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Abstract
The zebrafish embryo has been evaluated as an in vivo model for plasmonic nanobubble (PNB)
generation and detection at nanoscale. The embryo is easily observed and manipulated utilizing
the same methodology as for application of PNBs in vitro. Injection and irradiation of gold
nanoparticles with a short laser pulse resulted in generation of PNBs in zebrafish with similar
parameters as for PNBs generated in water and cultured living cells. These PNBs do not result in
systemic damage, thus we demonstrated an in vivo model for rapid and precise testing of
plasmonic nanotechnologies.

1. Introduction
Development of diagnostic and therapeutic methods and materials based on plasmon
resonance includes an important stage of in vivo verification and evaluation. This often
creates the biggest challenge for plasmonic technologies when standard animal models are
employed [1–9]. Few animal models provide the optical clarity and ease of observation
provided by the cell culture in vitro models that are used for the initial characterization of
plasmonic diagnostic and therapeutic effects. Due to their large size and internal
development, mammalian model organisms are not well suited for precise control of the
nanoparticles (NP) and plasmonic NP-induced processes: optical activation and detection
are compromised (and sometimes suppressed) by the optical scattering and absorption
properties of tissues; it is difficult to control the distribution of the NPs in real time and
monitor plasmonic interactions in a large opaque animal host [10–14]. Due to these imaging
and delivery challenges, cellular and molecular resolution (where the bio-effects of NPs
occur) may not be available for non-invasive studies. Together, these challenges limit the
efficacy and accuracy of controlling and observing plasmonic effects and developing in vivo
plasmonic nanomedicine.

Our aim was to develop an efficient in vivo model for plasmonic diagnostic, therapeutic and
theranostic (combined diagnosis and therapy) methods by using zebrafish. Zebrafish are
vertebrate organisms that are relatively optically transparent, develop quite fast and are
physiologically similar to human. Zebrafish have already been evaluated for analysis of the
distribution and toxicity of plasmonic (gold) NPs [15–17] and have also allowed efficient
optical manipulations including laser microsurgery and sensing [18–22]. These findings
allowed us to consider zebrafish embryos for plasmonic nanomedicine (optical scattering
diagnosis, photothermal diagnosis and therapy, ultrasound and optical methods for drug
delivery, cell manipulation and surgery). Furthermore, the zebrafish is a model for diverse
cancers [23–28], which are targets for plasmonic therapies. Therefore, zebrafish have an
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excellent potential for nanophotonic medicine. Based on these already established properties
of zebrafish (ease of culture, optical transparency, low gold toxicity and cancer models) we
have hypothesized that zebrafish can be used as an efficient in vivo model for cell level
plasmonic nanotechnologies for diagnosis, therapy and theranostics. We tested this
hypothesis experimentally by focusing on two tasks: by generating and detecting therapeutic
and diagnostic plasmonic processes around gold NPs in living zebrafish, and on the safety of
NP targeting, activation and detection. We have used a single short laser pulse excitation of
transient and localized vapor nanobubbles (defined by us as plasmonic nanobubbles—PNB)
around gold NPs [29] (figure 1). This mode of plasmonic interaction has been previously
shown in cultured cells to provide a single cell selectivity of therapeutic (mechanical) effect
of bubble generation [30,31] without producing a thermal impact to surrounding cells [32].
The sensitivity of optical scattering imaging of PNBs is 10–100 times higher than the
sensitivity of gold NP scattering methods [33,34]. Most important, plasmonic nanobubbles
have been shown to be tunable probes whose properties can be dynamically tuned from non-
invasive to damaging modes by the fluence of the pump laser pulse [35]. These features
indicate a high diagnostic and therapeutic potential of PNBs that needs adequate in vivo
testing in model organisms for the development of transformative technologies. In this work
we have developed a novel in vivo zebrafish-model so as to evaluate the potential for optical
generation and detection (imaging) of plasmonic nanobubbles in vivo.

2. Materials and methods
2.1. Plasmonic nanobubbles (PNB): optical generation and detection

PNBs were generated by laser pulse-heating of gold NPs. Evaporation of the medium
around an NP involves several processes: laser pulse-induced thermalization of a NP occurs
in approximately 1 ps [36]; thermal diffusion from a NP to the adjoining medium forms a
thin vapor layer around a NP; when the pressure inside vapor layer exceeds the surface
tension pressure the vapor bubble begins to expand to a maximal diameter and then
collapses. The bubble lifetime may be considered as proportional to its maximal diameter
[37–39] and thus can be used as a measure of the bubble size and of its mechanical action
(which is associated with the bubble expansion and collapse). Such vapor bubbles use the
plasmon resonance mechanism as a heat source and their size can be tuned at nanoscale by
varying the fluence of pump laser pulse [29]. To distinguish these bubbles from other
phenomena we have defined them as plasmonic nanobubbles. The minimal fluence of a
single laser pulse that provides bubble generation is defined as the PNB threshold fluence. It
was experimentally measured as the fluence that provides the generation of PNBs in 50% of
the cases of exposure to individual laser pulses. When the optical pulse duration is less than
the thermal relaxation time, the losses due to thermal diffusion are negligible, and the entire
heat released is concentrated in a small volume around the heat source. In our work we have
employed a pulse of length 0.5 ns, 532 nm (STA-01 SH, Standa Ltd, Vilnius). The pump
laser beam was directed into the illumination path of an inverted optical microscope and was
focused into the sample. The laser beam diameter was 14 μm in the sample plane. Single
events were studied.

