therefore indi-
cating the probability for intracellular molecule release
for the given parameters. Non-irradiated cells with
endosomes containing CPP-conjugated AuNPs and cal-
cein or cells irradiated with a radiant exposures of up to
20 mJ/cm? showed no significant calcein delivery into the
cytoplasm. We found a release threshold at 25 mJ/cm?
For this radiant exposure the amount of cells where the
calcein was successfully delivered varies over the whole
range. In some analyzed images nearly all cells showed
an efficient calcein release while some images did not.
For radiant exposures of 28 mJ/cm? and higher, the cal-
cein was efficiently released on average in at least 58 %
of the cells (Fig. 6, small solid boxes). We found a release
in 81 % of the cells treated with 35 mJ/cm? A performed
independent two-tailed t-test gave a statistical significant
difference (p < 0.001) for the release when applying radi-
ant exposures >28 mJ/cm? compared to radiant expo-
sures below the release threshold and all control samples.

As a control group, cells were also incubated without
AuNPs or with non-CPP-conjugated particles which
are not taken up (uptake studied in [47]) and irradiated
with 35 mJ/cm? Their calcein release is comparable to
non-irradiated cells containing CPP-conjugated particles
inside endosomes. We attribute part of calcein uptake in
the control groups to calcein settling on the cell mem-
brane. Furthermore, some molecules can be taken up as
the cells naturally endocytose.

Cell viability and cytoxicity of AuNPs

Irradiation with radiant exposures of less than 100 m]/
cm? showed no visible cell damage under the microscope.
Using radiant exposures of around 100-200 mJ/cm? or
higher, the outer cell membrane was ruptured during
the irradiation. This is indicated by the extracellular dye

0,8+
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T

Fig. 6 Evaluation of efficient intracellular release for different radiant
exposures. Cells with endosomes containing CPP-AuNPs and calcein
irradiated with different radiant exposures. The release efficiency was
determined by the amount of cells per image with 3-50 cells show-
ing relevant fluorescent change according to the chosen criteria.
Results are similar to the decision by eye (samples without AuNPs and
with non-CPP-AuNPs show this ratio). Spikes (maximal ratio: x) are
due to analysis. Threshold is found at 25 mJ/cm?, efficient release for
all higher radiant exposures. A two-tailed t-test revealed a significant
increase compared to lower radiant exposures or control samples
(***p < 0.001, *p < 0.04). Box: first to third quartile, line: median

Ratio of cells per image showing
relevant change in fluorescence

propidium iodide (PI) entering the cell. For even higher
laser powers, severe and irreversible damages like instant
necrosis and blebbing were induced (data not shown).
Quantitative analysis of the cell viability was performed
as described in “Methods” by double staining the cells with
PI and calcein AM (acetoxymethyl ester). This calcein deri-
vate can pass the plasma membrane, but only fluoresces
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after the acetoxymethyl group is removed by intracellular
esterases which are only active in live cells. Irradiating cells
with up to 35 mJ/cm?, which is enough to efficiently release
molecules into the cytoplasm, has no significant effect on
their viability. At least 94 % of the cells express calcein AM
whereas only a maximum of 6 % of cells is PI positive which
indicates cell death (Additional file 1: Figure A6). Cells
expressing dual fluorescence were accounted as dead cells.

We further checked the long-term viability of cells,
more precisely their metabolic activity, using PrestoBlue
(see “Methods”). For each set of parameters three differ-
ent samples were evaluated. We did not find a difference
in the metabolic activity of cells incubated with AuNPs
conjugated with either peptide. Therefore, the results for
the peptides CWR;9 and CWG3PKsRKVED were com-
bined (n=6 for each data point). Overall, no reduced
viability for the laser irradiated cells compared to non-
irradiated cells was observed two and three days after
irradiation (Fig. 7). For all parameters with living cells
the absorption and, hence, the amount of cells, are in the
same order of magnitude. The laser treatment also did
not show an effect on the viability of cells incubated with-
out particles or particles without peptide-conjugation.
Solely the positive control with killed cells had a signifi-
cantly lower metabolic activity.

Discussion

Our TEM studies confirmed endocytosis as the uptake
mechanism of the differently shaped and sized agglomer-
ates of CPP-AuNPs which we suggested in our previous
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Fig. 7 Metabolic activity of cells. Long-term influence on laser

viability tested 48 and 72 h after laser treatment using PrestoBlue. All
values are background corrected for the blank with only cell culture
medium. Laser irradiation has no influence on cell proliferation. Cells

killed with methanol/ethanol act as negative control. n = 6

Page 7 of 14

study [47]. Their hydrodynamic diameter perfectly suits
the cellular uptake as the optimal diameter of spherical
particles for receptor-mediated endocytosis is 54—60 nm
[49]. AuNP-filled endosomes were found all over the
cytoplasm. TEM-images showed that colloidal CPP-
AuNPs are only loosely bound agglomerates but no
aggregates with fixed solid-solid bridges. After being
endocytosed they appeared to be arranged differently.
Especially in late endosomes very condensed CPP-AuNPs
without many extensions or cavities were found. We
assume that the agglomeration to large clusters is rather
flexible and can reshape according to the available space
within the endosomes. TEM-images proved that the nan-
oparticles remain encapsulated during endosomal matu-
ration. AuNPs condensing during the maturation process
indicate that the biological material around the particles
may be degraded. We ascribe the degradation to prote-
olysis as the concentration of proteases increases during
the maturation [50]. To prevent the intraendosomal deg-
radation and accumulation of the cargo it is necessary to
externally trigger the endosomal opening and time the
release accurately. Nonetheless, the release mechanism
of the presented method will be unaffected by this as the
nature of the endosomal membrane remains so that the
effects induced by laser-particle interaction can rupture
the membrane. We found, that the effects even rupture
multi-lamellar membranes.

The exact influence of laser irradiation on CPP-
AuNPs strongly depends on the size of the nanoparticle
agglomerate and the radiant exposure applied. Ligand-
free AuNPs have smaller extinction efficiency due to
their smaller size and their surface plasmon resonance
(SPR) peak is at wavelengths below 520 nm [51, 52].
Their conjugation leads to a red-shift and broadening
of the SPR peak which increases with smaller inter-
particle distances and larger amounts of agglomerated
AuNPs [53, 54]. Despite the shift, the extinction cross
section and scattering efficiency increases at wave-
lengths around 532 nm while the absorption efficiency
is reduced [53, 55]. Hence, the agglomerates possess an
enhanced extinction cross section compared to indi-
vidual AuNPs and yield hot spots which exceed the
enhancement factor coming from the amount of AuNPs
[55]. Even though larger wavelengths might be favorable
for some agglomerates, we assume 532 nm to be suit-
able for our CPP-AuNPs as we only found a SPR peak
shift of 20-40 nm. This is in good accordance with the
hydrodynamic particle diameters measured. The SPR
peak at 532 nm is maximal for particles with diameters
of ~48 nm [52].

