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ABSTRACT

Femtosecond (fs) laser generation of submicron bubbles around plasmonic nanoparticles (NPs) plays a key role in
advanced laser nanosurgery applications such as cell membrane perforation and cell transfection. In this context, we have
developed a pump-probe shadowgraphic ultrafast imaging technique capable of tracking transient bubbles generated by
fs irradiation (A =800 nm, T = 45 fs) of: (a) plasmonic NPs in suspensions and (b) plasmonic NPs attached to cells. The
laser fluence was systematically varied from 100 mJ/cm? to 500 mJ/cm? to study the effect on the bubble dynamics
generated around 100 nm gold NPs (Au NPs). The plasmonic bubble (PB) generation threshold as well as the NPs
deformation threshold were defined. Dark field (DF) imaging and scanning electron microscopy (SEM) revealed NP
clustering when 100 nm bare Au NPs were incubated with a cancer cell culture. NP clustering was correlated with PB
generation using a combined pump-probe and DF imaging approach. The clustering effect resulted in a significant 4-
times decrease to the PB generation threshold compared to single NPs. The clustering effect was further investigated by
evaluating bare and polyethylene glycol (PEG) functionalized NPs in terms of PB generation efficiency.
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1. INTRODUCTION

Plasmonic bubble (PB) detection and more importantly PB in-situ monitoring allows for understanding cell membrane
perforation mechanisms as well as for nanosurgery processing optimization. Therefore, due to their crucial role in cell
nanosurgery, PB generation around pulsed laser exited plasmonic NPs is receiving growing interest by several research
groups’—*. Due to their transient and confined nature, PB studies require development of detection methods with
nanoscale temporal and spatial resolution.

In the topic of plasmonic NP enhanced laser nanosurgery, there are several aspects related to processing optimization and
mechanisms understanding that remain unclear. NP fragmentation is one of the more important issues. Indeed, small NP
fragments (< 2 nm) have been reported to cause necrosis and mitochondrial damage on many cell lines®. Therefore, NP
fragmentation has to be avoided in order to eliminate any undesirable side effect of the process. NP functionalization is
also a well-known strategy for increasing their biocompatibility. Indeed, in-vivo studies have shown that poly(ethylene
glycol) (PEG) functionalization protects gold NPs (Au NPs) from an immune system response®.

Herein, we propose and apply a dynamic imaging method for studying PB generation under femtosecond (fs) laser
irradiation of plasmonic NPs. We focus on a single NP approach to define PB generation and NP fragmentation
thresholds for a 200 nm Au NP suspensions. The effect of PEG functionalization of Au NPs on PB generation is also
studied. Finally, PB imaging is performed on cancer cell samples to study the NP clustering effect on PB dynamics.

2. MATERIALS AND METHODS
2.1 Dynamic imaging

The fast dynamics, involved in PB generation and evolution, could not be captured by conventional high speed cameras.
Therefore, we used an ultrafast pump-probe shadowgraphic imaging system for our study. A Ti:Sapphire laser (6
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mJ/pulse, 45 fs, 800 nm, 1 to 1000 Hz, Spitfire from Spectra-Physics) was used as the pump laser to produce the PBs and
a Nd:YAG laser (0.4 J/pulse, 6 ns, 532 nm, 10Hz, Brillant from Quantel) was used as the probe laser. The delay between
the pump-probe pulses was adjusted (0 to 200 ns) using two delay generators to synchronize the lasers at 10 Hz. The
probe pulses (532 nm, 6 ns) were used to pump a container with a Rhodamine 6G dye. This resulted in PB imaging with
incoherent light (590 nm, ~ 6 ns).

Approximately 30 uL of Au NPs solution diluted in phosphate-buffered saline (PBS, Sigma-Aldrich) was placed in a
glass bottom petri dish with a cover slip covering the drop to counter the lens effect produced by the curve of the drop as
shown in Figure 1. The petri dish was placed under a microscope equipped with a 50x long working distance objective.
An IMI Teck IMB-17FT CCD camera was used to capture the PBs generation. A dark field (DF) imaging function was
used in addition to the pump-probe system in order to either locate NPs in a cell sample or track NPs Brownian motion.

