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Abstract: Stimulation of the localized surface plasmon of metallic 
nanoparticles has been shown to be an effective mechanism to induce 
photothermal damage in biological tissues. However, few studies have 
focused on single cell or subcellular ablation. Our results show that, upon 
incubation, gold nanostars are internalized by neurons of acute mouse 
cerebellar brain slices, clustering inside or close to the nucleus. By 
stimulating the nanostars’ surface plasmon using a femtosecond laser, we 
show deformation of single nuclei and single cells. Given its precision and 
extremely localized effect, this is a promising technique for photothermal 
therapy in areas sensitive to collateral thermal damage such as the nervous 
system. 
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1. Introduction 

There is a lot of interest in characterizing the bulk effects of nanoparticle mediated 
photothermal damage in tissues [1–4]. However, little is known about how this process takes 
place at the single cell and subcellular level [5, 6], partly because protocols to assess cell 
death or damage usually sample the tissue over periods of tens of minutes to hours. The basic 
principle behind photothermal therapy is to introduce nanoparticles with a surface plasmon 
resonance in the near-infrared (NIR) into cells and stimulating them with a laser. Since 
hemoglobin and water have the highest transmissivity in the NIR [7] this enables the 
stimulation of nanoparticles deeper into the tissue. When the nanoparticles are illuminated 
with laser light at a wavelength close to that of the surface plasmon, the electromagnetic 
energy absorbed heats up the electrons which thermalize with the lattice and the surrounding 
media [8, 9]. This transfer of thermal energy can affect the surrounding tissue in several ways. 
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Cell damage can occur from increasing the temperature a few degrees, causing cellular 
breakage and apoptosis, or it can lead to evaporation [10]. The details of the stimulation 
procedure, such as laser pulse duration and intensity, determine the mechanism and 
characteristics of the laser-particle interaction and the subsequent effects on the tissue [11]. 
To date, many procedures have been developed to functionalize nanoparticles so that they 
locate to specific cells [12–14]. By combining these schemes with nanoparticles engineered to 
have plasmon modes at a particular wavelength, we could develop highly localized 
photothermal therapies with minimal collateral damage. However, in order to achieve the goal 
of removing sick or damaged tissue at the single cell level it is necessary to first characterize 
the thermal effects and dynamics of nanoparticle stimulation at the cellular and subcellular 
levels. 

In this study, we used a seed-mediated and silver-assisted growth method that we recently 
developed to obtain star shaped gold nanoparticles with a surface plasmon resonance in the 
NIR [15]. A two-photon microscope and the nanoparticle’s luminescence were used to 
confirm that the nanoparticles were naturally internalized by neurons from acute mouse 
cerebellar brain slices [16, 17]. Using femtosecond pulsed NIR light we demonstrate single 
cell and single nucleus nanoparticle assisted destruction, we determined the energy threshold 
and temporal dynamics for this process in fixed and live neuronal tissues. Single cell control 
of photothermal therapies mediated by nanoparticles could offer significant advantages over 
present techniques that focus on bulk effects on tissues by reducing collateral damage in 
sensitive areas, such as the nervous system, and enabling nanoscale ablation capabilities [18, 
19]. 

2. Methods 

2.1 Gold nanostar synthesis and characterization 

Gold nanostars were prepared using a modified seed-mediated growth process we recently 
published [15]. For the silver seed solution we prepared a 10 mL 0.25 mM solution of silver 
nitrate (AgNO3) and stirred it with a stirring magnet. Separately we prepared a 10 mL 5 mM 
sodium citrate tribasic solution (Na3C6H5O7) and added 0.25 mL to the silver nitrate being 
stirred. Finally, we added 0.4 mL of a 40 mM NaBH4 solution that had been previously 
chilled in a bucket with ice in the refrigerator for 15 min to the silver nitrate solution and 
continued stirring for another 5 min before removing the magnet. We kept this silver seed 
solution uncovered and in the dark until ready to use. 

