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Abstract
This article is focused on the optical generation and detection of photothermal vapor bubbles around
plasmonic nanoparticles. We report physical properties of such plasmonic nanobubbles and their
biomedical applications as cellular probes. Our experimental studies of gold nanoparticle-generated
photothermal bubbles demonstrated the selectivity of photothermal bubble generation, amplification
of optical scattering and thermal insulation effect, all realized at the nanoscale. The generation and
imaging of photothermal bubbles in living cells (leukemia and carcinoma culture and primary
cancerous cells), and tissues (atherosclerotic plaque and solid tumor in animal) demonstrated a
noninvasive highly sensitive imaging of target cells by small photothermal bubbles and a selective
mechanical, nonthermal damage to the individual target cells by bigger photothermal bubbles due to
a rapid disruption of cellular membranes. The analysis of the plasmonic nanobubbles suggests them
as theranostic probes, which can be tuned and optically guided at cell level from diagnosis to delivery
and therapy during one fast process.
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Biomedical applications of plasmonic nanoparticles (NPs) have demonstrated their
biocompatibility [1,2], excellent optical scattering [3–7] and photothermal (PT) [8–12]
properties and high photo- and thermal stability in comparison to any molecular optical
absorbers. The combination of PT-sensing techniques [13] with plasmonic properties of the
NPs has shown very promising results with a detection limit of several nanometers [14].
However, the sensitivity of PT sensing requires an increase in the laser-induced temperature,
which may cause thermal damage to cells and tissues. Laser-induced PT phenomena include
the initial thermalization of NPs that, in turn, rapidly causes several environmental thermal
processes: the heating of the surrounding media [15–17] (due to thermal diffusion), its
vaporization (if the temperature exceeds the vaporization threshold) and the generation of
acoustic and shock waves [18]. Pulses that are too long (or continuous optical activation) cause
a large spatial spread of the thermal field (many orders of magnitude larger than NP size) due
to the thermal diffusion. This limits the selectivity and safety of NP-based PT diagnostics and
therapy. Ultra-short laser pulses concentrate the thermal field within the NP but generate
pressure (and shock) waves that also spread over a large volume and may cause uncontrollable
damage [19]. The sensitivity, safety and specificity of NP methods are limited at cell and
molecular levels by the strong scattering background of a highly heterogeneous bio-
environment and also by the incidental (nonspecific) accumulation of NPs in normal cells and
tissues. Therefore, despite the apparent advantages of nanomaterials, their biomedical
application does not yet bring a significant gain on the established methods.
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The laser-induced evaporation and cavitation around NPs still remain the most under-
recognized phenomena among the PT effects of the optical excitation of plasmon NPs. The
optical generation and detection of tissue-generated vapor bubbles was studied at macro- and
micro-scales for different biomedical applications [18,20–23]. However, studies of the bubble
generation around laser-heated NPs [12,24,25] and at the nanoscale [26] are rather limited. The
properties of NP-generated nanobubbles are quite different from their macroanalogs. For
example, for macrobubbles the generation threshold laser fluence increases with an increase
of the size of the optical absorber (bubble source) [27], while for the NP-generated bubbles
this rule is the opposite: the bigger the size of plasmonic NPs the lower the laser fluence
threshold for the bubble generation [28,29]. The bubbles are also used as ultrasound-induced
therapeutics and for imaging extracellular agents [30–32]. However, acoustic methods have a
low selectivity and poor temporal and spatial resolution of the bubble generation (well above
a cell damage level), which preclude intracellular applications. High-intensity focused
ultrasound techniques were developed for therapy but besides a low selectivity they require a
prolonged treatment time, are associated with significant adverse effects and need additional
guidance during the procedure. In addition, artificially engineered microparticles with a gas
inside are employed with the ultrasound for hyperthermia and imaging. Those exogenous
bubbles are too big for the intracellular targeting in comparison with gold NPs and do not allow
the generation of local thermomechanical effects. We may conclude that the optical and
acoustic activation of diagnostic and therapeutic processes lacks selectivity and therefore still
has limited efficacy and safety.