PNB detection has been realized with two optical methods that take advantage of the
excellent optical scattering properties of bubbles [40]. We previously developed these
methods for the imaging of the photothermal phenomena in living cells with the pump–
probe laser microscope [33,41]. The time-resolved imaging of NPs and PNBs was realized
by using side illumination of the sample with a custom made pulsed probe dye laser beam at
a wavelength (690 nm, 0.5 ns, dye laser) and with a tunable time delay of 1–10 ns relative to
the pump pulse (figure 2). The scattered probe radiation was imaged with a digital camera
(Luka, Andor Technologies, Ireland). For quantitative analysis of the optical amplification
we have employed differential images: Ssc(t) = [I(t) − Ib] that describes the pixel image

Lukianova-Hleb et al. Page 2

Nanotechnology. Author manuscript; available in PMC 2010 November 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amplitude I(t) of optical scattering by a transient PNB and compensates for the stationary
scattering from the background (cell, tissue). While allowing us to image and quantify the
PNB the pulsed imaging can hardly provide kinetic measurement. The latter was realized by
the thermal lens method in a response mode. An additional continuous probe beam (633 nm)
was directed at the sample and focused on it collinearly with the probe laser beam and its
scattered by PNB component was monitored by a high-speed photodetector (PDA510,
Thorlabs Inc.). The response mode allowed measurement of the PNB lifetime that
characterizes the maximal diameter of the bubble. Image and response modes were used
simultaneously, thus combining the imaging and measuring of the lifetime (figure 2). An
additional pulsed laser (532 nm, 10 ns, LS 2132 by Lotis TII, Minsk) was used for the
excitation of red fluorescence from ethidium bromide dye. The fluence of this laser was set
at a level well below the PNB generation threshold (which is quite high for such long
pulses).

2.2. Experimental models and samples
2.2.1. Nanoparticles—We have used conjugates of 60 nm gold spheres with anti-
epidermal growth factor receptor (EGFR) antibody C225 that were obtained from Nanopartz
Inc. (Salt Lake City, UT). The nanoparticles were fabricated with a surface chemistry that
prevented their spontaneous aggregation. The plasmon resonance wavelength of such a NP
is very close to 532 nm as has been verified with optical spectroscopy of the NP suspension.
Water samples of the nanoparticles were prepared in standard 9 mm culture wells (#C24765,
Molecular Probes, Inc., Eugene, OR). NP clusters are groups of 10–50 aggregated NPs.
Such clusters were prepared by adding 0.9% NaCl to the NP suspension (dilution 1:10).
Formation of the clusters has been verified by two methods: by electron microscopy and
optical spectroscopy. The latter has shown typical broadening of the extinction spectrum
while maintaining significant absorption at 532 nm.

2.2.2. Zebrafish—Zebrafish were maintained in accordance with protocols approved by
the Rice University Institutional Animal Care and Use Committee. Zebrafish were
maintained at 28 °C in recirculating water systems (Aquatic Habitats) in 14 h light 10 h
dark. Zebrafish embryos were obtained from natural matings of wild type parents. 30 h post
fertilization embryos (hpf) were imbedded in 1% low melt agarose (#A-9045, Sigma-
Aldrich Corp., St Louis, MO). 4 nl of 2.6 × 1010 particles ml−1 was injected subcutaneously
into the flank at the level of the end of the yolk extension. Successful injection was
monitored by local inflation of the skin. Since the mechanisms of nanoparticle bio-
distribution are complex we did not consider them in the current work and have focused on
the evaluation of PNBs in zebrafish and around locally injected NPs. Embryos were
removed from low melt agarose and placed in embryo medium (E3) in bridged coverslips
[42]. Injected embryos and mounted uninjected embryos were subjected to PNB induction in
multiple locations around and distant to the injection site. Embryos were removed from the
bridged coverslip and monitored for survival. Injected PNB-induced embryos survived to
nine days post fertilization, developed swim bladders and showed no obvious defects
associated with treatment.