For the nanoparticle growth solution we prepared 10 mL of a 80 mM ascorbic acid 
solution (C6H8O6) and 20 mL of a 50 mM cetyl trimethylammonium bromide solution 
(C19H42BrN), referred to as CTAB. The CTAB solution was immediately stirred with a 
stirring magnet on a warm plate at 30 °C. After CTAB had completely dissolved we turned 
off the heater but kept stirring. We then added enough silver nitrate solution to obtain a final 
molarity of 0.049 mM. After 1 min we added a concentrated solution of gold chloride 
(HAuCl4) to a final molarity of 0.25 mM. After another minute we added 0.1 mL of the 
ascorbic acid solution. After 20 seconds we added 0.05 mL of the silver seed solution and 
continued stirring for 15 min. We then removed the magnet and kept the suspension at room 
temperature for 24 hours. After synthetizing the nanoparticles we washed them to remove the 
CTAB and other components. In all cases the initial volume was 10 mL and the final volume 
was 3 mL. The washing procedure consisted in sonicating the suspension for 2 minutes, then 
using the centrifuge for 5 min at 730 relative centrifugal force (rcf). This caused the 
nanoparticles to accumulate in the walls of the tube. We then removed the liquid with a 
pipette. We added DI water and sonicated for 2 more minutes, then used the centrifuge for 3 
min at 460 rcf. We repeated this step, then centrifuged for 3 min at 380 rcf, removed the 
solution and added DI water to obtain a 3 mL suspension. 
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Absorption spectra of the prepared gold nanostar solutions were measured using a Cary 
14 UV/Vis/NIR Spectrophotometer. Scanning electron microscopy and energy-dispersive X-
ray spectroscopy (EDS) analysis was performed in a FEG Hitachi S-5500 ultrahigh resolution 
electron microscope (0.4 nm at 30 kV). 

2.2 Brain slice preparation and labelling 

Sagittal cerebellar slices from 12 to 17 day old mice were prepared using standard procedures 
[20, 21] approved by the UTSA IACUC. The 200 μm thick slices were incubated for 30 min 
in artificial cerebro spinal fluid (aCSF) at 36 °C. 

For fixed tissue studies, brain slices were then transferred to a chamber containing 1 mL 
of aCSF and 20 μL of 2x10−5 M gold nanostars for 1-3 hrs. In this step the particles were up 
taken by cells presumably through endocytosis [22]. Slices were washed in aCSF twice for 10 
min to remove extracellular nanoparticles. Brain slices were then fixed by immersing them in 
0.1 M phosphate buffered at 10% formalin (4% formaldeyhe) for 30 min and washed again in 
aCSF three times for 10 min. They were then transferred to a solution containing 1% sodium 
hydroxide in 80% alcohol for 5 min followed by 2 min in 70% alcohol and 2 min in distilled 
water. The slices were post-fixed in 0.06% potassium permanganate solution for 10 min and 
washed in distilled water for another 2 min. Finally, slices were transferred to a coverslip and 
mounted with a drop of 4', 6-diamidino-2-phenylindole (DAPI, Vector Laboratories, 
Burlingame, CA) for imaging purposes. 

Live brain slices were incubated with a cytosolic fluorescent marker, cell tracker green 
CMFDA (Molecular Probes). Cell tracker was dissolved in DMSO (Sigma-Aldrich) at a 
concentration of 1 mM. Cerebellar slices were incubated in a 2 µM concentration of cell 
tracker in aCSF for 15 min at 37 °C. After that, slices were washed in aCSF twice for 10 min. 
Then the slices were incubated with 1 mL of aCSF and 20 μL of 2x10−5 M gold nanostars for 
2 hours at room temperature. Finally, the slices were washed in aCSF twice for 10 min to 
remove extracellular nanoparticles and were imaged while in a room temperature circulating 
bath. 

2.3 Imaging and laser excitation system 

Images were collected using a Prairie Technologies two-photon laser scanning microscope 
(Madison, WI) with a 20x 0.9 N.A. water immersion objective (Olympus) coupled to a 
Coherent (Santa Rosa, CA) Chameleon tunable (700 – 950 nm) femtosecond (pulse duration 
<150 fs) Ti:sapphire laser with a 90 MHz repetition rate. Stacks of XY images were obtained 
at Z-steps between 0.1 and 1.0 µm up to a depth of 100 µm. Images were obtained at a rate of 
0.02 – 0.45 frames/s with dwell times of 2-30 µs. Depending on the power output, the 
Ti:sapphire was used to generate only the luminescence from the gold nanostars and the two-
photon fluorescence by DAPI (or cell-tracker), or both of those as well as exciting the surface 
plasmon of the gold nanoparticles. Two-photon excitation of DAPI and cell tracker was 
accomplished with wavelengths of 720 nm and 750-760 nm, respectively. The resulting 
fluorescence from the nuclei stained with DAPI or the cytosolic fluorescent marker was 
collected between 435 and 485 nm while, simultaneously, the luminescence from the 
nanoparticles was collected between 584 and 630 nm. 