The pump beam was slightly focused at the imaging plane of the pump-probe and DF systems using a converging lens (f
= 750 mm). A Gaussian beam profile was measured with a spot diameter of 0.5 mm (defined at 1/e?). We have
considered the maximum fluence (2-times the average fluence) for our analysis since we performed imaging at the

central part of the beam.
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Figure 1: Experimental setup showing a typical sample under the two imaging systems. The dark field (DF) imaging system allows
for NP detection and dynamic tracking. (1) indicates the DF system as well as a typical DF image of NPs attached to a cancer cell. The
pump-probe shadowgraphic imaging system allows for PB detection with sub-micron spatial resolution and ~ 1 ns temporal
resolution. (2) indicates the pump-probe system as well as a typical pump-probe image of PBs generated by laser irradiation of NPs
attached to a cancer cell. The arrows indicate colocalization of NP and PB signals.

2.2 Single NP tracking

Changing the pump-probe delay from pulse to pulse (i.e., corresponds to successive frames of the camera) resulted in
imaging of successive PBs generated by the same NP at different stages of its lifetime. Therefore, PB dynamics were
investigated by analysing the different images. Experiments of PB imaging were performed as follows: (a) NPs were first
tracked in DF imaging to identify single NP motion (see below) (b) PBs generated around a single NP were studied by
changing the imaging system to the pump-probe mode.

Bare NPs in a liquid suspension tend to bind together and form clusters due to electrostatic interactions. Therefore, fs
irradiation will produce a mixture of PB generated from either single NPs or clusters of NPs. We have studied the
Brownian motion of the NPs in our samples to ensure single NP tracking. Brownian motion is the random motion of
particles in a liquid due to the collisions between the molecules of the liquid and the moving particle. The diameter of a
particle can be found by the following Brownian motion characteristic equation:
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Where R is the gas constant, T is the temperature, N4 is the Avogadro constant, 1) is the viscosity of the liquid, x? is the
mean squared displacement for the time t. In order to distinguish the clusters from the single NPs, their motion was
tracked in DF mode and compared to the one predicted by Brownian motion equation. PB images were processed only
for NPs that have been confirmed as single ones by using equation 1.

2.3 NP samples

Citrate-capped Au NPs were purchased from spi (44.4 pg/mL, diameter 100 nm, spi, 4804-AB, West Chester, PA) and
stored at 4°C in the dark to minimize photoinduced oxidation. Au NPs (450 uL) were functionalized with an aqueous
solution of methoxy PEG thiol (OMe-PEG-SH, 2kDa, 0.1 mg/mL, 50 pL Sigma-Aldrich) during 1h at 4°C by using the
strong covalent gold-sulfur bond’. Excess of OMe-PEG-SH was eliminated by centrifugation at 5000 rpm during 2 min.
The supernatant was removed and replaced with phenol-free Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies) containing 4.5 g/L D-glucose, 584 mg/L L-glutamine and 110 mg/L sodium pyruvate and supplemented
with 100 units/mL penicillin and 100 pg/mL streptomycin.

2.4 Cell culturing and cell sample preparation

MDA-MB-231 human breast cancer cells were seeded onto glass bottom dishes and grown in Dulbecco’s modified
Eagle’s medium (DMEM, containing 4.5 g/L. D-glucose, 584 mg/L L-glutamine and 110 mg/L sodium pyruvate)
supplemented with 10% foetal bovine serum (FBS, Life Technologies), 100 units/mL penicillin and 100 pg/mL
streptomycin in a humidified incubator at 37 °C under a 5% CO, atmosphere. When cells reached 80% confluence, they
were washed once with PBS. The cells were then incubated with 8.2 pg/mL 100 nm Au NPs in serum-free medium
during 2-4 h in the 37 °C prior to either PB detection or SEM observations.

2.5 Scanning electron microscopy (SEM)

Cells grown as above were incubated with Au NPs at 8.2 ug/mL during 4h. Then, cells were washed three times with
PBS, fixed in 5% glutaraldehyde/95% PBS for 30 min, then incubated in 5% glutaraldehyde/95% water for 30 min. The
samples were then washed 3 times with distilled water and dried overnight under a fume hood. Samples were coated with
a 5 nm uniform gold layer (Agar manual sputter coater, Marivac, Montréal, QC). SEM images were captured in
conventional high-vacuum mode on an ESEM Quanta 200 FEG (FEI, Hillsboro, OR) at 20kV, 60.000X and a working
distance of 12-15 mm.