There are several general issues that influence the development of diagnostic and therapeutic
methods and agents:

• Separate diagnostics, therapy and verification (guidance) of the therapy extends the
time of treatment and increases the load on a target or organism. The possibility of
using one method (theranostics), device and agent for all of these steps would
ultimately make the treatment shorter, safer and more efficient;

• Disease (especially in the early stage) can be represented by a few specific cells that
are often mixed with normal tissue, while the therapeutic impact affects not only
pathological cells but also normal ones. This lack of selectivity also decreases the
efficacy and safety of the treatment;

• The toxicity of some probes that have yielded a high sensitivity and efficacy at the
research stage often prevents their transfer to the clinic.

We hypothesized that a combination of the properties of plasmonic NPs with those of the PT
vapor bubbles may be a key solution to the above problems through the development of a
tunable nanoscale imaging, diagnostic and therapeutic agent/process (Figure 1). NP-generated
vapor bubbles may concentrate the laser-induced thermal field and mechanical (pressure)
impact around NPs. Maximal size and lifetime of the bubble can be tuned in the range of 50–
1000 nm and 5–500 ns, respectively, with the parameters of laser pulse. In addition, bubbles
possess excellent optical scattering properties [33–35], which may help with their detection at
the nanoscale and improve the NP-based optical sensing and imaging through the amplification
of the scattered light by orders of magnitude relative to that of NPs. Despite the basically
disruptive nature of bubbles it has been experimentally determined that optically or acoustically
generated bubbles of small size may not damage cells [12,36–38]. Target-specific generation
of the bubbles can be realized through the delivery of small functionalized NPs (which can
enter the cell while big NPs cannot) and intracellular formation of their clusters. The NP cluster,
selectively formed around target molecules, will act as the bubble source (Figure 1), while no
bubble would be generated around single nonspecifically coupled NPs at the specific level of
a laser fluence. Thus we will selectively generate the bubble as an optical probe (acting through
optical scattering) and/or a therapeutic agent (acting through a mechanical impact) in the right
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place (a target-linked NP cluster) and at the right time (a single short optical pulse). To
distinguish the optical and thermal origin of such bubbles we define them as the PT bubbles
(PTBs). It also should be emphasized that the generation and detection of PTBs do not require
chemical agents, other than relatively safe gold NPs. The safe and universal nature of the gold
NP-generated PTBs may shorten the transfer of PTB-based technologies from the research
stage to the clinic.

This work is a focused review of our previous experimental studies of the mechanisms of PTB
generation and detection around gold NPs, of PTB interactions with living cells, and biomedical
properties of NP-generated PTBs. The main purpose of this review was to formulate a new
concept of PTB theranostics at a cellular level. Theranostics (combining diagnosis and therapy
in one process) is an emerging approach in medicine [39,40]. A distinct goal of such an
approach is to selectively target diseased tissues or cells to increase the diagnostic and
therapeutic accuracy. Theranostic methods have employed various NPs, although only as
carriers of diagnostic agents and drugs [41–43]. However, our previous works demonstrate
that plasmonic NPs may act as active theranostics agents even without any chemical loads by
use of the PTB mechanism. The optical monitoring of disruptive PTBs can also evaluate their
therapeutic action. Thus, NP-generated PTBs may combine diagnostics, therapy and therapy
guidance into one fast process. Theranostics has not been previously considered in studies of
PT and scattering effects of plasmonic NPs, and for this reason we did not review all published
biomedical applications of NP-generated PT effects but have focused on the experimentally
established properties of the NP-generated PTBs. The mechanisms of NP-PTB optical
generation and detection were described in the next section and the biomedical properties of
intracellular and tissue-generated NP-PTBs are described in another section.

