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Gold nanorods are very suitable as energy converters for plasmonic photothermal therapy (PPTT)
applications. These particles can be accumulated on cells by targeted or non-targeted delivery and
subsequently internalized by the cells. Upon photoexcitation, the plasmonic particles create heat that
can trigger cell-death mechanisms that are still not fully understood. Here, we used ultrasmall plasmonic
gold nanorods, either non-targeted or targeted by functionalization with the aptamer AIR-3A. This
aptamer specifically binds to the Interleukin-6 receptor expressed on the investigated BaF3 cell line.
After photoexcitation of only individual cells, we monitored and investigated the evolution of cell death
in real time on the single-cell level by tracking the temporal development of both the morphology and the
absorbance of the cell, which changed due to the uptake of the dye trypan blue. We observed a swelling of
the cell during the first few minutes, followed by a subsequent staining due to loss of membrane integrity,
before cellular lysis took place. As the most notable difference between the use of targeted and non-targeted
gold nanorods, the trypan blue staining period was considerably shorter when the targeted gold nanorods were
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used. Morphological changes of the cell after irradiation strongly suggest that necrosis is induced. The temporal
delay between the start of the necrotic process and the beginning of cell staining indicates that the cell
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1 Introduction

One of the most promising emerging applications of nano-
structures in cancer research is the use of plasmonic nano-
structures like gold nanoparticles, -rods, or hollow spheres for
plasmonic photothermal therapy (PPTT). Here, a temperature
increase is induced via optical irradiation at the plasmonic
absorption band of the nanostructures that are located on or
in the tumor. This rise in tumor temperature can lead to cell
death on its own, but also makes the tumor more susceptible
to radiation or chemotherapy." Since non-malignant cells have
unimpaired heat-shock protection mechanisms, cancerous
cells are more susceptible to temperature rise. Therefore mild
hyperthermia usually only induces very little damage in healthy
cells.” In an attempt to further reduce this damage to healthy
tissue, temperature increase only in the cancerous tissue is
desirable. For this goal, the use of targeted gold nanostructures,
which can be specifically accumulated in the tumor by targeted
delivery, shows great promise. The targeted delivery can be achieved
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damage initially occurs in the inner cell compartments before the cell membrane is affected.

by decorating the gold nanostructures with biomolecules that
specifically interact with surface receptors or molecules inherent
to the desired cell type.>™

In general, two types of cell death can be distinguished and
it is of therapeutic significance which pathway is induced by the
plasmonic photothermal effect.'”> High temperature increase
generally leads to cell death by necrosis, while temperature
increase by only a few degrees Celsius induces apoptosis, the
programmed cell death." While inducing apoptosis has the advan-
tage that no inflammatory response is triggered as the apoptotic
vesicles are phagocytosed, it has also been suggested that this
pathway could lead to development of resistances."® On the other
hand necrosis is induced by inflicting substantial damage to key
components of the cancerous cells such as the cell membrane or
the mitochondria,>"*™*> which will inevitably lead to cell death.
One of the downsides in the necrotic processes is that the cell is
ultimately lysed completely and the cell fragments could lead to an
inflammatory response in the organism.'® While both pathways
may pose advantages and disadvantages depending on the appli-
cation and the desired result, a clear understanding of the pathway
induced in an experimental series is necessary. One simple way to
distinguish these two pathways is to investigate the morphological
changes in the cell. Necrotic cells initially swell due to the inability
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to regulate cell homeostasis after cell damage, which eventually
leads to a loss of membrane integrity.">'*'” Hence, the cell
becomes leaky until it completely disintegrates and the cell
components are released into the extracellular medium. Necrosis
will lead to loss of membrane integrity early on in the process and
can therefore easily be investigated by dye exclusion assays."® In
contrast, apoptotic cells shrink and the membrane forms blebs.
The cell compartments are encapsulated in apoptotic vesicles,
which are then phagocytosed.

In this study we investigated the cell death of individual cells
induced by PPTT with microscopic techniques. Single cells,
previously incubated with gold nanorods, were laser irradiated
after which the transformation of the cell was monitored by
optical microscopy. While the change in cell morphology was
monitored directly, loss of membrane integrity was in parallel
investigated by trypan-blue staining, as this dye cannot traverse
the membrane of healthy cells.