2.2.3. Cells—For the tissue culture based in vitro experimental model we have used the
same gold spheres resuspended in cell culture media RPMI-1640 (Sigma, St Louis, MO).
The cells were prepared as monolayers of living isolated lung carcinoma cells (A549) that
were obtained from ATCC and were grown into standard 9 mm culture wells (#C24765,
Molecular Probes, Inc., Eugene, OR). All cells were incubated with NPs for 60 min at 37
°C. The concentration of the NPs during the incubation was adjusted to 0.2–0.9 × 1011 ml−1.
During non-specific endocytosis the NPs were internalized and concentrated into clusters of
closely packed NPs in endosomal compartments, as we have shown earlier [31,43,44]. Cell
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viability was evaluated optically using two standard microscopy techniques. First, a bright
light image was obtained for the cell before and after its exposure to the pump pulse and the
difference of these two images was used to detect any PNB-induced changes of the shape of
the cell, in particular, emerging of the blebbing bodies. Blebbing bodies may develop in the
cells with damaged cytoskeleton and even with an intact membrane. Second, the membrane
damage by PNB was detected using a standard fluorescent method by monitoring the
cellular uptake of ethidium bromide (EtBr) dye. Fluorescent images were obtained for each
cell before and after their exposure to the pump laser pulses. Any significant increase of the
EtBr-specific fluorescence observed 60 s after the pump laser pulse is considered as the sign
of the membrane disruption, and such cell was classified as the damaged. Although these
methods did not provide the monitoring of the long term viability, they can be applied on
site and to specific individual cells during the generation of the PNBs and without removing
the cells from the sample chamber.

3. Results and discussion
We tested PNB generation in an aqueous suspension of gold NPs, within tissue culture cells
and within one day post fertilization (dpf) zebrafish embryos. To provide a basis for the
studies of PNBs in zebrafish embryos we have initially generated and detected PNBs under
the most controllable conditions: in water suspension of identical gold NPs and their clusters
(figure 3). Optical scattering by the PNB has been detected as a time resolved image (figure
3(b)) and a time-response (figure 3(a)). PNB generation has been studied by us previously
and the details regarding the physical, thermal and optical properties of the PNB can be
found in our recent work [29,32,34]. First, we determined the PNB generation threshold
fluence of a 532 nm 0.5 ns laser pulse for single NPs using 60 nm gold spheres in water. The
threshold was found to be 110 mJ cm−2 for the fluence that provides 0.5 probability of PNB
generation. For the NP clusters the PNB threshold has been found to be significantly lower:
70 mJ cm−2. We have shown previously that NP clusters allow us to decrease the bubble
generation fluence of the pump laser pulse and thus to decrease the laser-induced thermal
load on the tissue. Furthermore, under decreased laser fluence the PNBs were selectively
generated only around the NP clusters while single NPs did not yield bubbles at such a
fluence level. Next, we measured optical scattering image amplitudes and lifetimes for the
PNBs that were generated around isolated single 60 nm gold spheres and their clusters under
a pump laser pulse fluence of 200 mJ cm−2 (which is well above the PNB generation
threshold fluence). Single laser pulses were applied (table 1). The lifetime of the PNB
characterizes its maximal diameter (which can be expected to be in submicrometer range for
this fluence) and can be considered as a quantitative measure of the mechanical action of the
PNB. Optical scattering image amplitudes were also averaged so as to characterize the
sensitivity of the PNB as an optical probe (table 1). Compared to gold NPs, the PNBs
amplified optical scattering by up to 20 times. Also, the NP clusters produced bigger
bubbles compared to those generated around single NPs. The parameters obtained for the
PNB generation and detection were then employed for in vitro and in vivo experiments.

A549 lung carcinoma cells were incubated for 60 min at 37 °C with the same gold NPs as
were used in the above experiments. Then individual cells were irradiated with single pump
laser pulses at various fluence levels. We measured the PNB generation threshold fluence,
the dependence of the PNB lifetime and scattering image amplitude upon the pump laser
fluence, and the viability of the cells after their exposure to the laser pulse (with 60 s delay).
For each cell we registered bright field and side scattering optical images before and after
the pump laser pulse (figure 4). The lifetime of PNBs detected in the cells under the pump
laser fluence of 200 mJ cm−2 was 50 ± 21 ns (table 1), which was longer than that for
individual NPs under the same laser fluence. The amplitudes of PNB scattering images
obtained at this fluence were close to those obtained for NP clusters in water (table 1).

Lukianova-Hleb et al. Page 4

Nanotechnology. Author manuscript; available in PMC 2010 November 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, the PNB threshold fluence as measured for the NP-treated cells (table 2) was
found to be lower than the PNB generation threshold for single NPs (110 mJ cm−2). These
results allowed us to conclude that the PNBs were generated in cells around NP clusters and
not around single NPs.

Optical scattering amplitudes of the PNBs were compared to those for gold NPs in the cells
(without exposure to pump laser pulse). According to table 1 the PNBs have significantly
amplified optical scattering of gold NPs, thus improving the sensitivity of PNB as optical
probes by more than one order of magnitude relative to NPs.

Detection of cell damage was based on the uptake of a fluorescent cell impermeant dye,
ethidium bromide, and additionally, on observation of blebbing bodies in bright field images
of the cells after the pulse (figure 4(c)). A dye-specific signal was detected within 60 s after
the treatment of cells with a single laser pulse and the accompanying PNB.