As the intracellular release is based on the properties
of the AuNPs and laser parameters their interaction is
discussed before elaborating the impact of the resulting



Krawinkel et al. ] Nanobiotechnol (2016) 14:2

effects on the cell. We assume that the endosomal rup-
ture is initiated by particle heating as we use rather long
pulses of 1 ns and for particles with diameters smaller
than 80 nm absorption dominates scattering [54]. Heat
deposition in particles can lead to vibration of electrons
and particle melting, evaporation or explosion [27, 28, 56,
57]. Our own calculations (not shown here) find maxi-
mal temperatures of the medium within the agglomer-
ates slightly above the melting point of gold nanoparticles
(1063 °C) for the threshold radiant exposure of 25 mJ/
cm?. These temperatures lead to an explosive evapora-
tion of the medium around the particles. Besides ther-
mal damages to the endosomal membrane, the vapor
pressure can be followed by a shock wave [27, 28]. As
the association of AuNPs reduces the threshold to create
bubbles also water or cavitation bubbles can be induced
[25, 26]. Their expansion and collapse dynamics mechan-
ically disrupts the endosomal membrane and releases the
cargo [58]. Small variations in the agglomerate size did
not influence the endosomal opening significantly, con-
firming the prevalence of thermal effects. In addition, our
threshold of 25 mJ/cm? is similar to the 28 mJ/cm? calcu-
lated as particle evaporation threshold (55 nm AuNP in
aqueous solution, 4 = 532 nm, 7,5, = 5 ns) [57, 59].

It is sufficient to discuss single pulse interactions with
the AuNPs as the distance of two pulses is 44.4 ps while
the heat diffusion occurs within nanoseconds. Therefore,
accumulative heat effects can be neglected. Furlani et al.
found that 10 ns after the laser pulse the induced sec-
ondary bubbles have collapsed and 20 ns after the pulse
the temperature will be close to the starting temperature
again (for 60 nm particles) [60]. This is in good accord-
ance with our calculations which found no significant
residual heat 20 ns after irradiating the CPP-AuNPs with
25 mJ/cm? Additionally, our CPP-AuNP agglomerates
burst when irradiated. Else than for a solid single par-
ticle of the same size as the agglomerate, a second laser
pulse would not be able to induce the same effect again.
Therefore, even after being released to the cytoplasm and
maybe being irradiated again, no further damage can be
induced to other cellular compartments.

Using a similar laser (4 = 532 nm, 7,4, = 0.5 ns) and
80 nm AuNPs in liposomes, Anderson et al. found plas-
monic nanobubbles as small as 50 nm at a threshold
of 110 mJ/cm? [38]. This agrees with the threshold of
100-200 mJ/cm? we found for collateral rupturing of
the outer cell membrane during irradiation. This indi-
cates that radiant exposures >200 mJ/cm? steadily induce
large bubble formation leading to major cell damages.
As a consequence direct blebbing occurred, affecting
the cell viability. Thus, the radiant exposure defines the
damage zone of our technique. Conjugation of CPPs to
AuNPs allows precise subcellular targeting while still
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maintaining the cell integrity. The applied radiant expo-
sures used for molecule release have no impact on cells
without AuNPs.

Similar to the release using endosomolytic reagents
our laser-based approach is temporally specific. Hence,
our technique is applicable to overcome the problem that
cargo is trapped in the endosomes and being degraded
during their maturation [12, 61]. We conclude that laser
light interacting with AuNPs is target selective as well
as temporally specific. The occurring effects can be con-
trolled by choosing both the laser and AuNP properties.
Our active release circumvents intraendosomal cargo
accumulation and slow penetration of the cargo to the
cytosol.

The probability for cargo release increases with
increasing radiant exposures as more energy is deposited.
At a threshold radiant exposure of 25 mJ/cm? the mol-
ecule release probability is 50 %. It can be increased up
to 81 % by applying 35 mJ/cm? The fluorescence inten-
sity of non-targeted cells (without AuNPs, with AuNPs
without CPPs) is less and TEM images show nearly no
particles inside the cells (Additional file 1: Figure A4.3).
The performed t-test clearly indicates a significant
(p < 0.001) increase of the ratio of cells with successful
release for radiant exposures above the figured threshold
and for all controls. The level of significance is less for the
threshold itself (p < 0.04 for radiant exposures under-
neath and controls) supporting 25 mJ/cm? as the meas-
ured threshold. Moreover, between 20 and 35 mJ/cm? we
find a logarithmic increase of the release probability as
a function of radiant exposure which is in good accord-
ance to the results for the uptake of dye in optoinjection
(A4 = 800 nm, 7,4, = 130 fs) [62]. Hence, higher radiant
exposures would only slightly increase the probability for
molecule release and might strongly affect the cell viabil-
ity. Conjugating the molecule directly to the AuNPs can
further result in an even higher specificity. It would pre-
vent the uptake of free floating extracellular molecules
via normal endocytosis of non targeted cells.

Yet, not all intraendosomal dye molecules are released
to the cytoplasm. This can be seen in fluorescent images
still having bright fluorescent spots. We assume it is
due to non, partially or transiently damaged endosomal
membranes. More uniform AuNP-agglomerate sizes and
shorter incubation times to ensure all endosomes in the
same stage of maturation upon irradiation could increase
the amount of molecules delivered.

Irradiation of the cells with <35 mJ/cm? and the pres-
ence of CPP-AuNPs had no effect on the cell viability
and metabolic activity. As a result, we assume that cells
irradiated with 35 mJ/cm? can cope with the small laser-
induced vacuoles found on the TEM images that might
be cytotoxic as vacuoles have an autophagic nature [63].
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Nonetheless, we believe that significantly higher radiant
exposures are likely to induced more effects that can lead
to cell death.

After irradiation the agglomerates are released as pri-
mary particles (~5 nm) and isolated AuNPs disperse in the
cytoplasm. We did not find any particles in the nucleus.
This could be due to the fixation of the cells immediately
after the treatment. Most of the particles have not had the
possibility to diffuse. They were still found close to the
endosome they escaped. Following results showing par-
ticles can enter the nucleus without regulations (<9 nm)
or via interaction with the nuclear pore complex (>39 nm)
[64], we expect our separated CPP-AuNPs to penetrate
the nuclear envelope. It is also possible that the uptaken
particles are exocytosed [3, 9, 16] after some time lead-
ing to a smaller amount of particles within the cells over
time. After irradiation the exocytosis probability rises, as
smaller nanoparticles exocytose faster [16] and therefore
possible adverse effects to biological systems due to long-
term exposure of AuNPs can be minimized. Additionally,
the amount of AuNPs per cells may also decrease during
proliferation. Further, elimination from the body is more
likely for particles this size [65]. In addition, the reader
should keep in mind that ligands coupled to inorganic
nanoparticles may be subject to a natural biodegradation
process. This can be deliberately included in the design of
the agglomerates [41] but a recent study has also shown
that even firmly attached polymer shells may be removed
from the particles in vivo [66]. Naturally, agglomerates
connected to CPPs could be subjected to a similar fate.
Consequently, the transfer of the agglomerate uptake and
photoinduced release of the endosomal content as well
as the deagglomeration of agglomerates to in vivo envi-
ronment would require a thorough examination of bio-
degradation, which, however, is beyond the scope of this
experimental series.