In addition, we also explored the possibility of specific PPTT.
Here we investigated the influence of targeted delivery to the
Interleukin-6 (IL-6) receptor-carrying cells. For targeting the
receptor, we chose the aptamer AIR-3A, which was specifically
selected against the IL-6 receptor by Meyer et al'® Upon
binding to the receptor the aptamer can be taken up into the
cell mediated by the receptor,' carrying gold nanostructures or
other cargo molecules.'™"%?°

To transfer the optical excitation energy into local heat we
chose elongated gold nanorods as they have fundamental
advantages for photothermal therapy over spherical gold nano-
particles. Most notably, they exhibit an additional longitudinal
plasmon resonance in the near-infrared (NIR) range of the
spectrum, whereas spherical gold nanoparticles show a plasmon
resonance in the visible region.”" As the depth of penetration of
light into tissue is higher for light in the NIR region than in the
visible region, the application of PPTT using elongated gold
nanorods is more suitable.”>** An additional factor in order to
ascertain the suitability of gold nanostructures for PPTT is the
absorption cross-section, which can be correlated to the size of
the nanostructures. It has been shown that elongated gold
nanorods with an effective radius (i.e. the radius of a sphere with
a volume equaling that of the nanorod) larger than approximately
11 nm display high efficiency of scattering, thereby lowering the
efficiency of absorption.>* As photothermal heating is induced by
the excitation of the plasmon resonance, strong scattering is not
desirable for this application. This is why we used ultrasmall
nanorods exhibiting an effective radius of 5.6 nm.

Many research groups have already demonstrated the advanta-
geous plasmonic photothermal effect of gold nanorods for
various applications.'*?"?*28 The microscopic study presented
here allows to additionally investigate the mechanism of this effect
and the subsequently induced cell death as well as the influence of
the targeted delivery system mediated by the IL-6 receptor. In our
experiments, we find that for the targeted delivery system, the
time until cell death during PPTT is significantly shorter than
for non-targeted delivery. In addition, the morphological changes
we observed during this process and the time-frame in which the
cell membrane loses its integrity strongly suggest that in our case
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the plasmonic effect triggers cell death by necrosis as opposed to
apoptosis. We observed a temporal delay until membrane integrity
is lost after the necrotic process had already started. This indicates
that initial damage to the cell is mainly due to the photo-
thermal heating of intracellular compartments by internalized and
membrane-bound gold nanorods. In our PPTT experiment, the cell
membrane proves to be less affected than the inside of the cell.

2 Experimental
2.1 Synthesis of ultrasmall gold nanorods

All glassware was rinsed with aqua regia followed by deionized
water before use. Ultrasmall gold nanorods were prepared
using a tenfold scaled-up approach based on a route by Jia and
coworkers.>® The seed solution consists of chloroauric acid
(0.75 mL, 0.01 M), cetrimonium bromide (CTAB/29.25 mL,
0.1 M), and freshly prepared and ice-cold sodium borohydride
(1.8 mL, 0.01 M). The mixture was vigorously stirred for two
minutes and kept unstirred for aging (two hours) before use.
To prepare the growth solution, a mixture of cetrimonium
bromide (67.5 mL, 0.1 M), chloroauric acid (3.75 mL, 0.01 M),
silver nitrate (0.75 mL, 0.01 M), and hydrochloric acid (1.5 mL,
1 M) for adjusting the pH level was stirred at 30 °C for optimal
stability conditions of the CTAB micelles.*’ Very strong foaming
should be avoided until this point. While increasing the level of
stirring, ascorbic acid (0.6 mL, 0.1 M) was injected, which
results in disappearance of any color. Seed solution and growth
solution were mixed in the ratio of 3 : 7. The solution was stirred
quickly and subsequently kept unstirred overnight at 30 °C.

For purification, the gold-nanorod solution was centrifuged
twice. The first centrifugation step (15000 rcf, 30 °C, 60 min)
leads to a reduction of the CTAB concentration. After resus-
pending the gold nanorods in water the second step (7000 rcf,
30 °C, 90 min) leads to a particle size separation.’"