We found that the degree of cell damage was correlated to the level of the pump laser
fluence and to the PNB lifetime (table 2): cells were not damaged by pump laser pulses with
fluences below 1.0 Jcm−2 or by the corresponding PNBs with lifetimes below 110 ns. Thus
the PNB generation threshold in living cells was almost ten times lower than the cell damage
threshold fluence. Since the PNB lifetime is determined by the maximal size of the PNB and
depends linearly on the fluence of the pump laser pulse [37–39], we may assume that the
observed laser-induced damage of the cells was related to the PNB size. Small (short
lifetime) PNBs generated at low fluence did not damage the cells, while bigger (relatively
long lifetime) PNBs were associated with damage to the cell membrane. It should be noted
that such damage was quite local since the collateral cell that produced no detectible PNBs
was not damaged (figure 4(c)). The viability of the adjacent cell was also verified by the
absence of ethidium bromide fluorescence (unlike in the neighboring cell that yielded the
PNBs and later produced a damage-specific fluorescence). Laser-induced bubbles were also
observed in untreated cells. In this case the bubbles might have been generated due to
optical absorption by endogenous chromophores and follow up heating. Generation of
bubbles in untreated cells has always coincided with their damage (table 2) and such bubbles
could not be tuned as we demonstrated for PNBs.

We applied the aqueous and cell culture PNB methods to the zebrafish and determined the
optical and mechanical properties of PNBs in vivo. We injected 60 nm gold nanospheres into
the flank of one day post fertilization embryos. We irradiated the embryos with the same
single short laser pulses (532 nm, 0.5 ns, 200 mJ cm−2) on the same apparatus that we used
to generate PNBs in vitro. We irradiated several points located inside and outside the NP
injection area (figure 5(a)). We registered bright field and side scattering images of each
point prior to their exposure to the pump laser pulse. Next, we recorded the side scattering
image of the same area with a 10 ns time delay relative to the pump pulse and subtracted the
previous scattering image. The resulting differential image (figure 5(b)-I, II) clearly showed
PNBs, which also had a time response signal with a shape typical for PNBs (figure 5(d)-I,
II). PNBs were detected only within the injection area while no PNBs were detected outside
this area (figures 5 III-((b), (d))). The lifetimes of the PNBs among the sampled points
(inside injection area) varied between 20 and 700 ns at a fixed laser pulse fluence of 200 mJ
cm−2 (table 1). This range corresponds to the PNB lifetime observed for single NPs at the
low end and NP clusters at the high end; these yield much longer PNBs (table 1). Therefore,
the PNBs detected in zebrafish show the same response as we observe from cultured cells
and water suspension models and are generated by single NPs (figure 5(d)-II) and by their
clusters (figure 5(d)-I) (depending upon the actual aggregation state of the NPs after their
injection).
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Optical scattering images related to the PNBs were also detected only within the injection
area. PNB-related amplitude in the light scattering images were well above the tissue-
generated background scattering (figure 5(c)-III, table 1), while the scattering from the
corresponding NPs (without their exposure to the pump laser pulse) was weaker or
comparable to the tissue scattering and did not exceed the background scattering (figure
5(c), table 1). Therefore, PNBs as optical probes were much brighter than NPs, and were
detectable in living tissue under conditions when the NPs could not been detected due to the
strong background scattering.

Data from each model are presented in table 1 to compare the mechanical (through the PNB
lifetimes) and optical (through the scattering image amplitudes) properties of PNB generated
in vivo, in cultured cells and in water suspension of gold NPs. In all three groups we have
used identical NPs and optical excitation and detection conditions and schemes. This
justifies the direct comparison of the data obtained for totally different samples. Analysis of
the PNB lifetimes indicated that in vivo and in vitro generated PNBs are likely to be
generated by NP clusters that may form in cells and after the injection in zebrafish. The level
of optical scattering amplitudes for the in vivo and in vitro generated PNBs were close to
each other and their level also corresponded to NP clusters rather than to single NPs (figure
5(c)). Therefore, we may suggest that the signals observed in NP-treated zebrafish were
associated with the generation of plasmonic nanobubbles around clusters of gold NPs and
were not accompanied by thermal effects such as hyperthermia. The mechanism of NP
clusterization in living cells has been studied by us earlier for in vitro cell models [43,44]
but requires additional studies for the in vivo model. This is the subject of future work that
will employ the optical transparency of zebrafish to image and monitor the NPs and their
local and systemic effects.

No large scale tissue disruption or alteration has been detected in bright field images of the
zebrafish after generating the PNBs. The viability of each individual specimen was
monitored until 9 dpf and is summarized in table 3. We used several control samples so to
exclude the possible influence of the preparation steps on the viability. Each group in table 2
was counted from 2 to 9 identical zebrafish. With one exception for a NP injection control
all other experimental stages (including laser treatment and the generation of PNBs) did not
cause any lethality. Therefore, generation and detection of plasmonic nanobubbles by itself
is not lethal. This observation provides us with wide opportunities for using zebrafish as an
in vivo platform for evaluating diagnostic and therapeutic methods based on plasmonic
interactions.