Plasmonic NP-generated PTBs
Generation of PTBs

Evaporation of the medium around a NP involves several processes. Laser pulse-induced
thermalization of the NP occurs in approximately 1 ps [15,44–46], and the temperature of the
NP may reach, or even exceed, its melting point (1337 K for gold). Next, thermal diffusion
from the NP to the adjusting medium delivers thermal energy required for its evaporation.
Formation of a thin vapor layer around the NP creates the PTB nucleus. The PTB develops
from the nucleus providing that sufficient initial potential energy was deposited so as to
overcome opposing forces of the surface tension and viscosity. After the bubble emerges, it
undergoes the expansion to maximal diameter and collapse. Bubble lifetime may be considered
as linearly proportional to its maximal diameter [20,22,47–50]. The minimal fluence of single
laser pulse that provides bubble generation is defined as the PTB generation threshold fluence.
While the mechanism of the bubble evolution is well studied, the transition from the NP optical
excitation to the PTB is less understood. We have estimated the spatial and temporal conditions
of the deposition of thermal energy into the nanovolume around the NP. If the localization of
PT impact is required, there should be no pressure and shock wave, and also the thermal-
diffusion losses should be minimized. The conditions for the generation of pressure waves and
the thermal diffusion can be expressed through the diameter Dnp of the NP as the acoustic:

and thermal:
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relaxation times, respectively, where cg is the speed of sound in the NP and a is the thermal
conductivity of surrounding media (Figure 2).

When the optical pulse duration τl > τa no pressure or shock wave would emerge. When τl <
τt the losses due to thermal diffusion are negligible and all released heat is concentrated in
small volume around the heat source. Thus, we may classify the NP-related PT processes in
terms of their scale and nature as microthermal mode, nanothermal mode, and nanothermal
pressure wave mode (Figure 2). In many cases the NPs may aggregate into a cluster [51,52],
which acts as a solid thermal source of a much bigger diameter than a single NP. An advantage
of the cluster over the single NP of the same diameter is the much bigger surface of the NP–
environment border in the case of the cluster. This significantly enhances heat transfer from
the NP to the environment and thus stimulates formation of one joint bubble nucleus in the
cluster. Such a nucleus may accumulate more energy than a single NP-formed nucleus and,
therefore, NP clusters allow generation of the bubble at a lower fluence of pump laser pulse.
The grey area in Figure 2 shows the optimal conditions of local heating of the media around
the NP: minimal heat losses and no pressure waves. In this case the released energies are
efficiently used for local heating and evaporation.

Optical detection of PTBs around gold NPs
Bubble generation was studied in water suspensions of NPs by exposing the sample to a single
0.5 ns laser pulse at a wavelength close to that of plasmon resonance for the NPs. We have
exposed the sample with 30-nm gold nano-spheres (NSPs; water suspension at 1011/ml) to
single 0.5 ns laser pulses at gradually increasing fluence levels. All samples were studied in
closed cuvettes, having diameter 9 mm and height 10 µm. Optical scattering images were
obtained prior to pump pulse (Figure 3A & C) and at a specific time delay (9 ns) after the pump
pulse (Figure 3B & D). Responses were obtained simultaneously with the pump pulse (Figure
4). Without the pump pulse, the scattering from single NPs was too weak to form detectable
images of single NPs and did not exceed the scattering from the bulk media (background). The
exposure to single pump laser pulses at a fluence starting from 0.5–0.6 J/cm2 resulted in the
appearance of bright diffraction-limited spots in the time-resolved images and symmetrical
dip-shaped responses in the durations starting from 15 ns (Figure 4A).

These signals characterize optical scattering by the PTB: the image shows its location (the NP
concentration was low enough so as to prevent any ensemble effects) and the response shows
the bubble dynamics – expansion and collapse. These signals also deliver two quantitative
measures of the PTB: the image pixel amplitude characterizes the current PTB diameter and
the response duration characterizes the PTB lifetime (which, in turn, characterizes the maximal
diameter of the PTB, see Table 1). Both parameters depend upon initial energy that was
transferred into the PTB from the plasmonic NP and they generally directly express the two
most important biomedical properties of the PTB: brightness (diagnostic property) and
mechanical impact (therapeutic property). Additional details can be found in [29,53–56].