2.2 PEGylation of ultrasmall gold nanorods

For experiments in the presence of living cells, CTAB ligands
need to be removed from the gold nanorods, because of their
cytotoxic character.?>*? For this purpose, adapting a method of
Liu et al ,** CTAB was exchanged for a carboxyl- and thiol-terminated
ethylene glycol (CT-PEG;,) in the presence of bis( p-sulfonatophenyl)-
phenylphosphine (BSPP). In this functionalization process,
10 pL of gold nanorod sample (¢ = 3.6 nM) were diluted in 140 pL
of Tris-HCI buffer with 0.05 wt% of polysorbate 20 (Tween 20).
BSPP (23.20 pL, 100 mM) and CT-PEG;, (6.65 uL, 10 mM) were
added and the solution was stirred vigorously. After 10 min of
incubation, sodium chloride (15 pL, 5 M) was added and the
stirring process was repeated. After 24 h at 30 °C the sample was
then centrifuged (15000 rcf, RT, 30 min). The precipitate was
dissolved in 50 pL of PBS-buffer solution.

2.3 Characterization

Size and optical properties of PEGylated ultrasmall gold nano-
rods were characterized using transmission electron microscopy
(TEM) and UV-Vis absorption spectroscopy. The TEM measurements
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Fig. 1 Characterization of the gold nanorods. (a) TEM image of gold nanorods. The image analysis for 320 particles shows a mean length of 21 +£ 5 nm, a
mean diameter of 7 + 2 nm, and a mean aspect ratio of 3.16 (scale bar: 100 nm). (b) UV-Vis spectrum of the same gold nanorod sample after PEGylation.
The longitudinal localized surface plasmon resonance (l-lspr) was measured to be 690 nm.

were performed on a CM300 (Philips) with an acceleration voltage
of 200 kv. A Cary 5000 spectrophotometer was used to per-
form the UV-Vis absorption spectroscopy. A TEM image,
particle-size-distribution data, and an absorbance spectrum
are given in Fig. 1.

2.4 Introduction of an affinity molecule and formation of
double-ligand layers on ultrasmall gold nanorods

In order to introduce an affinity molecule specifically targeting
the IL-6 receptor, a second ligand layer was attached to the
carboxyl-terminated PEG layer, consisting of either pure amine-
and carboxyl-terminated CA-PEG;, (carboxy-PEG;,-amine) or a
mixed layer of 90% CA-PEG;, and 10% of the IL-6 receptor-
specific aptamer AIR-3A. The double-ligand-layer gold nanorods
were synthesized via a classical EDC-NHS cross-coupling reaction.
For that purpose, 30 pL PEGylated gold nanorods (c = 8.4 nM) were
diluted in 60 pL MES buffer (pH = 5.3). A 100x excess of EDC
(0.1 M) as well as a 200x excess of sulfo-NHS (0.2 M) were added
and incubated for 30 minutes at room temperature. The nanorods
were centrifuged at 18 000 rcf for 30 minutes and the supernatant
was discarded while the gold nanorods were resuspended in
50 puL PBS buffer. A 12x excess of ligands relative to the hypo-
thetical amount of binding sites on the nanorods (calculated
from the nanoparticle concentration, surface area, and foot-
print of the ligands) was added of either only CA-PEG;, or the
amine-terminated aptamer AIR-3A and CA-PEG,, in a ratio of
1:10. The functionalized nanorods were purified by centrifugation
at 15000 rcf for 30 minutes at room temperature. The precipitate
was dissolved in 50 pL of PBS-buffer solution.

2.5 Cell culture experiments

IL-6 receptor carrying BaF3 cells were cultivated in DMEM
(Dulbecco’s modified Eagle’s medium) completed with 10%
FCS (fetal calf serum) and 1% P/S (penicillin/streptomycin) at
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37 °C and 5% CO,. For proliferation of the cells, the cytokine
hIL-6 (human Interleukin-6) was added to the cell culture in a
final concentration of 10 ng mL™". Cells were passaged after
reaching a cell density of 500 000 cells per mL.