3. RESULTS
3.1 Detection of PB around single NPs

In order to evaluate the dynamic imaging method, the initial experimental work was oriented toward the detection of
multiple PB generated around single 100 nm bare Au NPs. As it has been discussed in the experimental part, the
Brownian motion of the NPs combined with dynamic pump-probe imaging resulted in singe PB tracking. A typical
example of PBs generated by single NPs under 200 mJ/cm? is shown in Figure 2. The various frames correspond to
successive pulses (10 Hz repetition rate) at the same region of the sample. It is mentioned that pump-probe delay was set
to 10 ns for this series of pictures. In this time frame, PBs have reached a sub-micron size. PB generation threshold was
defined to be 145 mJ/cm® By changing the pump-probe delay, we observed a PB life time of about 30 - 50 ns for laser
fluences ranging from 140 to 300 mJ/cm?.

The NP deformation threshold has been also determined by monitoring in-situ the DF intensity in the laser irradiated
area. In particular, we have monitored in-situ the DF intensity of various NP samples by applying a pulse to pulse
alteration of the laser fluence. Figure 3 presents the normalized DF intensity integrated across the laser irradiated area of
the various Au NP samples. The DF intensity plateau at low laser fluence is indicative of intact NPs while the plateau at
high laser fluence is indicative of NP elimination. The laser fluence range resulting in progressive DF decrease indicates
partial NP fragmentation (size reduction) and/or NP elimination. Considering the NP fragmentation threshold (~ 280
mJ/cm?) as well as the PB generation threshold (145 mJ/cm? ), we can define their ratio (~ 1.9) as a measure of effective
processing window range.
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Figure 2: A series of pump-probe images of submicron plasmonic bubbles (PBs) generated by laser irradiation of 100 nm Au NPs at
10 Hz. Pumb-probe delay was set at 10 ns (i.e., PBs were captured 10 ns after their generation)
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Figure 3: Normalized dark field (DF) intensity integrated across the laser irradiated area of the various 100 nm Au NP samples. The
intensity plateau at low laser fluence is indicative of intact NPs while the plateau at high laser fluence is indicative of NP elimination.
Laser fluence range resulting in progressive DF decrease indicates partial NP fragmentation (size reduction) and/or elimination. The
filled square indicates the estimation for the NP deformation threshold.

3.2 The effect of PEG functionalization of NPs on PB generation

We have used two different approaches to study the effect of PEG functionalization of Au NPs on PB generation. In the
first approach, PB generation was studied by dynamic imaging in the middle part of the sample container. By using this
experimental methodology, PB tracking around single NPs was ensured. In the second approach, PB generation was
studied in the bottom of the sample container (i.e, glass cover slip) where clusters of NPs were formed due to NP
precipitation. The results for both approaches are summarized in Table 1. For bare NPs, we observed PB generation
threshold of 145 mJ/cm? and 35 mJ/cm? for single NP and clustered NPs, respectively. For PEG-NP, we observed PB
generation threshold of 155 mJ/cm?® and 70 mJ/cm? for single NP and clustered NPs, respectively. In general, NP
clustering results in a decrease to the required energy for PB generation compared to single NPs. This is due to the
formation of the so-called “hot-spots” (i.e., regions with enhanced field amplification) within the assembly of the NP
clusters.

We have found a slight higher PB generation threshold (155 mJ/cm?) for bare Au NPs compared to PEG-Au NPs (145
mJ/cm?). The PEG effect on the PB generation threshold can be attributed to the relative lower near field amplification
around the PEG-Au NPs compared to bare Au NPs. Indeed, we have calculated 5 % less near field amplification when
Au NPs were surrounded with a 4 nm layer (i.e., typical PEG layer thickness) of PEG in our calculations. A more
dominant effect of the PEG functionalization can be observed when comparing PB generated by clusters of NPs (70 vs
35 ml/cm?). PEG-Au NP clusters require two times more energy to generate a PB compared to Au NP clusters. This
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result could be explained if we consider PEG effect on NPs clustering. In general, PEG functionalization decreases the
NP clustering effect; therefore, the number of “hot spots™ is probably less for clustered PEG-NPs compared to clustered
bare NPs. In addition, the minimum inter-particle distance is expected to be limited to 8 nm for PEG-NP clusters due to
the 4 nm PEG layer thickness. This results to a significant decrease of the maximum field amplification per NP dimer
and/or cluster for a certain incident pulse energy®.