Besides laser induced molecule delivery, our CPP-
AuNPs can possibly be used as theranostic agents. We
showed the possibility to efficiently deliver cell imperme-
able dyes. The same nanoparticles could be used to image
the target cells before releasing the endosomal cargo.
Depending on the imaging technique this could either
be done by labeling particles to enhance their imaging
qualities or by using pure nanoparticles. AuNPs in the
size range of our agglomerates were shown to be quan-
tifiable with confocal laser scanning microscopy [67].
Our technique offers the possibility to selectively release
molecules only in cells chosen during the imaging. If con-
traindications for, e.g. the delivery of a drug are revealed,
no laser irradiation is applied and no cargo is released.
Here, the natural pH-change in the endosomes during
their maturation could be utilized to dispose unwanted
drugs as the molecules stay enclosed. On contrary, if
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findings indicate the necessity to induce cell death to the
targeted cells, higher radiant exposures could easily be
applied.

Conclusions

Conjugating CPPs to AuNPs is an efficient tool to trig-
ger the uptake of particles and molecules using a natural
uptake mechanism and enhancing the release using the
interaction of AuNP agglomerates and laser irradiation.
This interaction directly disperses the agglomerates into
highly biocompatible products. In detail we could show
that these stable and defined peptide-conjugated gold
nanoparticle agglomerates can be applied systematically
for intracellular molecule delivery. The intraendosomal
cargo can efficiently escape into the cytoplasm without
affecting the cell viability. We demonstrate that this laser-
triggered release is a fast, targeted and gentle method
which can be applied to various cell types as the release-
mechanism is cell-type independent. The spatial and
temporal specific release facilitated by laser irradiation
can circumvent intraendosomal content degradation.
This may enhance the intracellular biological activity of
the delivered cargo. Besides enabling the uptake of cell
impermeable molecules, gold nanoparticle agglomer-
ates attached to CPPs enhance the electromagnetic field
of the incident laser light. This enhancement and heat
deposition in the vicinity of the gold nanoparticles lead
to a local rupture of the surrounding endosomal mem-
brane. Thus, with our method, intraendosomal cargo can
be efficiently released without impairing other cellular
compartments. Besides the specificity of the release, the
choice of CPPs or their combination with cell-specific
binders may determine the selectivity of the delivery as
well as the intracellular target while the release mecha-
nism is unaffected. Particle deagglomeration shows the
benefit of a faster AuNP removal from the cell and avoid-
ing further damages to other compartments after being
released to the cytoplasm if irradiated again. Hence,
this technique may have future applications for phar-
maceutical drug screening or basic gene therapy stud-
ies for medical research. In addition, the photo-induced
deagglomeration results in a change of the optical prop-
erties of the agglomerates which could be utilized as a
label-free indicator for successful endosomal rupture and
molecular delivery.

Methods

Laser-based generation of gold nanoparticle-peptide
agglomerates

Gold nanoparticle agglomerates were synthesized in a
two-step process. PLAL was followed by an ex situ bio-
conjugation of the generated ligand-free gold nanopar-
ticles with cell-penetrating peptides. This procedure
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enables a defined adjustment of the peptide to nanopar-
ticle ratio and, hence, leads to defined particle-peptide
agglomerates.

PLAL was done as described elsewhere [47] (see also
Additional file 1: Section A1). After laser ablation the col-
loids possessed a bimodal size distribution still contain-
ing a significant portion of particles >10 nm. This larger
particle fraction was removed by ultracentrifugation at
30,000¢ for 13 min, yielding totally monodisperse colloids
with average diameters of 5 nm. These purified colloids
were applied for all consecutive conjugation experiments
and were furthermore utilized as a non-agglomerated
control in all biological experiments.

Finally, the monodisperse AuNPs were separately
bioconjugated with two different CPPs, deca-arginin
(CWRy9) and a nuclear localization sequence (NLS,
CWG3PK3RKVED). This ex situ bioconjugation was
performed by mixing 40 puL of a 300 uM solution of the
respective peptide with 4.46 mL of the gold colloid. The
final gold mass concentration was 60 mg/L which cor-
responds to ~29 peptide ligands per AuNP. Since nano-
particle agglomeration is induced by peptide conjugation
and due to the fact that, once started, it is an ongoing
process, it has to be stopped. Hence, bovine serum albu-
min (BSA) was added at a concentration of 2.5 g/L for
stabilizing the agglomerates in order to prevent precipi-
tation. BSA is suitable for stabilizing nanoparticles [68]
as well as nanoparticle-peptide-agglomerates [47] which
was demonstrated before. Additionally, it is biocom-
patible because it is already present in the cell culture
medium by using fetal calf serum (FCS). Consequently,
BSA is a stabilizer with optimum biocompatibility, keep-
ing potential toxic cross effects to a minimum. After the
preparation, samples were agitated for one hour by a
vibratory shaker (Retsch, Germany).

The characterization of AuNP-CPP agglomerates was
carried out via UV-Vis spectroscopy (Thermo Scientific
evolution 201) and DLS (Malvern, Zetasizer Nano). For
size determination 300 and 590 AuNPs were counted on
TEM-images (Phillips CM 12, preparation see Additional
file 1: A2). The resulting size distribution was fitted by a
log-normal function.

Cells and uptake of gold nanoparticles

For the experiments we used ZMTH3 cells which are
derived from a canine pleomorphic mamma adenoma
[69]. This cell line has been successfully applied for gold
nanoparticle mediated laser manipulation before (e.g.
[31, 35, 70]). Additionally, as ZMTH3 is a model cell
line for human mamma adenoma the obtained results
are likely to be transferable to human settings. These
mammalian cells were cultured in RPMI-1640 (Rosewell
Park Memorial Institute) cell culture medium with 10 %
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FCS and 1 % Penicillin/Streptomycin (all: Biochrom,
Germany). Cells were incubated at 37 °C and 5 % CO».
Depending on the experiments, they were either seeded
in 35 mm glass bottom dishes or in 96-well plates with
glass bottom a day before the experimental procedure.