Cells were incubated with 1 nM of ultrasmall gold nanorods
for 30 minutes at 37 °C and 5% CO,. After incubation, 0.4%
trypan-blue solution was added to the cell suspension in a ratio
of 1:1 before transfer into a Neubauer counting chamber.
Single cells were irradiated with a laser and observed via optical
microscopy every 10 seconds after the end of the irradiation.

For irradiation of the gold nanorods in the NIR region a
supercontinuum white light laser source (SuperK Extreme, NKT
Photonics) combined with a tunable single-line filter (Superk
Varia, NKT Photonics) operating at 690 nm with a bandwidth of
15 nm was used.

2.6 Micrograph analysis for cell-death tracking in PPTT
experiments

For the evaluation of micrographs obtained with a light micro-
scope in the PPTT experiments on BaF3 cells we tracked both,
the visual change in morphology and also the contrast change
because of interdiffusion of the trypan blue due to damage in
the cell membrane.

Fig. 2 shows typical images of a single BaF3 cell incubated
with gold nanorods and stained with trypan blue before and at
certain times after laser irradiation. The images are based on
the back-reflected red light; more precisely, they represent the
red channel of the CCD camera. When a dye appears blue, it is
absorbing mainly the red part of the white-light spectrum, thus
the red channel of the CCD is linked to the absorption of light
by trypan blue. Bright regions in the grey scale of the images
corresponds to a small absorption and thus a large so-called
red value (RV), as read out from the CCD. In reverse, dark pixels
in the images correspond large absorption and a small RV.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Micrograph analysis for cell-death tracking. Typical micrographs of
a single cell incubated with gold nanorods and stained with trypan blue
before (t = 0 s) and after certain times (t = 200 s, 340 s, 450 5, 470 s, 700 s)
after irradiation. Blue circles mark the regions in which the red values of
the cell (RV) have been determined, green squares represent areas over
which reference red values (RV) were averaged.

In our micrograph analysis, the diameter of the cell is
approximated by fitting a circle of variable diameter to the outer
contrast line. The absorbance of the cell is calculated from:

ai bi
Absorbance = log (EX&) —log (EX&) (1)

Here, RV and RV? correspond to the red value before and at a
certain time after irradiation, respectively. For each micrograph,
these values have been averaged over a circular area in the cell
(blue circles in Fig. 2). RV§' and RV are reference red values for
each RV”' and RV*, which are obtained for each micrograph by
averaging over an area far away from the cell (green squares in
Fig. 2). The introduction of these reference values into the
calculation of the absorbance eliminates unwanted variations
induced by fluctuations of the microscope illumination.

3 Results & discussion

3.1 Plasmonic photothermal effect of non-targeted ultrasmall
gold nanorods on individual BaF3 cells

In order to observe the plasmonic photothermal effect of gold
nanorods, we synthesized nanorods with a length of 21 nm and
a diameter of 7 nm. Details on the synthesis, the characterization,
and the PEGylation of the nanorods are given in the Methods
section. Such ultrasmall gold nanorods show a plasmon resonance
in the NIR region and are therefore potentially suitable for biological
application in tissue. Their dimensions almost perfectly fit to
the size that has previously been identified as being most
effective for plasmonic photothermal therapy.® This is because
their small effective radius leads to a very high efficiency of
absorption compared to their efficiency of scattering.** Additionally,
since the cellular uptake is also more effective®® and specific'* for
smaller nanoparticles than for larger ones, our choice of ultra-
small gold nanorods should be ideally suited for photothermal
applications. Immortalized murine BaF3 cells presenting the
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IL-6 receptor on their surface were incubated with the PEGylated
gold nanorods. These nanorods can only undergo non-specific
interaction with the cells. After incubation and trypan-blue
addition to the cell suspension, single cells were irradiated
using laser light with a wavelength of 690 nm. The size of the
laser spot was determined to be 13.7 pm and the power of the
laser was set to 130 pW. This corresponds to a power density of
22 W em™ 2, which is in a common range for PPTT.*”° Details
of the cell culture experiments including incubation, irradiation,
and microscopy can be found in the Methods section.