Most NP studies in vivo are related to nanotoxicology and rely upon the analysis of the bio-
distribution of gold NPs in animals. Plasmonic NPs and mediated effects have been
extensively studied in vivo with standard animal models (usually mouse and rat). Several
methods employed included inductively coupled plasma-mass spectrometry (measures the
mass of gold in a tissue sample [2–4]), electron microscopy (directly shows the location of
individual NPs or their clusters in tissue [2]), the methods of histopathology [6] and of
coherent anti-Stoke Raman scattering microscopy [9] (allow optical detection of gold NPs in
tissues as well as the tissue response to exposure to NPs). All these methods require the
extraction of the tissue samples from an animal and a long preparation procedure. Based on
the results obtained for zebrafish (see above and also [15–17]) we may suggest that in some
cases the bio-distribution of gold NPs in zebrafish can be analyzed with PNB methods in a
non-invasive and real time manner.

Several methods of optical and opto-acoustic sensing and imaging have been evaluated in
vivo with the purpose of the development of diagnostic applications. Two-photon
luminescence provided imaging of nanoparticles with near-infrared plasmon resonances, in
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particular, single gold nanorods were imaged in vivo using this technique [1]. The reported
signal-to-noise (background) ratio was about 3 while our results have indicated a signal-to-
background ratio of PNB imaging about 9 for single NPs and more than 10 for NP clusters
(table 1). Therefore, PNB imaging may provide better sensitivity in vivo comparing to the
two-photon methods. Furthermore, PNB imaging can be achieved with any type of the NPs
and does not require a specific wavelength (as for the two-photon method). Another method
uses surface-enhanced Raman scattering (SERS) [2] and detects specific molecular
signatures in vivo with near-infrared excitation from subcutaneous and deep (1 cm) tissues.
This method depends upon acquisition of spectral data with high precision and sensitivity,
which requires a relatively long (>1 s) integration time, while PNB sensing is much faster
(10 ns) and allows more flexibility in technical realization. Diffuse optical spectroscopy [8]
has been applied for the detection of gold nanoshells with the signal-to-background ratio
being approximately 2 (based on the amplitudes of reflectance signals before and after NP
injection) and with a subsecond collection time. Opto-acoustic imaging methods have also
reported a centimeter range but cannot detect individual NPs or individual cells and
generally have lower sensitivity and specificity compared to the above optical methods.

All optical methods depend upon optical transparency of the object and, therefore, are
limited by the depth of penetration of optical radiation into tissues, with the maximum
reported range of 1 cm, because the tissues in employed animal models were not transparent.
Zebrafish eliminate this limitation due to their optical transparency and allow real time
access to individual cells. Furthermore, our results have shown that the delivery and
collection of optical radiation to/from zebrafish is much simpler compared to the schemes
employed in the cited studies with mice and rats. With the exception of two-photon
luminescence [1] the optical methods considered above cannot detect single NPs, whereas
PNB imaging of zebrafish can detect single NPs and discriminate between single NPs and
clusters (table 1). The speed of NP detection and imaging is an important parameter since
the plasmonic interactions occur at a cellular and molecular level. Single pulse PNB imaging
requires 10 ns to obtain the image, which is much faster than any reported method. Adding
the high sensitivity and non-invasive nature of small PNBs this method may provide real
time sensing and imaging of single NPs or their clusters, and without damage to the host
animal. Therefore, we may conclude that using zebrafish may improve the accuracy and
efficacy of in vivo evaluation of the NP-based diagnostic methods.

One potential limitation to this technology is the generation of bubbles around endogenous
biomolecules. To examine bubble generation in zebrafish embryos that do not contain NPs,
we tested the ability of two different tissues to generate photothermal bubbles at fluences far
above those required for PNB generation in embryos containing gold NPs. A single pump
laser pulse was been directed into the tail muscle and the axial blood vessels (figures 6(a)
and (e)). Application of the pulse at the same fluence of 200 mJ cm−2 returned no signal
(table 1) or any detectible alteration in the bright field image of the irradiated area. The
increase of the fluence up to 500 mJ cm−2 also resulted in no bubbles (figures 6(b) and (c))
or optically detectible damage to the tissues (figure 6(d)). However, the latter fluence level
has caused transient heating of the blood vessels, as was observed though the heating-
specific shape of the time response (not shown). Bubbles were detected after increasing the
pump laser fluence to 740 mJ cm−2 (figures 6(f) and (g)). These bubbles were characterized
by a relatively long lifetime (above 500 ns) and were also accompanied by oscillations and
environmental heating of the irradiated zone (compare figure 5(c)-I, II and figure 6(g)). The
observed heating and bubbles were naturally caused by the optical absorption of pump laser
pulse by the hemoglobin in red blood cells, since the exposure of other types of tissue did
not result in any detectible signals at all. The mechanism of the hemoglobin-generated
bubbles is different from that for plasmonic nanobubbles: the size of the red blood cell is
almost 1000 times larger and the heat is generated as a result of non-radiational relaxation of
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hemoglobin molecules and not through the interaction of free electrons with phonons, as in a
case of plasmonic NP. Such relatively large photothermal bubbles also disrupted collateral
tissues (figure 6(h)). Thus, endogenous bubbles were generated only under strong
illumination and these bubbles had different properties from the PNBs.