Table 1: Plasmonic bubble (PB) detection thresholds for Au NPs and PEG-Au NPs

NP PB detection threshold PB detection threshold for NP
for single NPs (mJ/cm?) clusters (mJ/cm?)
100 nm Au NPs 145 35
100 nm PEG-Au NPs 155 70

3.3 PB detection in cell environment

In a typical NP-assisted cell membrane perforation experiment’, cell samples are incubated with plasmonic NP for a time
period ranging from 30 min to few hours. We have reproduced a typical membrane perforation experiment using MDA-
MB-231 human breast cancer cells and 100 nm Au NPs. Using the pump-probe methodology, we have detected PB
around the vicinity of the cells for laser irradiation of 200 mJ/cm? (defined as 2-times the average fluence) at a 10 ns
pump-probe delay. Figure 4 shows typical figures of a cancer cell under DF, pump-probe and SEM observation. DF
microscopy reveals several bright spots on the surface of the cell and around, indicative of NPs and NP clusters (Figure
4a). Following the first irradiation pulse, a plethora of PBs was detected in the sample at a 10 ns pump-probe delay
(Figure 4b). The size of the PBs ranged from 1 to 5 um, indicating NP clustering in the sample. Indeed, NP clusters form
“hot spots” of enhanced field enhancement™®, which could result in the generation of larger PBs. On the other hand,
according to section 3.1, sub-micron PBs could be associated to single NPs. Figure 4c demonstrates a characteristic
break of the NP clusters following 10 successive laser pulses. NP clusters breaking results in the diffusion of the single
NPs. As a result, several sub-micron bubbles can be detected around the major clustering regions of our sample. A
typical SEM picture of a cancer cell surface, following 3h incubation with PEG Au NPs, is shown in Figure 4d.

Dark Field Pump-probe Pump-probe

(1st pulse) (10thpulse)

a)

Figure 4: (a) Dark field (DF) image of a cancer cell after 2h incubation with 100 nm Au NPs (b) Pump-probe image (10 ns delay) of
PBs generated by the first laser pulse at 200 mJ/cm? (c) Pump-probe image (10 ns delay) of PBs generated by the 10" laser pulse (d)
An indicative SEM picture of the surface of a cancer cell surface following the 3h incubation with 8.2 ng/mL 100 nm PEG Au NPs .
Scale bar is 10 um for (a),(b) and (c), 200 nm for (d).

4. CONCLUSION

We have applied a dynamic and ultrafast imaging method to study PB generation in NP suspensions and cell samples
following 800 nm fs laser irradiation. The PB generation has been studied in a single NP approach using a combined DF
and pump-probe imaging approach.

PEG-Au 100 nm NP suspensions and bare Au NP suspensions were compared in terms of PB generation efficiency. We
observed a small influence of the PEG functionalization on PB generation from single NPs. In contrary, PEG
functionalization results in a significant 2-times increase to the PB generation threshold from clustered NPs. We mainly
attribute this effect to the increased inter-particle distance in PEG-NP clusters compared to bare NP clusters. We have
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also observed a smaller number of NPs in PEG-NP clusters compared to bare NP clusters, which could have cause
threshold difference as well.

Finally, we observed PB generated in a cancer cell sample after 2h incubation with 100 nm NPs. NP clustering effect
was observed with DF, pump-probe and SEM observations. PB generation from clusters occurred in significant lower
laser fluence compared to single NPs (i.e., 35 vs 145 mJ/cm?). PB generated by NP clusters grown up to 5 um in 10 ns,
while PB generated by single NPs expanded to a sub-micron size in the same time period.

Our results indicate that depending on the desired bio-application, PB dynamics could be controlled by selecting the
optimum NP size or more importantly by mastering NPs clustering.
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