Fig. 3(a) shows micrographs of an exemplary cell incubated
with non-targeted PEG-coated gold nanorods captured before
and every 10 s after the irradiation period of 60 s. As it can be
seen in the images, the cell shows morphological changes
starting early after the irradiation. The size increases and after
approximately 850 s, the formerly sharp boundary between the
cell and its surrounding begins to blur. The staining starts after
approximately 5 minutes, indicating uptake of the dye as
the membrane loses its integrity. The micrographs are further
analyzed by determining in each image (i) a diameter of the cell
and (ii) the degree of trypan-blue staining expressed by
the absorbance of the cell. Details of the analysis are given in
the Methods section.

Fig. 3(b) shows the development of both the cell size and the
absorbance over time. It can be seen that the increase in the
diameter starts immediately after the end of the irradiation and
it quickly increases by almost 40% compared to its initial value
until the diameter reaches a plateau at the time ¢; &~ 300 s, at
which the size stays almost constant for nearly 600 s. Then, at
t, ~ 850 s, the diameter as determined from the micrographs
drastically increases again. Regarding the absorbance, after the
end of the irradiation, it increases only very slightly. After a
delay time ¢ ~ 360 s > t;, the absorbance, which indicates the
amount of trypan blue in the cell, strongly increases with a
relatively constant slope m until time ¢,. After ¢,, the absorbance
sharply decreases again.

For comparison, Fig. 3(b) additionally shows the absorbance
of a cell under the same experimental conditions but not incubated
with gold nanorods. It can be seen that, in this case, the absorbance
does not change significantly over time. The same is also true
for the size of the cell (not shown here). This proves that in our
experiments laser irradiation alone, in absence of plasmonic
particles, does not lead to cell death. Furthermore, the toxicity
of our ultrasmall gold nanorods alone without light irradiation
was shown to be negligible (see ESI, T Fig. S1).

The results shown in Fig. 3(a) and (b) clearly indicate the cell
death to occur by necrosis as opposed to apoptosis. First of all,
the cell swelling that takes place until ¢, is typical for the necrotic
process due to the cell’s inability to uphold homeostasis.">*° In
the course of the necrotic process, eventually cellular lysis takes
place, which we can identify to start at time ¢,. In contrast, in an
apoptotic process one would expect the cell first to shrink
before the cell compartments are encapsulated in apoptotic
vesicles. Also the staining of the cells by trypan blue in an early
stage of the cell-death process is an indicator for a necrotic
process‘12714,17,41743
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Fig. 3 Observation of the plasmonic photothermal effect of PEGylated ultrasmall gold nanorods on a single cell irradiated at 690 nm with 22 W cm™~2 for
60 s, after incubation with PEGylated non-targeted gold nanorods (1 nM nanorods, 30 min, 37 °C, 5% CO,). (a) Micrographs (47 x 47 um?) captured via
optical microscopy of the cell every 10 s starting after the end of the irradiation process. Laser-spot position is shown in red. Laser-spot dimensions not to
scale. (b) Cell diameter and absorbance over time extracted from the micrographs in (a). Dashed lines are guides to the eye to determine times t; and
t, (see text for more information). The top scheme depicts four key stages in the necrotic process corresponding to timest =0, t < t;, t; < t < t5, and

t > t,, respectively.

Due to the morphological changes of the cell as well as the
delay between cell swelling and cell staining, it seems likely that
in our experiments the gold nanorods do not primarily damage
the membrane directly. If this was the case, we would expect
diffusion of the dye molecules into the damaged cell on a much
faster timescale than the delay that can be seen in our experi-
ments. Instead we propose that vital cell compartments are
damaged by photothermal heating, eventually leading first to
the initiation of the necrotic process followed by the loss of
membrane integrity. It is well established in the literature that
most nanoparticles, when endocytosed by a cell, eventually
primarily accumulate in the lysosomes.'>**>! This is because
the early endosomes, which contain the endocytosed material,
are acidified and fuse with pre-lysosomal vesicles, before they
turn into late endosomes and consequentially lysosomes.”” A
break-out of the nanoparticles from the endosomes on this
pathway is unlikely unless endosomal escape strategies are
employed. Therefore, we hypothesize that the gold nanorods
used in our experiments are located in the lysosomes after
uptake. It is well known that the lysosomes are heavily involved
in the necrotic cell-death mechanism when damage to the
lysosomal membrane or lysosomal rupture occurs. Then a wide
array of hydrolases is released into the cytosol that can degrade
most cellular biomolecules and therefore initiate cell death.>
Consequently, we suppose that in our experiment the lyso-
somes are damaged photothermally via plasmons of the gold
nanorods, which eventually initiates the necrotic cell death.