As presented in [47], the peptide-conjugation of AuNPs
leads to an endocytosis based uptake of the AuNP-con-
jugates into ZMTH3. It varies with time and AuNP-con-
centration without inducing cytotoxic effects. For the
concentration of 2.46 mg/L, the uptake of CWR;p-con-
jugated AuNPs decreased after an incubation time of 4 h
[47]. Hence, 4 h incubation with 2.46 mg/L of AuNPs was
chosen for all experiments to obtain a large amount of
intracellular nanoparticles using a moderate amount of
AuNPs and a reasonable incubation time. 2.46 mg/L cor-
responds to ~24 agglomerates/um? cell growth area. For
the same amount of agglomerates 3.0 mg/L NLS-AuNPs
were used as NLS yields to slightly bigger agglomerates at
the same peptide concentration. For the uptake the cells
were incubated with the particles at 37 °C and 5 % COs.
After incubation, the cells were washed twice with PBS
to remove all remaining extracellular particle conjugates.
Fresh culture medium was added before laser treatment.

For the TEM-studies the ZMTH3 cells were incubated
with NLS-AuNPs. Directly after the experimental proce-
dure they were prepared for TEM (see Additional file 1:
Section A3). The obtained ultrathin sections were imaged
with a CEM 902A TEM (Zeiss, Germany) and a 1k Fast-
Scan CCD-Camera (camera and software, Tietz Video
and Image Processing Systems, Germany). Additionally,
all TEM-images were contrast enhanced using Image].

Laser setup for intracellular molecule release

Two experimental setups were used to show the intracel-
lular molecule release (Fig. 8). For both setups, a pulsed
HLX-G-F020 microchip laser (Horus Laser, France)
emitting 532 nm (22.5 kHz, 7,5 = 1 ns) was used. For
an immediate fluorescent visualization of the molecule
release and cell membrane integrity, the laser was cou-
pled into a microscope (Axiovert A.1, Zeiss, Germany)
(Fig. 8, right side). To analyze the results, images were
taken with a EMCCD-Camera (iXon DU-885, Andor
Technology, UK) using the Andor Solis image acquisi-
tion software. The images were post-processed using
Image] by enhancing their intensity and contrast as well
as false color representation. High radiant exposures
(8 J/cm?) can be achieved with this setup. However, the
irradiated area is limited due to the high focusing (50x
objective, NA 0.5). To obtain molecule delivery in thou-
sands of cells in a few minutes, the laser was coupled into
another setup (Fig. 8, left side). As the laser beam is less
focused, radiant exposures of up to only 35 mJ/cm? can
be realized. This setup was used for parametric studies
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Fig. 8 Setup for intracellular molecule release. Combination of half-wave plate (4/2) and polarizing beam splitter cube (PBS) is used for power
adjustments of the laser. The first flip mirror decides which setup the laser beam is guided to. Left side setup for high throughput release with large
scanning areas. Right side Microscope-based setup for higher radiant exposures, but with a smaller scanning region

and statistical analysis of the delivery efficiency. In both
setups the laser power is adjusted by combining a motor-
ized half-wave plate with a polarizing beam splitter cube.
Furthermore, both setups employ scanning mirrors to
scan the whole region of interest meandering. The pulse
to pulse distance in x-direction is 2.2 pm and 33.3 um in
y-direction.

Properties and uptake of calcein
For the release studies, the cell impermeable fluorescent
dye calcein was used as molecular cargo. Calcein was
diluted to a final concentration of 0.5 mM in cell culture
medium. For these studies the CWR;o-AuNPs were used.
To enter the cell, calcein was incubated with the AuNPs
simultaneously. During the CPP-induced formation of
endosomes to take up the CPP-AuNPs, medium con-
taining calcein also enters the endosome. The cells were
washed twice after incubation. Hence, all dye molecules
in the extracellular medium were removed before laser
irradiation. Hence, only the intraendosomal calcein is
released into the cytoplasm.

Image analysis to quantify the calcein release
To quantify the release of calcein, several objective cri-
teria were established. Cells that took up the fluorescent

calcein displayed fluorescing spots. After laser irradia-
tion the fluorescent molecules were dispersed. We took
fluorescent images (microscope setup) of cells before
and after irradiation with different radiant exposures.
For each parameter n > 100 cells were analyzed. First,
the decision on successful release was performed by eye
for 1474 cells. Then, single cell analysis of the images
was performed using Image] (detailed description in the
Additional file 1: Section A5). By combining the evalua-
tion by eye with the Image] analysis, we established two
criteria for calcein release (Additional file 1: Figure A5.3).
First, the fluorescent area per cell after laser treatment
increased at least 5 % compared to before irradiation.
Second, a minimum of 18 % of the cell area after irradia-
tion fluoresces.

Per tested parameter these criteria were applied on
8-13 different field of views each showing 3-50 cells.
Irradiation for all parameters was done on at least two
different days. These images were used to calculate
the ratio of cells per image showing an efficient release
(according to the criteria).

Viability assay
To account for the cell viability after the treatment, cells
were detached using TrypLE (Life Technologies, USA).
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The cells were stained with fluorescent dyes for the analy-
sis. We used 2.5 puM Propidium Iodide (PI, Life Tech-
nologies) to check for immediate cell death, i. e. mainly
necrotic cells. At the same time we incubated the cells
with 3 uM calcein AM (Life Technologies) to double
check for the viability. After detaching, cells were spun
down and added in a counting chamber. The Cellometer
Vision 5x (Nexcelom Bioscience, USA) was used to count
the total amount of cells as well as the amount of PI and
calcein AM positive cells. For all parameters more than
3000 cells were counted (n > 4).

To make sure the cell membrane is not compromised
during the release, in some experiments PI was added
into the extracellular medium before irradiation (in this
case we did not check for necrotic cells using PI).

Furthermore, we studied the long-term influence (48,
72 h) of the laser treatment on the cell proliferation
using 10 % PrestoBlue (Life Technologies) in cell culture
medium. This experiment was performed in a 96 well
plate with 1.5 x 10* cells/well. Therefore, the absorbance
of the PrestoBlue was measured after an incubation time
of 24 h (37 °C, 5 % CO,) with a SPECTROstar Omega
(BMG LABTECH, Germany) plate reader as recom-
mended by the manufacturer. The measured absorbance
was normalized using the emission at 600 nm as reference
wavelength and background corrected by subtracting
the value for only medium (according to the application
note, PrestoBlue, Life Technologies). The resulting values
represent the metabolic activity of the cells. As a nega-
tive control cells were killed directly after the treatment
by incubating them for ten minutes with a 1:1 solution of
Methanol (99.6 %) and Ethanol (99 %). The cell prolifera-
tion assay was performed for both CPP-AuNPs.

Additional file

Additional file 1. Detailed information on CPP-AuNPs, TEM, the release
criteria and viability. The additional file includes a more detailed descrip-
tion of the particle synthesis, the preparation of the TEM samples and
additional characteristics of CPP-AuNP agglomerates. Additionally, a gal-
lery of further TEM-images as well as of primary AuNPs without CPPs and
individualized AuNPs after irradiation are presented. Further, the Image)
analysis including a selection of sample images to obtain the fluorescent
area per cell before and after irradiation as well as the results of the cellular
viability directly after laser treatment are shown.