Detailed analysis of the PNB time responses obtained for aqueous samples, cultured cells
and zebrafish, showed that after the PNB collapse no residual heating of the environment
occurs because the signal level after the PNB collapse was equal to the baseline (figures
3(a), 4(d), 5(d)-I,II). This physical effect is associated with the thermal insulation properties
of PNB and has been studied in detail by us previously [29, 32]. This property is opposite to
the NP-induced hyperthermia that is used more widely. NP-induced hyperthermia is usually
achieved with a long optical excitation of several minutes, not a single pulse as in our
method. More NPs are required so to provide the heating of a bulk volume that is much
larger than that of the single NP. We have not detected any thermal impact from a single
laser pulse so we may conclude that the PNB mechanism of cell damage is related to the
mechanical and highly localized action of the bubble, whose rapid expansion above a critical
diameter (estimated as approximately 2 μm) disrupts cellular components such as
cytoskeleton and membrane. This mechanism is in line with the fast (less than a minute)
observed disruption of the membrane and with the rapid (2–3 min) appearance of blebbing
bodies in the cells (figure 4(c)). Unlike the thermal field around NPs (which is responsible
for thermal damage induced with continuous lasers) or a NP-induced pressure wave (which
is responsible for mechanical damage induced with pulsed lasers), the single PNB-induced
damage was found to be cell-specific because we have never observed damage to the
collateral cells if those cells have generated no bubbles. Therefore, among all optical
processes, the NP-generated nanobubbles provide the most localized and controllable
therapeutic action of a mechanical nature and at the same time act as very sensitive optical
probes.

Therapeutic applications of plasmonic NPs in vivo mainly employ the drug delivery and
thermal effects of NP optical activation. Both applications rely on the selectivity of NP
targeting and on precise control of the optical energy that is delivered to the NPs. The direct
therapeutic action of plasmonic NPs has been reported through several mechanisms. The
thermal effect of plasmon resonance is the most recognized one and has been evaluated in
vivo [5,7]. Two other thermal mechanisms do not employ plasmon resonance but use gold
NPs for hyperthermia treatment with radio frequency [6] and x-ray [45] excitation of
thermal effects around gold NPs. These methods were realized in non-transparent animals
(rats and mice), which compromised the range and control of the therapeutic effect.
Furthermore, these methods require a significant amount of NPs and long excitation times
(up to several minutes), and as a result cannot provide cell level selectivity, because the
effects of thermal diffusion and the many NPs result in millimeter sized heated areas. The
use of transparent zebrafish will improve the control of NP bio-distribution and of their
optical activation in the PNB mode with cell level selectivity of the therapeutic effect.

Other agents such as gas filled, cavitation and vapor bubbles [37,39,46–57] (also including
gas filled engineered micro-particles) provide diagnosis through acoustic detection, and
therapy through the heat and shock waves that result from bubble collapse, such as the HIFU
(high intensity focused ultrasound) method. Despite clinical trials, such bubbles do not
provide either tunability or cell level selectivity. Their generation, through optical and
ultrasound mechanisms, requires a prolonged treatment time (up to 6 h as compared to
nanoseconds for PNB), is significantly toxic (burns, pain and other adverse effects have
been reported), and depends upon additional ultrasound or magnetic resonance image
guidance during the procedure. The selectivity of such bubbles is in the millimeter range and
is not appropriate for the cell level. The optical generation of thermal vapor bubbles in tissue
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has been employed by laser surgery at the macro- and micro-scale level for various
biomedical tasks [58–63] and uses the ablative effects of laser radiation. However, laser
ablation acts thermally and can not be localized to specific cells. The only exception relates
to femtosecond laser intracellular surgery [64], which requires precise pointing and focusing
of the laser beam into a specific area of the cell, and thus excludes clinical applications. The
use of NPs as the PNB source does not require precise focusing on and pointing of the laser
at the NP, yet provides the disease-specific localization of the PNB effect. The physical
properties of PNBs are significantly different from those of the macro- and micro-bubbles
described above for a number of vital reasons [29,32–35,43,65]. PNB is precisely tunable
through plasmon excitation of gold NPs. Cell level mechanical and optical tunable effects
have not been demonstrated with ultrasound-generated or any other cavitation and thermal
bubbles, because such technologies cannot provide cell selectivity and localized impact. The
improved bio-safety of PNBs is due to the confinement of NP-generated heat, with the
temperature outside a PNB being close to the ambient level. In contrast, the generation of
macro- and micro-bubbles is associated with thermal impact [66,67].