Summarizing this section, the sketch in the top of Fig. 3(b)
depicts four key stages in the necrotic process each of which

3586 | J Mater. Chem. B, 2019, 7, 3582-3589

can be correlated to a micrograph in panel (a) as well as to
values of the cell size and the cell absorbance at specific points
in time. The first stage corresponds to the viable cell at ¢ = 0 s.
The second stage represents cell swelling before strong staining
at a time ¢ < ¢;. The third stage belongs to a stained cell with
lost membrane integrity between ¢; and ¢,. The forth stage is
the cellular lysis after ¢,.

3.2 PPTT acceleration through higher delivery efficiency by
the specific interaction between the ligand-coated ultrasmall
gold nanorods and the cells

The method outlined above was applied in order to compare
the efficiency of PPTT using either non-targeted (PEGylated) or
targeted (aptamer-functionalized) gold nanorods. Both ultra-
small gold nanorod variants feature a double PEG layer. The
targeted nanorods have 10% of the outer PEG layer substituted
by the IL-6 receptor binding aptamer AIR-3A. IL-6 receptor-
carrying BaF3 cells were incubated with either non-targeted or
targeted gold nanorods, trypan blue was added, and single cells
were irradiated with laser light (690 nm, 130 uW) for 60 seconds
before micrographs were captured every 10 s (see ESI,} Fig. S2).

Fig. 4(a) shows the development of the cell size and absor-
bance over time for both the non-targeted PEGylated (top) and
the targeted aptamer-functionalized (bottom) gold nanorods.
Qualitatively, in both cases the curves resemble the ones shown
in Fig. 3(b). Morphological changes start immediately after the
end of the irradiation. The diameter increases due to cell swelling
until it reaches a plateau at a time ¢;. Here, ¢; &~ 200 s for both
non-targeted and targeted gold nanorods. The diameter then

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparison of the plasmonic photothermal effect of targeted and non-targeted gold nanorods on single cells irradiated at 690 nm and 130 pW
for 60 seconds, after gold nanorod incubation (1 nM nanorods, 30 min, 37 °C, 5% CO,). (a) Cell size and absorbance over time for cells incubated with
either non-targeted or targeted gold nanorods with either PEGylated non-targeted gold nanorods (top) or aptamer-functionalized targeted gold
nanorods (bottom). Dashed lines are guides to the eye to determine times t; and t, (see text for more information). (b) Average slope m and the average
time t; for cells incubated with either targeted or non-targeted nanorods. The error bars represent standard deviations (n = 6).

remains constant until it drastically increases again at a time ¢,,
indicating cellular lysis. Here, ¢, is much smaller for the targeted
gold nanorods (~ 380 s) than for the non-targeted ones (x 640 s).

Regarding the absorbance, for both of these two cells a slight
increase is observable even in the early stage of the process, for
t < t;. This increase, which did not occur for the cell analyzed
in Fig. 3, could possibly be due to a small amount of trypan
blue already entering the cells. However, taking into account
the visual inspection of the actual micrographs from which the
absorbance data was extracted (see ESI,T Fig. S2), it seems more
likely that this increase stems from contrast changes due to
the cell changing its morphology. This initial increase can be
clearly differentiated from the rapid linear absorbance increase,
which starts shortly after time ¢; and can clearly be attributed to
the dye entering the cell, as we have described during the
discussion of Fig. 3(b). The slope m of this linear region, and
therefore the rate at which the dye trypan blue enters the cell, is
significantly different for the cells incubated with either non-
targeted or targeted ultrasmall nanorods. The cell incubated
with the targeted gold nanorods shows a much steeper incline
of absorbance, indicating higher membrane permeability than
for the non-targeted nanorods. We suggest that this is due to
more extensive damage caused by photothermal heating as the
targeted delivery allows accumulation of a higher concentration
of gold nanorods in and on the target cell. The linear increase of
the absorbance ends exactly at the time ¢,, for which the size
of the cell drastically jumps up. Here, lysis leads to a spread
of the cellular contents, thereby decreasing the trypan blue
concentration in the analyzed volume and hence leading to
the measured absorbance drop after ¢,.