Authors’ contributions

JK led the experiments and drafted the manuscript. JK,UR performed the laser
irradiation studies. JK, UR, MLT designed the laser irradiation experiments and

analyzed the results. MW performed TEM studies and analyzed the images. LG
prepared bioconjugates and performed characterization studies with supervi-
sion from CR. SB, AH conceived the project. All authors read and approved the
final manuscript.

Author details
! Institute of Applied Optics, Friedrich-Schiller-University Jena, Frobelstieg
1,07743 Jena, Germany. ? Institute of Quantum Optics, Leibniz University

Page 12 of 14

Hannover, Welfengarten 1, 30167 Hannover, Germany. > Electron Microscopy
Centre, Friedrich-Schiller-University Jena, Ziegelmihlenweg 1, 07743 Jena,
Germany. “ Technical Chemistry |, University of Duisburg-Essen and Center

for Nanolntegration Duisburg-Essen CENIDE, Universitétsstrale 7, 45141 Essen,
Germany. > Excellence Cluster REBIRTH, Hannover, Germany.

Acknowledgements

The authors thank Dr. Hugo Murua Escobar, Hematology, Oncology and Pal-
liative Medicine, University of Rostock, for providing the cells and biological
counseling. We thank Prof. Dr. Anaclet Ngezahayo, Institute of Biophysics,
Leibniz University of Hannover, for discussions about biological questions
and Marinus Huber for performing the heat calculations. Thanks is also due to
Christine Kédmnitz for helping with and embedding the samples for TEM. Fur-
thermore, we thank Ms. Maja Weber and Prof. Dr. Udo Markert, Placenta-Lab of
the Jena University Hospital for letting us use and helping with the handling
of their SPECTROstar Omega plate reader. For financial support we thank the
"Deutsche Forschungsgemeinschaft (DFG)’, project Ba3580/10.

Competing interests
The authors declare that they have no competing interests.

Received: 12 October 2015 Accepted: 29 December 2015
Published online: 08 January 2016

References

1. BaeY, Park K. Targeted drug delivery to tumors: myths, reality and pos-
sibility. J Control Release. 2011;153(3):198-205. doi:10.1016/j.,jcon-
rel.2011.06.001.Targeted.

2. Torchilin VP. Recent advances with liposomes as pharmaceutical carriers.
Nat Rev Drug Discov. 2005;4(2):145-60. doi:10.1038/nrd 1632.

3. Vasir JK, Labhasetwar V. Biodegradable nanoparticles for cytosolic deliv-
ery of therapeutics. Adv Drug Deliv Rev. 2007;59(8):718-28. doi:10.1016/j.
addr.2007.06.003.

4. Koo OM, Rubinstein I, Onyuksel H. Role of nanotechnology in tar-
geted drug delivery and imaging: a concise review. Nanomedicine.
2005;1(3):193-212. doi:10.1016/j.nan0.2005.06.004.

5. Bechara C, Sagan S. Cell-penetrating peptides: 20 years later, where
do we stand? FEBS Lett. 2013;587(12):1693-702. doi:10.1016/j.
febslet.2013.04.031.

6. Morris MC, Deshayes S, Heitz F, Divita G. Cell-penetrating peptides: from
molecular mechanisms to therapeutics. Biol Cell. 2008;100(4):201-17.
doi:10.1042/BC20070116.

7. Zorko M, Langel U. Cell-penetrating peptides: mechanism and kinetics
of cargo delivery. Adv Drug Deliv Rev. 2005;57(4):529-45. doi:10.1016/j.
addr.2004.10.010.

8. MadaniF, Lindberg S, Langel U, Futaki S, Graslund A. Mechanisms of
cellular uptake of cell-penetrating peptides. J Biophys. 2011;414729.
doi:10.1155/2011/414729.

9. Tkachenko AG, Xie H, Liu Y, Coleman D, Ryan J, Glomm WR, Shipton
MK, Franzen S, Feldheim DL. Cellular trajectories of peptide-modified
gold particle complexes: comparison of nuclear localization signals and
peptide transduction domains. Bioconjug Chem. 2004;15(3):482-90.
doi:10.1021/bc034189q.

10. Stewart KM, Horton KL, Kelley SO. Cell-penetrating peptides as delivery
vehicles for biology and medicine. Org Biomol Chem. 2008;6(13):2242—
55.doi:10.1039/b719950c.

11. Nativo P, Prior IA, Brust M. Uptake and intracellular fate of surface-
modified gold nanoparticles. ACS Nano. 2008;2(8):1639-44. doi:10.1021/
nn800330a.

12. Erazo-Oliveras A, Muthukrishnan N, Baker R, Wang T-Y, Pellois J-P.
Improving the endosomal escape of cell-penetrating peptides and their
cargos: strategies and challenges. Pharmaceuticals. 2012;5:1177-209.
doi:10.3390/ph5111177.

13. Gillmeister MP, Betenbaugh MJ, Fishman PS. Cellular trafficking and
photochemical internalization of cell penetrating peptide linked
cargo proteins: a dual fluorescent labeling study. Bioconjug Chem.
2011;22(4):556-66. doi:10.1021/bc9004454.


http://dx.doi.org/10.1186/s12951-015-0155-8
http://dx.doi.org/10.1016/j.jconrel.2011.06.001.Targeted
http://dx.doi.org/10.1016/j.jconrel.2011.06.001.Targeted
http://dx.doi.org/10.1038/nrd1632
http://dx.doi.org/10.1016/j.addr.2007.06.003
http://dx.doi.org/10.1016/j.addr.2007.06.003
http://dx.doi.org/10.1016/j.nano.2005.06.004
http://dx.doi.org/10.1016/j.febslet.2013.04.031
http://dx.doi.org/10.1016/j.febslet.2013.04.031
http://dx.doi.org/10.1042/BC20070116
http://dx.doi.org/10.1016/j.addr.2004.10.010
http://dx.doi.org/10.1016/j.addr.2004.10.010
http://dx.doi.org/10.1155/2011/414729
http://dx.doi.org/10.1021/bc034189q
http://dx.doi.org/10.1039/b719950c
http://dx.doi.org/10.1021/nn800330a
http://dx.doi.org/10.1021/nn800330a
http://dx.doi.org/10.3390/ph5111177
http://dx.doi.org/10.1021/bc900445g

Krawinkel et al. ] Nanobiotechnol (2016) 14:2

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

El-Sayed A, Futaki S, Harashima H. Delivery of macromolecules using
arginine-rich cell-penetrating peptides: ways to overcome endosomal
entrapment. AAPS J. 2009;11(1):13-22. doi:10.1208/s12248-008-9071-2.
El-Andaloussi S, Johansson HJ, Lundberg P, Langel U. Induction of

splice correction by cell penetrating peptide nucleic acids. J Gene Med.
2006;8:1262-73. doi:10.1002/jgm.