The effect of NP clustering
Clustering of 30-nm NSPs (prepared by adding acetone into water suspension of the NPs)
significantly increased the scattering amplitudes compared with single NPs (Figure 3C & Table
1). The exposure of NP clusters to a pump laser pulse caused bright spots in scattering images
(Figure 3D) that spatially coincided with NP clusters (in the optical scattering image). Pixel
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amplitudes of the images and lifetimes of cluster-generated PTBs increased and the threshold
fluence of PTB generation significantly decreased compared with those for single NPs (Table
1). The PTB generation thresholds were determined by measuring the probabilities of the PTB
generation in image and response modes as a function of laser fluence. The threshold fluence
corresponds to the probability value of 0.5.

The probability of PTB generation in image mode was found to be higher than that measured
in response mode. Thus, the image mode yielded the PTB generation threshold as 0.088 J/
cm2 while the response mode yielded the PTB generation threshold as 0.3 J/cm2 for the same
sample (clusters of 30-nm NSPs). Therefore, the sensitivity of PTB detection in image mode
is higher than in response mode. All PTBs were observed during the first pump pulse. In the
case of single NPs, we observed no PTB generation during repeated exposures of the same
area of sample. This could have been caused by continuous NP motion in the water or by their
photodamage. In the case of optically detectible and stationary NP clusters, the PTBs were
reproducible at the level of pump laser fluence close to the PTB generation threshold. However,
at increased pump fluence the PTBs deteriorated within four–eight pulses applied with 1–3 s
intervals. Based on the above results, we may conclude that the generation of PTBs around
NPs has a threshold nature, that PTBs may be optically detected and that the clustering of the
NPs significantly improves the conditions of PTB generation by decreasing its threshold
fluence and increasing its lifetime (and hence the maximal size of the PTB). According to the
images obtained, the PTBs generated at fluencies close to and above the threshold were of
submicrometer size because they produced diffraction-limited images.

We used the response mode to study PTB lifetime (which also characterizes maximal PTB
size) as a function of laser fluence and of NP aggregation state (Figure 5A). Both single NPs
and their clusters generated PTBs starting from a specific threshold of laser fluence (Figure
5A & Table 1). This fluence level was almost one order of magnitude lower for the NP clusters
relative to that for single NPs. This also means that clusters generate PTBs at much lower initial
laser-induced temperatures. Lifetimes of the PTBs at threshold fluences were in the range of
15 to 25 ns and did not differ much between the clusters and single NPs. This means that
different heat nanosources produce similar minimal bubbles at threshold conditions. The
shortest detected lifetime of a PTB regardless of the NP type, size and state was approximately
15 ns. The difference between single NPs and their clusters became apparent with an increase
of laser fluence. The slope of the lifetime–fluence graph was much higher for clusters than for
single NPs and, furthermore, the clusters allowed generation of much bigger PTBs (with
lifetimes of several hundred ns) at moderate levels of laser fluence (within 1 J/cm2), while
almost no PTBs were detected around single NPs at the same fluence level. Therefore, the
clustering of NPs also improves selectivity of PTB generation: at a specific level of laser fluence
PTBs emerge only around NP clusters and will not emerge around single NPs. We have found
that PTB lifetime almost linearly increased with the increase of pump laser fluence (both for
NPs and their clusters) and thus the maximal diameter of PTBs can be controlled though the
level of laser pulse fluence (Figure 5A). Additional details can be found in [29,51,55–58].