It is important to point out that PNBs, although they use the properties of both gold NPs and
of the above discussed bubbles at nanoscale, are neither. PNBs are dynamically tunable,
multi-functional, localized and transient (on-demand) agents, and as such represent an
entirely new technology, dramatically different from any existing cellular agents. The
tunability of PNBs cannot be realized in any probes whose properties are pre-determined
during fabrication and cannot be changed (tuned) after they have been delivered to the target
cells. To summarize, the principal benefits of PNBs compared to the aforementioned NPs
and bubbles are: (1) the dynamic tuning of their function so as to support several processes
with one agent: diagnosis, delivery, therapy and optical guidance of the delivery and
therapy; (2) their single cell level of selectivity and specificity for diagnosis and treatment;
(3) their extreme safety, since they are transient on-demand phenomena and use safe gold
nanoparticles with excellent targeting properties, and do not exist until activated with an
optical pulse; (4) they can be applied to treat any pathological conditions at the molecular,
cellular and tissue levels with a real time adjustment of their impact and function to suit each
specific situation.

Based on these results we can assume at least three modes of PNB application in vivo (figure
7):

1. non-invasive diagnosis: a single PNB with a lifetime below 110 ns can be detected,
does not damage individual cells or tissues, and does not influence animal viability;

2. local (cell level) therapy: a single PNB with lifetimes 110–700 ns damages
individual cells (where it is generated), its optical scattering signal is damage-
specific although such a PNB does not disrupt tissues and does not influence
animal viability;

3. tissue surgery: single or multiple PNBs with lifetimes above 700 ns disrupt the
tissue and may not be safe for an animal;

4. the above specific applications can be united in one theranostic procedure: using
the unique tunability feature of PNBs we can support the diagnosis, therapeutic
action and the guidance of the therapeutic action in one short (about 1 μs)
procedure.

The dynamic tunability of PNB is realized through real time adjustment of the energy
(fluence) of the laser pulse and allows tuning of the mechanical impact and brightness of the
PNB. This feature can not be supported by none of existing diagnostic and therapeutic
agents.
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Our recent studies of PNB have demonstrated several potential clinical applications. We
were able to monitor activity of the electron transport chain in individual cells [68], PNBs
successfully purified bone marrow samples by selectively killing leukemia cells [31,44] and
treated a subcutaneous tumor in an animal model [30]. PNB potential for drug delivery and
injection has been explored in experiments with liposomes [69]. Tissue level microsurgery
has been demonstrated by recanalizing the plaque in an occluded vessel [70].