3. Results and analysis 

3.1 Growth and internalization of nanostars 

Scanning electron microscopy analysis shows well-formed star-shaped nanoparticles with the 
number of tips ranging from 7 to 10 and an average size of 190 ± 23 nm STD (standard 
deviation), see Fig. 1(a)-1(c). We confirmed that the nanoparticles were made of gold using 
EDS analysis (not shown). The absorption spectrum is broad and shows that the surface 
plasmon resonance is centered around 840 nm (Fig. 1(d)). Thus, our seed-mediated method 
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reliably generates a heterogeneous production of gold nanostars with a surface plasmon 
resonance in the NIR. 

 

Fig. 1. Characterization of gold nanostars. (a-c) Scanning electron microscope images of gold 
nanostars. (d) Spectra of silver-seed (dashed) and gold nanostars (solid). 

We imaged fixed brain slices that had been incubated with gold nanostars using a two-
photon laser scanning microscope tuned to 720 nm in order to localize and quantify the 
internalization of gold nanostars by neurons. For imaging purposes, the fixation procedure 
included the staining of the nuclei with DAPI. During the imaging process, the fluorescent 
photons were separated into two different spectral windows, one for DAPI and the other for 
the expected two-photon luminescence of the nanoparticles [9] (see Methods). Initially, we 
collected 2D image stacks separated vertically between 0.1 and 0.2 µm for each channel and 
obtained 3D volumetric reconstructions of the viewing field by merging the images from the 
stacks. The volumetric reconstruction obtained from the spectral window corresponding to 
DAPI allowed us to locate the nuclei of the cells (Fig. 2(a)) and, by merging it with the data 
collected from the spectral window for the luminescence we were able to locate the 
nanoparticles (red dots, Fig. 2(b)). This analysis indicates that some nanoparticles are located 
close to the nuclei. By setting the transparency of the 3D reconstruction to 50%, we 
determined that nanoparticles also localize inside the nuclei (Fig. 2(c)). We quantified the 
number of cells that contained nanoparticles in their nuclei by focusing the microscope to an 
imaging plane where both nuclei and nanoparticles were visible. By collecting images in both 
channels and merging them (Fig. 3(a)-3(c)) we were able to count the number of nanoparticle 
containing nuclei within the first 100 µm from the surface of the slice. This analysis shows 
that 31 ± 4% SEM of cells contained nanoparticles in the nuclei (127 total cells counted in 13 
samples). Since we can visualize the nuclei with DAPI, we focused on nanoparticle-
containing nuclei for the surface plasmon stimulation experiments described in section 3.2. 

 

Fig. 2. Gold nanostars are located inside and around nuclei of fixed cerebellar neurons. (a-c) 
Volumetric reconstruction of the molecular layer of a cerebellar slice incubated with gold 
nanostars. (a) Reconstruction of the nucleus of 10 molecular layer neurons stained with DAPI. 
Images obtained from the channel filtered between 435 to 485 nm. (b) Identification of 
nanoparticle clusters (red dots) close to the nuclei. Image obtained by merging volumetric data 
from the two channels. (c) Same data as in (b) with the transparency of the reconstructed 
surfaces set to 50% showing the presence of nanoparticles inside the nuclei. 

In order to estimate the size of the nanoparticle clusters localized inside the nuclei, we 
fitted a Gaussian along the intensity profile extracted from the image corresponding to the 
nanoparticle luminescence (Fig. 3(d)). In all cases, we centered the profile on the local 
intensity peak of the cluster. This analysis shows that the mean of the half-width-at-half-