Laser-induced thermal field around NPs & PTBs
Careful examination of the responses obtained for NP suspension at laser fluence levels below
the PTB generation threshold has yielded a weak thermal signal (Figure 4C) that had a relatively
sharp front (10–20 ns) and a long, gradual tail of micro-second length (shown in the insert of
Figure 4C with full timescale). This signal indicates that the residual thermal field has emerged
around the NP and describes the dynamics (heating and cooling) of the bulk temperature that
was induced due to thermal diffusion from laser-heated NPs. As can be seen from Figure 4C,
bulk temperature rise shifts the response amplitude from the baseline, thus indicating the
difference in the temperatures before and after exposure to the pump laser pulse. Comparison
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of these ‘thermal’ responses (Figure 4C) with the PTB responses (Figure 4A & B) has revealed
a rather important feature of NP-generated PTBs: after PTB collapse, the response amplitude
returned to its baseline level, which indicates that the residual bulk temperature did not differ
from the initial one (prior to pump laser pulse). In other words, in the case of a PTB there was
no residual heating of the bulk media, as has been found for nonbubble conditions (Figure 4C).
In case of PTB generation, the initial laser-induced temperature around NP was higher than
that induced with lower fluence (Figure 4C). Despite the increased initial heating of the NP,
the PTB apparently consumes almost all of the thermal energy and prevents heating of the
microenvironment. This effect partly corresponds to the results obtained with the other type
of optically absorbing NPs [59]. We have observed no other processes that may utilize PTB
energy during their generation: there was no oscillation of the bubbles and no signals that can
be attributed to pressure waves generated by NPs. For a better understanding of this result we
studied PTB generation in a homogeneously absorbing solution without plasmonic NPs. The
obtained PTB response (Figure 4D) showed the two superimposed processes: a PTB and bulk
thermal field. Homogeneously absorbing media is almost uniformly heated during absorption
of laser pulse and this caused the combination of the PTB and thermal responses. In the case
of NP suspension, the temperature field is highly nonuniform, with maximal temperature
localized around the NPs. Explanation of the discovered ‘no heating’ phenomenon requires
further study of the mechanism of NP-generated PTBs and is beyond the scope of this work.
Nevertheless, this finding shows the principal difference between NP-generated nanobubbles
and laser-induced macrobubbles. Additional details can be found in [28,60].

Influence of laser & NP parameters on the properties of PTBs
All results described above were obtained for a specific laser pulse duration, NP type, NP size
and size of sample chamber. We have also explored the influence of the above parameters on
PTB generation [55]. The laser pulse duration was increased to 10 ns, while the wavelength
and beam geometry were identical to those of the 0.5 ns pulse. Samples included gold NSPs
increased to 100 nm diameter, gold nanorods (NRs) 14 × 45 nm, clusters of silica–gold
nanoshells (NSs) with outer diameters of 60 and 170 nm and with broad extinction spectra. All
experiments were performed in response mode for a single laser pulse.

The increase of the laser pulse length by 20-fold caused a 13–24-fold increase in PTB-
generation threshold fluence in all studied NPs and their clusters (Figure 6A). Decreased
efficacy of PTB generation could result from increased thermal losses in the case of long pulse
as shown in Figure 1. It may be also possible that PTBs scatter the incident long pulse, thus
decreasing its actual fluence. As can be seen from Figure 6B, PTB lifetimes were almost equal
at threshold fluences for short and long laser pulses and thus the increase of pulse length did
not influence the maximal diameters of the PTBs. The reproducibility of the PTBs was also
the same for short pulses – the PTBs were not reproducible for single NPs and exhibited rapid
deterioration when generated around NP clusters.

Next, we compared different types of NPs and their clusters. The increase of the NP NSP
diameter from 30 to 100 nm has decreased PTB generation threshold fluence by several times.
Thus, the increase of NP size lowers the PTB generation threshold. For bubbles generated
around microabsorbers this rule is the opposite: the bigger the absorber the higher the PTB
generation threshold [27,61]. Minimal PTB generation thresholds were achieved with NP
clusters regardless of the type of NP (NSPs and two different types of NS). We have found
that the increase of cluster size (estimated with optical microscopy) has also lowered PTB
generation threshold (Figure 6): gold 60 nm NS clusters of 500–700 nm (the biggest ones) have
yielded the lowest PTB generation threshold fluence of 12 mJ/cm2 (while for unclustered 60
nm gold NSs, the PTB generation threshold was 180 mJ/cm2 [15-times higher] and for smaller
clusters [100–300 nm] of 30 nm NSPs the PTB generation threshold was found to be 200 mJ/
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cm2, or approximately 17-times higher than that for the 60 nm NS clusters). NP clusters also
exhibited good reproducibility of PTBs during repeated exposure of one cluster to several laser
pulses that were applied with 1–5 s intervals, while for the single NPs the bubbles were not
reproducible after their exposure to a single high-energy pump laser pulse. This effect may be
caused by thermal destruction or shape modification of the single NPs. Theoretically, the same
mechanisms should act also in the cluster of NPs. However, NP clusters have demonstrated
the reproducibility of PTBs after up to 20 laser pulses. There are several potential explanations
for this difference: the cluster may provide the condensation of melted NPs in the same place;
the cluster may screen some NPs from being thermally destroyed so they survive laser pulses;
and the much bigger radius of the vapor nucleus around the cluster creates a much lower surface
tension around it, thus providing PTB generation at a significantly lower temperature and hence
without severe damage to the NPs. Therefore, NP clusters may be considered as the best
solution (relative to NPs and other optical absorbers) for minimizing PTB generation fluence
and temperature thresholds.