4. Conclusions
Our experiments have proved that the optical and physiological properties of zebrafish
provide good conditions for precise excitation and detection of plasmonic effects in vivo
around gold nanoparticles with nanoscale sensitivity. The systemic response of an intact
organism may be very different from that observed in isolated cells. The zebrafish embryo
allows testing of the response of an intact organism to complex plasmonic phenomena that
involve nanoparticles, light, heat and mechanical impacts without modification of the in
vitro methods. To compare the results observed in the zebrafish with our previous results,
we generated PNBs around gold NPs in three systems: in aqueous solution, within tissue
culture cells and within zebrafish embryos, using the same conditions for excitation and
compared the PNBs. We observed that PNBs can be generated with the same stimulation
and identical responses in all three models. The reported work has combined the unique
properties of zebrafish, such as optical transparency, compatibility with gold nanoparticles
and ability to deliver and collect optical radiation. To the best of our knowledge this
combination has resulted in the first non-invasive application of localized plasmonic
processes in zebrafish. Application of gold nanoparticles, laser radiation and the generation
of plasmonic nanobubbles (including those that caused the damage at cell level) did not
compromise the short term viability of zebrafish. The diagnostic mechanism of plasmonic
nanobubbles is based on amplification of optical scattering and provides high sensitivity for
the non-invasive and localized detection of gold nanoparticles in vivo. The therapeutic
mechanism of plasmonic nanobubbles is based on their mechanical, nonthermal action that
can be localized to individual cells and causes their damage through the immediate
disruption of the target cells, while such bubbles do not damage a host (zebrafish) due to
their transient and localized nature. Optical guidance of the therapeutic effect is supported
by the optical scattering signal of the PNB and can be done in a real time. Finally, using
dynamic tunability of the PNB we may combine the three above stages of the diagnosis,
therapy and guidance of the therapy in one rapid theranostic procedure. The local nature of
the PNB and their cluster-threshold mechanism of generation will provide single cell
selectivity and specificity of their applications.
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Figure 1.
The stages of transient PNB formation around gold NPs targeted to the cell (a). The pump
laser pulse nucleates the PNB (b), which expands (c), thus creating mechanical impact, and
then collapses (d) back to NPs (e); optical scattering of the probe laser (purple) by the PNB
is amplified (c) and depends upon the PNB diameter (d), which determines the biological
effect of the PNB.
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Figure 2.
Experimental setup: single gold NPs in water or individual cells in the sample chamber were
mounted on the stage of an inverted optical microscope; PNB generation was provided by
focused single pulses (532 nm, 0.5 ns); a pulsed probe laser (690 nm, 0.5 ns) provided time-
resolved optical scattering imaging of PNBs and a continuous probe laser (633 nm, 1 mW)
provided the monitoring of the integral optical scattering of PNBs though their time-
responses. An additional pulsed laser (532 nm, 10 ns, 1 mJ cm−2) was used for excitation of
fluorescence in the cells.
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Figure 3.
Quantitative optical side scattering detection of plasmonic nanobubbles: (a) time response
obtained with a continuous probe laser (633 nm), where scattering is measured with a
photodetector as the electrical output (signal amplitude) for the PNB generated by a single
60 nm gold sphere (solid line) and by a cluster of the same spheres (dashed line) under
identical fluence; (b) time-resolved scattering image of a single sphere-generated PNB
obtained with a delay of 10 ns (relative to the pump laser pulse) pulsed probe laser (690 nm,
0.5 ns), in which the pixel amplitude is measured in counts.
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Figure 4.
In vitro generation and detection of PNB in gold NP-treated A 549 cells: (a) bright field
microscopy image of two cells prior to their exposure to a single pump laser pulse (532 nm,
0.5 ns, 200 mJ cm−2); (b) time-resolved scattering image of the intracellular PNBs obtained
with the 10 ns delayed (relative to the pump laser pulse) pulsed probe laser (690 nm, 0.5 ns),
white lines show the contours of the cells as in (a); (c) bright field microscopy image of two
cells obtained 120 s after their exposure to a single pump laser pulse and the generation of
the PNBs; (d) time response obtained during the exposure to a single pump laser pulse
shows the bubble expansion and collapse, the baseline after the bubble collapse shows the
noise of the probe laser.
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Figure 5.
(a) Bright field microscopy image of a zebrafish embryo shows the gold NP injection area
(white circle) and several numbered irradiation points where single pump laser pulses were
applied; (b) time-resolved scattering differential images of three numbered points obtained
with the 10 ns delayed (relative to the pump laser pulse) pulsed probe laser (690 nm, 0.5 ns),
the white circle shows the aperture of the pump laser beam; (c) profiles of the pixel image
amplitudes for the corresponding images in (b) (1 μm is 14 pixels); (d) corresponding time
response obtained during the exposure to the pump laser pulse shows the bubble expansion
and collapse, the signal after the bubble collapse is identical to the baseline, note the
different time (X) and output signal (Y) scales.
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Figure 6.
(a) and (e) Bright field microscopy images of a zebrafish embryo show muscle and blood
vessel areas, white circles show the areas of application of the pump laser pulses; (b) and (f)
time-resolved scattering differential images of the same area obtained with the 10 ns delayed
(relative to the pump laser pulse) pulsed probe laser (690 nm, 0.5 ns), white circle shows the
aperture of the pump laser beam at the fluence 500 mJ cm−2 (b) and 740 mJ cm−2 (f); (c)
and (g) corresponding time responses obtained during the exposure to the pump laser pulses
show no bubble (c) and the bubble expansion, collapse, oscillations and residual heating
after the bubble collapse (g); (d) and (h) bright field microscopy images of the same areas as
in (a) and (e) obtained after their exposure to the pump laser pulses show no damage at 500
mJ cm−2 (d) and tissue disruption at 740 mJ cm−2, white circles show the point of
application of the pump laser.
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Figure 7.
Mechanisms and medical applications of PNBs for diagnosis, guided therapy and
theranostics.
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Table 1

PNB parameters for zebrafish, cells and gold NPs at a fluence level of the pump pulse 200 mJ cm–2 (532 nm,
0.5 ns, single pulse).

Optical scattering amplitude, counts

PNB parameter PNB lifetime (ns) Bubble Gold NP

NP in water

Single NPs 23 ± 13 2 500 ± 300 277 ± 49

NP clusters 125 ± 30 11 000 ± 500 600 ± 50

Cells

NP-treated 50 ± 21 10 000 ± 455 500 ± 100

Intact 0 — —

Zebrafish

Point I (NP-treated, figure 5-II) 20 ± 5 9 000 ± 400 2000 ± 500

Point II (NP-treated, figure 5-I) 200 ± 25 12 000 ± 655 2000 ± 500

Point III (intact, figure 5-III) 0 — —

Intact blood vessel 0 — —
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Table 2

Pump laser pulse fluence thresholds for bubble generation and cell damage.

Experimental parameters Process and cell state NP-treated cells Untreated cells

Pump laser (532 nm, 0.5 ns) PNB generation 0.09 ± 0.03 2.72 ± 1.8

threshold fluence (J cm–2) Cell damage 1.0 ± 0.75 2.72 ± 1.8
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