#217641 - $15.00 USD Received 30 Jul 2014; revised 19 Sep 2014; accepted 13 Oct 2014; published 20 Oct 2014
(C) 2014 OSA 1 November 2014 | Vol. 5,  No. 11 | DOI:10.1364/BOE.5.004002 | BIOMEDICAL OPTICS EXPRESS  4006



maximum of the nanoparticle clusters is 0.34 ± 0.08 µm SEM (Fig. 3(e)). The diffraction 
limited waist at the focal point is wr = 350 nm. The size calculated for the clusters is 
comparable to the diffraction limit of the microscope indicating that the cluster size is at the 
limit of resolution under these experimental conditions. However, we can estimate the 
maximum possible number of particles contained within the two-photon volume. Based on 
diffraction limit, the size of the two-photon volume can be calculated as π3/2 wr

2wz assuming 
wr = 350 nm and the spread along the z axis is wz = 1.4 µm. Considering that the effective 
radius of a nanoparticle is ~100 nm then there would be a maximum number of ~200 
nanoparticles within the two-photon volume. However, since the size of the cluster detected is 
comparable in size to the diffraction limit of the microscope we expect that each cluster 
actually contains a smaller number of nanoparticles. 

 

Fig. 3. Quantification of the nanoparticle clusters in fixed cerebellar slices. (a-c) clusters of 
nanoparticles were identified within nuclei located in the same imaging plane. (a) 
Luminescence from nanoparticle clusters obtained from the channel filtered between 584 to 
630 nm. (b) Images of DAPI stained nuclei obtained from the channel filtered between 435 to 
485 nm. (c) Merged image from the two channels. (d) Intensity profile of a cluster of 
nanoparticles and Gaussian fit. (e) Half-width-at-half-maximum obtained from the fits. Open 
circles were obtained from fits to different images and the rhomboid represents the mean ± 
SEM. 

3.2 Surface plasmon stimulation results in deformation and destruction of organelles and 
neurons in fixed tissue 

We characterized the effect of stimulating the surface plasmon of the nanoparticles by 
increasing the laser power as we collected images. A scanning wavelength of 720 nm allowed 
us to simultaneously excite the two-photon fluorescence of DAPI and the luminescence of the 
nanoparticles for imaging as well as stimulate the surface plasmon resonance of the particles. 
In general, we imaged with a laser power of 0.61 mW ± 0.06 SEM (n = 8 experiments, range 
0.50 to 0.88 mW). Using the same procedure described in section 3.1 we located 
nanoparticle-containing nuclei after which we acquired up to 10 images at this low power of 
illumination before increasing the laser power to an average of 1.44 mW ± 0.12 SEM (range 
1.04 to 1.75 mW) in order to stimulate the surface plasmon (Fig. 4(a)-4(c)). At each pixel the 
fluorescence intensity was collected for a period of time that varied from 2 to 30 µs, 
corresponding to the time during which that pixel was exposed to the laser’s light. However, 
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it is important to note that in all of our experiments we used the scanning mode of the 
microscope therefore all the pixels within an image received the same amount of laser energy. 

 

Fig. 4. Stimulation of the surface plasmon resonance at 720 nm causes loss of fluorescence and 
deformation of the nucleus in fixed tissues. (a) DAPI stained nucleus. (b) Luminescence 
showing a cluster of nanoparticles. (c) Merged images from the two channels. (d-e) Increasing 
the laser power from 0.88 to 1.55 mW produces a loss of fluorescence of a section of the 
nucleus (Media 1). 

In some cases (n = 3 experiments) the increase in power resulted in the loss of 
fluorescence of an approximately circular area close to the nanoparticles (Fig. 4(d) and 4(e)). 
We characterized this area by locating the position of the nanoparticle cluster before 
increasing the power and measuring the distance of four points along the edge of the area with 
decreased fluorescence to the nanoparticle cluster’s pre-stimulation position. On average, 
immediately after increasing the laser power, the area of loss of fluorescence had a radius of 
1.26 µm ± 0.10 SEM (n = 7 clusters in 3 different experiments). In these experiments the 
increase in relative power was of 142% (range 75% to 244%) from a pre-stimulation power of 
0.63 ± 0.12 mW SEM to a post-stimulation power of 1.44 ± 0.21 mW SEM. We continued to 
image the cells for up to 500 s at the high laser power. For all 7 clusters observed, the area of 
loss of fluorescence increased the most after the first exposure. After that initial increase the 
diameter of the diameter did not expand more than 4 µm. However, continuous monitoring of 
the image shows small changes in the nuclear shape. This observation suggests that the loss of 
fluorescence is not only due to a bleaching process but is also possibly due to an increase in 
the temperature of the nanoparticles which results in a region of photothermal damage 
surrounding them. In the experiment presented in Fig. 4 the center of the area that loses 
fluorescence is not in perfect register with the original nanoparticle location, possibly because 
of the scanning sequence of the laser, from top to bottom – left to right, and movement of the 
nucleus (see Media 1). 