Chithrani BD, Chan WCW. Elucidating the mechanism of cellular uptake
and removal of protein-coated gold nanoparticles of different sizes and
shapes. Nano Lett. 2007,7(6):1542-50. doi:10.1021/nl070363y.

Maiolo JR, Ottinger EA, Ferrer M. Specific redistribution of cell-penetrating
peptides from endosomes to the cytoplasm and nucleus upon laser illu-
mination. J Am Chem Soc. 2004;126(47):15376-7. doi:10.1021/ja044867z.
Krpeti¢ Z, Nativo P, Sée V, Prior IA, Brust M, Volk M. Inflicting controlled
nonthermal damage to subcellular structures by laser-activated gold
nanoparticles. Nano Lett. 2010;10(11):4549-54. doi:10.1021/nl103142t.
Selbo PK, Weyergang A, Hagset A, Norum O-J, Berstad MB, Vikdal M, Berg
K. Photochemical internalization provides time- and space-controlled
endolysosomal escape of therapeutic molecules. J Control Release.
2010;148:2—12. doi:10.1016/j.jconrel.2010.06.008.

Lentacker |, Vandenbroucke RE, Lucas B, Demeester J, De Smedt SC, Sand-
ers NN. New strategies for nucleic acid delivery to conquer cellular and
nuclear membranes. J Control Release. 2008;132(3):279-88. doi:10.1016/j.
jconrel.2008.06.023.

Boulais E, Lachaine R, Hatef A, Meunier M. Plasmonics for pulsed-

laser cell nanosurgery: fundamentals and applications. J Photo-

chem Photobiol C Photochem Rev. 2013;17:26-49. doi:10.1016/j.
jphotochemrev.2013.06.001.

Qin Z, Bischof JC. Thermophysical and biological responses of gold nano-
particle laser heating. Chem Soc Rev. 2012;41(3):1191-217. doi:10.1039/
clecs15184c.

Bisker G, Yeheskely-Hayon D, Minai L, Yelin D. Controlled release of
Rituximab from gold nanoparticles for phototherapy of malignant cells. J
Control Release. 2012;162:303-9. doi:10.1016/jjconrel.2012.06.030.
Lukianova-Hleb EY, Lapotko DO. Nano-theranostics With plasmonic
nanobubbles. IEEE J Sel Top Quantum Electron. 2014,20(3):7300412.
doi:10.1109/JSTQE.2013.2284431.

Zharov VP, Galitovskaya EN, Johnson C, Kelly T. Synergistic enhancement
of selective nanophotothermolysis with gold nanoclusters: potential

for cancer therapy. Lasers Surg Med. 2005;37(3):219-26. doi:10.1002/
Ism.20223.

Peeters S, Kitz M, Preisser S, Wetterwald A, Rothen-Rutishauser B, Thal-
mann GN, Brandenberger C, Bailey A, Frenz M, Rothen-Ruitshauser B.
Mechanisms of nanoparticle-mediated photomechanical cell damage.
Biomed Opt Express. 2012;3(3):435-46. doi:10.1364/BOE.3.000435.
Letfullin RR, Joenathan C, George TF, Zharov VP, Laser-induced explosion
of gold nanoparticles: potential role for nanophotothermolysis of cancer.
Nanomedicine. 2006;1(4):473-80. doi:10.2217/17435889.1.4.473.
Pustovalov VK, Smetannikov AS, Zharov VP. Photothermal and accompa-
nied phenomena of selective nanophotothermolysis with gold nanopar-
ticles and laser pulses. Laser Phys Lett. 2008;5(11):775-92. doi:10.1002/
lapl.200810072.

Minai L, Yeheskely-Hayon D, Yelin D. High levels of reactive oxygen spe-
cies in gold nanoparticle-targeted cancer cells following femtosecond
pulse irradiation. Sci Rep. 2013;3:2146. doi:10.1038/srep02146.

Minai L, Yeheskely-Hayon D, Golan L, Bisker G, Dann EJ, Yelin D. Optical
nanomanipulations of malignant cells: controlled cell damage and fusion.
Small. 2012;8(11):1732-9. doi:10.1002/smll.201102304.

Heinemann D, Schomaker M, Kalies S, Maximilian S, Carlson R, Escobar
HM, Ripken T, Meyer H, Heisterkamp A. Gold nanoparticle mediated laser
transfection for efficient siRNA mediated gene knock down. PLoS One.
2013;8(3):58604. doi:10.1371/journal.pone.0058604.

Baumgart J, Humbert L, Boulais E, Lachaine R, Lebrun J-J, Meunier M.
Off-resonance plasmonic enhanced femtosecond laser optopora-

tion and transfection of cancer cells. Biomaterials. 2012;33(7):2345-50.
doi:10.1016/j.biomaterials.2011.11.062.

Pitsillides CM, Joe EK, Wei X, Anderson RR, Lin CP. Selective cell targeting
with light-absorbing microparticles and nanoparticles. Biophys J Biomed
Opt. 2003;84(6):4023-32.

Schomaker M, Baumgart J, Motekaitis D, Heinemann D, Krawinkel J,
Pangalos M, Bintig W, Boulais E, Lachaine R, St-Louis Lalonde B, Ngeza-
hayo A, Meunier M, Heisterkamp A. Mechanisms of gold nanoparticle

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 13 of 14

mediated ultrashort laser cell membrane perforation. In: Proc. SPIE, vol.
7925,2011. p. 1-6. http://proceedings.spiedigitallibrary.org/proceeding.
aspx?articleid=720226.

Schomaker M, Heinemann D, Kalies S, Willenbrock S, Wagner S, Nolte

I, Ripken T, Escobar HM, Meyer H, Heisterkamp A. Characterization of
nanoparticle mediated laser transfection by femtosecond laser pulses for
applications in molecular medicine. J Nanobiotechnology. 2015;13(10):1-
15.doi:10.1186/512951-014-0057-1.

Yavuz MS, Cheng Y, Chen J, Cobley CM, Zhang Q, Rycenga M, Xie J, Kim
C, Song KH, Schwartz AG, Wang LV, Xia Y. Gold nanocages covered by
smart polymers for controlled release with near-infrared light. Nat Mater.
2009;8(12):935-9. doi:10.1038/nmat2564.

Lukianova-Hleb EY, Belyanin A, Kashinath S, Wu X, Lapotko DO. Plasmonic
nanobubble-enhanced endosomal escape processes for selective and
guided intracellular delivery of chemotherapy to drug-resistant cancer
cells. Biomaterials. 2012;33:1821-6. doi:10.1016/j.biomaterials.2011.11.015.
Anderson LJE, Hansen E, Lukianova-Hleb EY, Hafner JH, Lapotko DO.
Optically guided controlled release from liposomes with tunable plas-
monic nanobubbles. J Control Release. 2010;144:151-8. doi:10.1016/j.
jconrel.2010.02.012.