The data presented in Fig. 3 and 4(a) was obtained from
three different cells that belong to a series of in total twelve
investigated cells, half of them incubated with non-targeted
and half of them incubated with targeted gold nanorods.

This journal is © The Royal Society of Chemistry 2019

Qualitatively, the data obtained from all cells is similar to the
above discussed data. In particular, for each cell the parameters
t1, t2, and m could be clearly determined.

Fig. 4(b) shows the average slope m and the average time ¢;
for the cells incubated with either non-targeted or targeted
nanorods. It can be seen that the average slope m is indeed
larger for the targeted gold nanorods. While the error bars are
rather large due to variance from cell to cell in the same
sample, the error bars do not overlap. This indicates that the
difference between the two nanorod variants is of statistical
significance and therefore strongly suggests a PPTT acceleration
due to the targeted delivery system. As already mentioned, the
larger slope m for targeted nanorods indicate a higher membrane
permeability, i.e., a higher degree of damage, caused by a higher
concentration of gold nanorods in and on the cell. In contrast,
the average time ¢;, after which the cell swelling reaches a
plateau, is similar for both non-targeted and targeted nanorods.
The swelling process, which is due to loss of ion homeostasis,
probably ends once the membrane starts to lose its integrity. At
this time, the trypan blue dye molecules start to enter the cell and
the staining begins. Our observations suggest that, at least for the
different concentrations of gold nanorods as given by targeting
and non-targeting in our experiment, the swelling time ¢, is
determined by the time it takes for the cell on its necrotic
pathway until its membrane starts to get harmed, which is in
first approximation independent of the nanorod concentration.

Interestingly, regarding the error bars for the slope m in
Fig. 4(b), the variance for targeted nanorods is larger than in
the non-targeted case. It can be speculated that this is due to
additional variables that influence only the targeted delivery of
the aptamer-functionalized gold nanorods and therefore the
amount of gold nanorods accumulated in or on the cell during
the incubation. While non-targeted gold nanorods can only
interact with the cells via non-specific pathways, for the targeted
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gold nanorods non-specific as well as receptor-mediated, specific
interaction is possible. The extent to which the non-specific
interaction is supplemented by specific interaction for the targeted
gold nanorods is dependent on additional parameters, such as
level of receptor expression, that have no influence on the delivery
of the non-targeted nanorod variant.

4 Conclusion

In this study, we investigated the plasmonic photothermal
effect of elongated non-targeted and targeted gold nanorods in
real time on single cells by monitoring morphological changes as
well as the kinetics of trypan-blue staining (dye exclusion assay)
of dying cells after laser irradiation. Analyzing the changes over
time of morphology and of the absorbance leads to the following
conclusions: in the case of our experiment, the photothermal
heating caused by the irradiated gold nanorods leads to cell
death by necrosis as opposed to apoptosis. The key stages in the
necrotic process can be recognized in the captured micrographs
and investigated in detail by analyzing the temporal changes of
cell size and absorbance. A temporal delay between the onset of
the necrotic process, evident by the morphological changes, and
the subsequent loss of membrane integrity suggests that the
initial damage to the cell occurs mainly inside the cell instead of
on its membrane. Since endocytosed nanoparticles typically
accumulate in the lysosomes, it can be assumed that photo-
thermal heating in our experiment leads to damage to the
lysosomal membrane and eventually to lysosomal rupture. This
in turn can lead to the release of a wide array of hydrolases into
the cytosol, which degrade a variety of essential biomolecules
and therefore initiate cell death. We were able to show that cells
incubated with targeted as opposed to non-targeted gold nano-
rods show a faster loss of membrane integrity due to more
expansive damage to the cell via photothermal heating, since
higher concentrations of gold nanorods can be accumulated in
or on the cell when the targeted delivery is exploited.
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