In other experiments (n = 5), the increase in power resulted in a continuous expansion and 
deformation of nanoparticle-containing nuclei (Fig. 5(a)-5(d)). In these experiments the pre-
stimulation imaging power was 0.59 mW ± 0.07 SEM and the post-stimulation power was 
1.43 mW ± 0.16 SEM with an increase in relative power of 146 ± 30% SEM. The efficiency 
of the photo deformation effect was calculated by counting the number of cells containing 
nanoparticles before increasing the laser power and those that showed deformation after 
increasing the laser power. This analysis shows that in 3 out of 5 experiments, all the nuclei 
which contained nanoparticles underwent a deformation while in the other two 50% of the 
nanoparticle-containing nuclei did. In general, the deformation followed a quasi-circular 
shape throughout the experiment, which is consistent with thermal effects (Fig. 5). We did not 
observe tissue deformation in any of the control experiments (no nanoparticles added) 
although we stimulated with the same light intensity (not shown). Furthermore, as is evident 
in Fig. 5, this deformation was restricted to nanoparticle-containing cells and therefore can be 
attributed to their presence within those cells. 

The variability in the laser power needed to stimulate the surface plasmon mode can be 
attributed to two main factors. In contrast with most other studies found in the literature 
which use cell cultures [23], we are using 200 μm thick brain slices with cells and nuclei 
located at different depths. The deeper a nucleus is in a tissue, the more photons are scattered 
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and the more uniform the thermal dissipation and tissue tension. In addition there is 
variability in the depth at which the nanoparticles are located and in the number of 
nanoparticles within a cluster, both of which influence the efficiency of plasmon excitation. 
These factors directly impact our ability to determine a clear threshold to initiate damage. To 
overcome this limitation we performed experiments in which we 1) visualized the 
nanoparticles in the cells, 2) imaged with increasing power steps until we saw ablation 
damage in the tissue, 3) moved to a different part of the same slice at a similar depth and 
applied the energy increase that was previously determined to cause damage. This procedure 
assures the use of the minimal energy necessary to elicit deformation of the cells. 

 

Fig. 5. Photoassisted morphological deformation of a single fixed cell containing gold 
nanostars. (a) Image of 8 nuclei in which only one cell contains nanoparticles, indicated by the 
arrow. (b-d) Temporal sequence collected after increasing the imaging laser power from 0.80 
to 1.9 mW with an imaging wavelength of 752 nm. 

As we did previously, we characterized the area affected by the plasmon stimulation by 
locating the position of the nanoparticle cluster before stimulation and measuring the distance 
of four points along the edge of the area with decreased fluorescence to the nanoparticle 
cluster’s pre-stimulation position. In most experiments, the perimeter of the area with 
decreased fluorescence quickly merged with the edge of the deformed nucleus (Fig. 5(b)-
5(c)). We defined the maximum radius of expansion when this expanding edge either left the 
imaging area or fused with another nucleus (about 300 s). Plots of the radius of the area of 
deformation as a function of time show a continuous increase in the radii in all cases (Fig. 
6(a)). By plotting the normalized radius (change in radius divided by the maximum radius 
achieved) as a function of time we found that the cells needed to be exposed for about 100 s 
(10 frames) in order to reach 50% of the maximum radius of expansion (Fig. 6(b)). The 
maximum diameter of expansion directly correlates with the relative change in laser power 
(Fig. 6(c)) which is also consistent with a photothermal process being responsible for the 
deformation. The area of decreased fluorescence stopped increasing in size after irradiation 
ended. 