Wang L-S, Chuang M-C, Ho J-AA. Nanotheranostics—a review of recent
publications. Int J Nanomedicine. 2012;7:4679-95. doi:10.2147/1JN.
S33065.

Tiwari PM, Vig K, Dennis VA, Singh SR. Functionalized gold nanoparticles
and their biomedical applications. Nanomaterials. 2011;1(1):31-63.
doi:10.3390/nano1010031.

Murthy AK, Stover RJ, Borwankar AU, Nie GD, Gourisankar S, Truskett

TM, Sokolov KV, Johnston KP. Equilibrium gold nanoclusters quenched
with biodegradable polymers. ACS Nano. 2013;7(1):239-51. doi:10.1021/
nn303937k.

Tam JM, Tam JO, Murthy A, Ingram DR, Ma LL, Travis K, Johnston KP,
Sokolov KV. Controlled assembly of biodegradable imaging and
therapeutic applications. ACS Nano. 2010;4(4):2178-84. doi:10.1021/
nn9015746.

Cho W-S, Cho M, Jeong J, Choi M, Cho H-Y, Han BS, Kim SH, Kim HO,

Lim YT, Chung BH, Jeong J. Acute toxicity and pharmacokinetics of

13 nm-sized PEG-coated gold nanoparticles. Toxicol Appl Pharmacol.
2009;236:16-24. doi:10.1016/j.taap.2008.12.023.

PanY, Neuss S, Leifert A, Fischler M, Wen F, Simon U, Schmid G, Brandau
W, Jahnen-Dechent W. Size-dependent cytotoxicity of gold nanoparti-
cles. Small. 2007;3(11):1941-9. doi:10.1002/smll.200700378.

Taylor U, Rehbock C, Streich C, Rath D, Barcikowski S. Rational design of
gold nanoparticle toxicology assays: a question of exposure scenario,
dose and experimental setup. Nanomedicine. 2014;9(13):1971-89.
doi:10.2217/NNM.14.139.

Tiedemann D, Taylor U, Rehbock C, Jakobi J, Klein S, Kues WA, Barcikowski
S, Rath D. Reprotoxicity of gold, silver, and gold-silver alloy nanoparticles
on mammalian gametes. Analyst. 2014;139(5):931-42. doi:10.1039/
C3ANO1463K.

Gamrad L, Rehbock C, Krawinkel J, Tumursukh B, Heisterkamp A,
Barcikowski S. Charge balancing of model gold-nanoparticle-peptide
conjugates controlled by the peptide’s net charge and the ligand to
nanoparticle ratio. J Phys Chem C. 2014;118(19):10302-13. doi:10.1021/
jp501489t.

Huotari J, Helenius A. Endosome maturation. EMBO J. 2011;30(17):3481-
500. doi:10.1038/emb0j.2011.286.

Gao H, Shi W, Freund LB. Mechanics of receptor-mediated endocy-

tosis. Proc Natl Acad Sci USA. 2005;102(27):9469-74. doi:10.1073/
pnas.0503879102.

Canton |, Battaglia G. Endocytosis at the nanoscale. Chem Soc Rev.
2012;41:2718-39. doi:10.1039/c2cs15309b.

Haiss W, Thanh NTK, Aveyard J, Fernig DG. Determination of size and
concentration of gold nanoparticles from UV-vis spectra. Anal Chem.
2007,;79(13):4215-21.doi:10.1021/ac0702084.

Khlebtsov NG. Determination of size and concentration of gold nanopar-
ticles from extinction spectra. Anal Chem. 2008;80:6620-5. doi:10.1021/
ac800834n.

Khlebtsov B, Zharov V, Melnikov A, Tuchin V, Khlebtsov NG. Opti-

cal amplification of photothermal therapy with gold nanopar-

ticles and nanoclusters. Nanotechnology. 2006;17:5167-79.
doi:10.1088/0957-4484/17/20/022.


http://dx.doi.org/10.1208/s12248-008-9071-2
http://dx.doi.org/10.1002/jgm
http://dx.doi.org/10.1021/nl070363y
http://dx.doi.org/10.1021/ja044867z
http://dx.doi.org/10.1021/nl103142t
http://dx.doi.org/10.1016/j.jconrel.2010.06.008
http://dx.doi.org/10.1016/j.jconrel.2008.06.023
http://dx.doi.org/10.1016/j.jconrel.2008.06.023
http://dx.doi.org/10.1016/j.jphotochemrev.2013.06.001
http://dx.doi.org/10.1016/j.jphotochemrev.2013.06.001
http://dx.doi.org/10.1039/c1cs15184c
http://dx.doi.org/10.1039/c1cs15184c
http://dx.doi.org/10.1016/j.jconrel.2012.06.030
http://dx.doi.org/10.1109/JSTQE.2013.2284431
http://dx.doi.org/10.1002/lsm.20223
http://dx.doi.org/10.1002/lsm.20223
http://dx.doi.org/10.1364/BOE.3.000435
http://dx.doi.org/10.2217/17435889.1.4.473
http://dx.doi.org/10.1002/lapl.200810072
http://dx.doi.org/10.1002/lapl.200810072
http://dx.doi.org/10.1038/srep02146
http://dx.doi.org/10.1002/smll.201102304
http://dx.doi.org/10.1371/journal.pone.0058604
http://dx.doi.org/10.1016/j.biomaterials.2011.11.062
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=720226
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=720226
http://dx.doi.org/10.1186/s12951-014-0057-1
http://dx.doi.org/10.1038/nmat2564
http://dx.doi.org/10.1016/j.biomaterials.2011.11.015
http://dx.doi.org/10.1016/j.jconrel.2010.02.012
http://dx.doi.org/10.1016/j.jconrel.2010.02.012
http://dx.doi.org/10.2147/IJN.S33065
http://dx.doi.org/10.2147/IJN.S33065
http://dx.doi.org/10.3390/nano1010031
http://dx.doi.org/10.1021/nn303937k
http://dx.doi.org/10.1021/nn303937k
http://dx.doi.org/10.1021/nn9015746
http://dx.doi.org/10.1021/nn9015746
http://dx.doi.org/10.1016/j.taap.2008.12.023
http://dx.doi.org/10.1002/smll.200700378
http://dx.doi.org/10.2217/NNM.14.139
http://dx.doi.org/10.1039/C3AN01463K
http://dx.doi.org/10.1039/C3AN01463K
http://dx.doi.org/10.1021/jp501489t
http://dx.doi.org/10.1021/jp501489t
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1073/pnas.0503879102
http://dx.doi.org/10.1073/pnas.0503879102
http://dx.doi.org/10.1039/c2cs15309b
http://dx.doi.org/10.1021/ac0702084
http://dx.doi.org/10.1021/ac800834n
http://dx.doi.org/10.1021/ac800834n
http://dx.doi.org/10.1088/0957-4484/17/20/022

Krawinkel et al. ] Nanobiotechnol (2016) 14:2

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Khlebtsov NG, Dykman LA. Optical properties and biomedical applica-
tions of plasmonic nanoparticles. J Quant Spectrosc Radiat Transf.
2010;111:1-35.doi:10.1016/}jqsrt.2009.07.012.