The deformation observed is the result of the electromagnetic radiation absorbed by the 
nanoparticle during the exposure time dissipating into heat for a time that corresponds to the 
exposure time plus the time between frames (2.2 s for 0.45 frames/s). In the first set of 
experiments described above we found that the average radius right after increasing the laser 
power was 1.26 μm. Assuming we have the same rate of electromagnetic energy dissipation 
into heat in subsequent exposures, we would expect to see a linear increase in the radius as 
the number of frames collected increases. That is ten times the average radius for ten frames 
(~12.6 μm), which is in agreement with the results shown in Fig. 6. This cumulative effect 
implies that the nanoparticles do not melt or vaporize during the irradiation. 
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Fig. 6. Expansion of neuronal nuclei after excitation of the surface plasmon of gold nanostars. 
(a) Radius of the area of decreased fluorescence around the nanoparticle as a function of time 
for 5 different cells. (b) Normalized radius as a function of time for the same experiments 
shown in (a). (c) Maximum radius of expansion achieved with different relative changes in 
laser power. 

3.3 Surface plasmon stimulation results in deformation and destruction of live neurons 

We wanted to determine if nanoparticles were present in live cells. In this case we could not 
use DAPI to stain the nucleus so we used a cytosolic marker instead. Therefore, the resulting 
images show the fluorescent signal of the cytosol with a dark nucleus. Using the same 
volumetric reconstruction techniques described in Fig. 2 (data no shown), we located 
nanoparticle-containing cells by separating the fluorescent photons into two spectral 
windows, one for the cytosolic marker and the other for the luminescence of the 
nanoparticles, and merging them. We found that the nanoparticles were located close to the 
nucleus (Fig. 7(a)), confirming our results from fixed tissue. By increasing the laser power, 
we stimulated the surface plasmon of nanoparticle-contaning cells and performed a total of 8 
experiments, one of which did not show visible effects due to the surface plasmon 
stimulation. In the other seven, when we stimulated the surface plasmon we observed that 
there was a destruction of the cytosol which originated at the nanoparticle cluster’s location 
(Fig. 7(b)-7(d)). From 17 cells counted in 8 samples, 7 were destroyed due to surface plasmon 
stimulation. The destruction of the cytosol appears as a breakdown of the fluorescent marker 
attached to the proteins resulting in a region of increased fluorescence in Fig. 7. It can be 
ascribed to thermally induced protein denaturation [24, 25]. In the experiment reported in Fig. 
7 the damage appears to initiate from only one of the two visible nanoparticle clusters, 
possibly the one that is located closer to the focus of the laser. At later times, Fig. 7(d), other 
nanoparticles came into focus, possibly due to movement of the cellular material. Destruction 
of the cytosol eventually reaches the nucleus and starts to degrade the cellular membrane 
(Media 2). In general, for the live cell experiments, we had to use higher laser powers both for 
imaging and to destroy the cells compared to the fixed tissue experiments, possibly due to the 
bath reducing the power delivered to the cells and its constant circulation which has a cooling 
effect. The mean pre-stimulation laser power was 1.61 ± 0.30 mW SEM, and the post-
stimulation was 3.59 ± 0.27 mW SEM, with a relative change in power of 154 ± 29%. In 
cases in which there were a large number of nanoparticles in the tissue, the surface plasmon 
stimulation resulted in the deformation and destruction of most of the cells within the viewing 
area (not shown). The area of increased fluorescence stopped increasing in size after 
irradiation ended. We did not observe tissue deformation in any of the control experiments 
(no nanoparticles added) although we stimulated with the same light intensity. 
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Fig. 7. Single cell ablation in live cells. The sequence of images shows a Purkinje cell 
containing nanoparticles imaged (a) before an (b-d) after increasing the laser power (from 1.37 
to 4.06 mW). The thermal expansion remained contained within the cell body (Media 2). The 
line in (a) locates the cell boundary. 

4. Discussion 

The current understanding of nanoparticle assisted photothermal ablation is that when 
metallic nanoparticles are illuminated with a wavelength close to their localized surface 
plasmon resonance, the nanoparticles absorb the photon energy and effectively become heat 
generators by virtue of having hot electrons thermalizing with the lattice through electron-
phonon interactions [26]. The thermal energy is also transferred to the surrounding media 
through phonon-phonon interactions and results in the thermal effects observed [8]. The 
collective effect of exciting the surface plasmon using light and resulting in an increase in 
temperature of the surrounding media is known as light-to-heat conversion [27]. The 
efficiency of the light-to-heat conversion process depends on stimulation of the plasmon 
mode by absorption of the electromagnetic radiation and the thermodynamic processes that 
control the heat transfer between the particle and the surrounding medium [11, 28, 29]. 

In order to obtain an estimate of the increase in temperature of the neurons, it is necessary 
to consider the relationship between the different characteristic times for thermal diffusion 
involved [11]. The time required for a gold nanosphere to reach thermal equilibrium is to 
~ro

2ρoco/(4ko) = 20 ps where ρo, co and ko are the density, specific heat and thermal 
conductivity of gold, and the radius of the nanoparticles is ro = 100 nm. Achieving thermal 
equilibrium is much slower than the laser pulse duration (tp = 150 fs), therefore, the gold 
nanoparticle does not reach a homogeneous temperature within a single pulse. However, 
given that the interval between pulses is ~10 ns, the nanoparticles reach a homogeneous 
internal temperature before the arrival of the next pulse. In addition, the laser power used for 
plasmon stimulation is smaller than that used to melt gold nanoparticles using femtosecond 
pulses (0.01 J cm−2) [30], therefore we are certain that we are not modifying the 
nanoparticles’ shape during the experiments. Similarly, the gold nanosphere-to-surrounding 
media characteristic time constant to reach thermal equilibrium is tT ~ro

2ρmcm/(4km) = 16 ns, 
where ro is the nanoparticle radius, ρm, cm and km are the density, specific heat and thermal 
conductivity of the surrounding medium. Thus, there is almost no exchange of heat between 
the nanoparticle and the environment during a pulse and given that the inter pulse interval is 
~10 ns, the nanoparticle does not thermalize with the environment between pulses. The 
characteristic time for the nanoparticle to cool down is tc ~ro

2ρoco/(3km) = 14 ns which is 
comparable to the inter pulse interval. This analysis and the cumulative effect observed in our 
experiments indicates that in order to estimate the increase in temperature of the neurons it is 
necessary to consider the effect of a train of laser pulses. Following [11], let’s assume, a total 
exposure time of 30 μs and a spot size of 350 nm. If the particle cools down in between pulses 
then irradiating a 100 nm radius gold nanosphere with an average power of 0.6 mW causes an 
increase of only 3.7 K. This is consistent with our results in which no deformation was 
observed. If instead we consider an average power of 1.5 mW then this results in an increase 
of the nanoparticles’ surface temperature by 9.3 K. This calculation is for a single 
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nanoparticle, however, having clusters of nanoparticles can result in higher temperature 
increases [25]. Therefore, our surface plasmon resonance stimulation could increase the 
temperature of the tissue to above 40 °C, assuming a room temperature of 23 °C causing 
protein denaturation but no evaporation of the tissue. Given that this is a modest temperature 
increase, we believe the temperature of the cells decreases to pre-stimulation values after 
irradiation has stopped. 

The results presented in this paper are relevant both in the context of nanoparticle assisted 
photothermal therapy as well as demonstrating that, for low laser powers, two-photon 
microscopic imaging of nanoparticle containing cells can be used for studies of the non-lethal 
effect of nanoparticles on cell function [31]. A majority of other studies on nanoparticle 
assisted photothermal therapy use cell cultures instead of brain slices [23]. This translates into 
more controlled and reproducible irradiation conditions at the expense of having conditions 
that are closer to those in real tissue. In addition, the laser parameters used for stimulation, 
such as pulse duration and repetition rate, are related to the characteristics of the laser-particle 
interaction and the subsequent effects on the tissue [11]. Both of these variables affect our 
ability to make a direct comparison of the laser energies used between the different studies 
found in the literature. 

5. Conclusion 

We have shown that gold nanostars are readily internalized by cerebellar neurons and that the 
nanoparticles localize close or inside the nucleus. We were able to image the tissue, the 
luminescence of the nanoparticles, and stimulate their surface plasmon simultaneously in 
fixed and live preparations. The energy delivered and exposure time can be regulated to 
destroy only a section of the nucleus or the entire cell. The thermally induced destruction of 
cells shown in this study lies between thermally induced cell death and full vaporization of 
cells [3, 32, 33]. Nanoparticle assisted photothermal therapy is especially promising for 
ablating single cells in areas sensitive to collateral thermal damage, such as the nervous 
system, and can be highly precise even at the single organelle level. Given its precision and 
extremely localized effect, this method could be of great value in basic and applied 
applications to probe neuronal function as well as nervous system development. 
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