Quinten M. Local fields close to the surface of nanoparticles and
aggregates of nanoparticles. Appl Phys B. 2001;73:245-55. doi:10.1007/
5003400100650.

Pelton M, Aizpurua J, Bryant G. Metal-nanoparticle plasmonics. Laser
Photonics Rev. 2008;2(3):136-59.

Hashimoto S, Werner D, Uwada T. Studies on the interaction of pulsed
lasers with plasmonic gold nanoparticles toward light manipulation, heat
management, and nanofabrication. J Photochem Photobiol C Photo-
chem Rev. 2012;13:28-54. doi:10.1016/jjphotochemrev.2012.01.001.
Zharov VP, Letfullin RR, Galitovskaya EN. Microbubbles-overlapping mode
for laser killing of cancer cells with absorbing nanoparticle clusters. J Phys
D Appl Phys. 2005;38(15):2571-81. doi:10.1088/0022-3727/38/15/007.
Werner D, Hashimoto S. Improved working model for interpreting the
excitation wavelength- and fluence-dependent response in pulsed laser-
induced size reduction of aqueous gold nanoparticles. J Phys Chem C.
2011;115(12):5063-72. doi:10.1021/jp109255g.

Furlani EP, Karampelas IH, Xie Q. Analysis of pulsed laser plasmon-assisted

photothermal heating and bubble generation at the nanoscale. Lab Chip.

2012;12:3707-19. doi:10.1039/c21c40495h.

Lee Y-J, Datta S, Pellois J-P. Real-time fluorescence detection of protein
transduction into live cells. J Am Chem Soc. 2008;130(8):2398-9.
doi:10.1021/ja7102026.

Peng C, Palazzo R, Wilke I. Laser intensity dependence of femtosec-

ond near-infrared optoinjection. Phys Rev E. 2007;75(4):041903-18.
doi:10.1103/PhysRevE.75.041903.

Catrenich CE, Chestnut MH. Character and origin of vacuoles induced in
mamnmalian cells by the cytotoxin of Helicobacter pylori. ) Med Microbiol.
1992;37(6):389-95.

64.

65.

66.

67.

68.

69.

70.

Page 14 of 14

Yang C, Neshatian M, van Prooijen M, Chithrani DB. Cancer nanotech-
nology: enhanced therapeutic response using peptide-modified gold
nanoparticles. J Nanosci Nanotechnol. 2014;14(7):4813-9. doi:10.1166/
jnn.2014.9280.

Soo Choi H, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, Bawendi

MG, Frangioni JV. Renal clearance of quantum dots. Nat Biotechnol.
2007;25:1165-70. doi:10.1038/nbt1340.

Kreyling WG, Abdelmonem AM, Ali Z, Alves F, Geiser M, Haberl N, Hart-
mann R, Hirn S, de Aberasturi DJ, Kantner K, Khadem-Saba G, Montene-
gro J-M, Rejman J, Rojo T, de Larramendi IR, Ufartes R, Wenk A, Parak WJ.
In vivo integrity of polymer-coated gold nanoparticles. Nat Nanotechnol.
2015;10(7):619-23. doi:10.1038/nnano.2015.111.

Klein S, Petersen S, Taylor U, Rath D, Barcikowski S. Quantitative visualiza-
tion of colloidal and intracellular gold nanoparticles by confocal micros-
copy. J Biomed Opt. 2010;15(3):036015. doi:10.1117/1.3461170.

Rehbock C, Merk V, Gamrad L, Streubel R, Barcikowski S. Size control of
laser-fabricated surfactant-free gold nanoparticles with highly diluted
electrolytes and their subsequent bioconjugation. Phys Chem Chem
Phys. 2013;15(9):3057-67. doi:10.1039/C2CP426418B.

Escobar Murua H, Meyer B, Richter A, Becker K, Flohr AM, Bullerdiek J,
Nolte I. Molecular characterization of the canine HMGB1. Cytogenet
Genome Res. 2003;101:33-8. doi:10.1159/000073415.

Heinemann D, Kalies S, Schomaker M, Ertmer W, Murua Escobar H, Meyer
H, Ripken T. Delivery of proteins to mammalian cells via gold nanoparticle
mediated laser transfection. Nanotechnology. 2014;25(24):245101-19.
doi:10.1088/0957-4484/25/24/245101.

Submit your next manuscript to BioMed Central
and we will help you at every step:

We accept pre-submission inquiries

Our selector tool helps you to find the most relevant journal

We provide round the clock customer support

Convenient online submission

Thorough peer review

Inclusion in PubMed and all major indexing services

Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1016/j.jqsrt.2009.07.012
http://dx.doi.org/10.1007/s003400100650
http://dx.doi.org/10.1007/s003400100650
http://dx.doi.org/10.1016/j.jphotochemrev.2012.01.001
http://dx.doi.org/10.1088/0022-3727/38/15/007
http://dx.doi.org/10.1021/jp109255g
http://dx.doi.org/10.1039/c2lc40495h
http://dx.doi.org/10.1021/ja7102026
http://dx.doi.org/10.1103/PhysRevE.75.041903
http://dx.doi.org/10.1166/jnn.2014.9280
http://dx.doi.org/10.1166/jnn.2014.9280
http://dx.doi.org/10.1038/nbt1340
http://dx.doi.org/10.1038/nnano.2015.111
http://dx.doi.org/10.1117/1.3461170
http://dx.doi.org/10.1039/C2CP42641B
http://dx.doi.org/10.1159/000073415
http://dx.doi.org/10.1088/0957-4484/25/24/245101

	Optical and electron microscopy study of laser-based intracellular molecule delivery using peptide-conjugated photodispersible gold nanoparticle agglomerates
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Characteristics of CPP-AuNP agglomerates
	Nanoparticles and their localization in the cells
	Effect of laser irradiation on particles and cells
	Efficient calcein release into the cytoplasm
	Cell viability and cytoxicity of AuNPs

	Discussion
	Conclusions
	Methods
	Laser-based generation of gold nanoparticle-peptide agglomerates
	Cells and uptake of gold nanoparticles
	Laser setup for intracellular molecule release
	Properties and uptake of calcein
	Image analysis to quantify the calcein release
	Viability assay

	Authors’ contributions
	References