We have measured the probability and threshold of PTB generation as functions of NP diameter
and NP concentration. The influence of NP diameter was studied at minimal concentrations
(2.6 × 108/ml) so as to ensure that PTBs are generated around a single NP. This concentration
corresponds to the average distance between the NPs being 15.7 µm. A single laser pulse was
used to obtain the probability of PTB generation at several specific levels of pulse fluences.
After the dependence probability versus fluence was acquired, the threshold level of laser
fluence that corresponds to a 0.5 probability of PTB generation was derived from the
probability curve. This experiment was performed separately for each diameter of NP. We
found that decreasing NP diameter from 250 nm to 30 nm (8.3-times) caused an increase in
the PTB generation threshold, from 0.35 to 36.9 J/cm2 (105-times) (Figure 7A). Such strong
dependence is nanoscale-specific [27]. The obtained result also means that formally a much
lower temperature (two orders of magnitude in this case) is required for the generation of PTBs
around bigger NPs. In addition, we may assume from the shape of the obtained curve that the
smaller the NP, the stronger the influence of its diameter on the PTB generation threshold. The
influence of NP concentration (which determines the average distance between each NP) was
measured for 30-nm NSPs (Figure 7B). The concentration of NPs in water varied from 2 ×
1011/ml to 2.6 × 108/ml, which corresponds to the average interparticle distance x varying from
1.7 to 15.7 µm. Zero distance corresponds to aggregated NPs that were prepared by adding
acetone into the NP suspension in a 1:1 proportion. Maximal distance corresponds to the case
where one to a few NPs occupy the whole irradiated volume. The dependence of the PTB
generation threshold upon the interparticle distance (Figure 7B) showed a maximal level of 37
J/cm2, which has a plateau for the distances above 6 µm. It also showed almost exponential
behavior at shorter distances, decreasing almost by 20-times from 37 J/cm2 to 1.8 J/cm2 with
a minimum of 0.76 J/cm2 (almost 50-times lower than that for single NPs at long distances).
In the case of NP clusters, the PTB lifetime (which characterizes its maximal diameter) was
found to be 13 ± 3 ns (at a fluence of 2.8 J/cm2) and did not depend upon interparticle distance,
except for the cluster case. PTBs around NP clusters yielded a much longer average lifetime
of 249 ± 164 ns (same laser pulse fluence), which indicated that the maximal diameter of the
PTBs around clusters of NPs was 19-times bigger than that for single NPs. In addition, the
PTBs around single NPs were not reproducible during the next laser pulses but were sometimes
reproducible around clusters of NPs.

The obtained results can be explained by the action of different mechanisms of PTB generation,
dependant on the interparticle distance. Distances above 8 µm isolate the NPs thermally so that
the PTBs are generated around single NPs and therefore the threshold does not depend upon
the interparticle distance and NP concentration. At shorter distances the enhancements of
mutually overlapping thermal fields around the NPs may decrease the PTB generation
threshold temperature of the individual NPs and hence the laser fluence threshold. Also, it
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should be understood that the PTBs that we are considering are hydrodynamic phenomena that
develop after the bubble vapor nucleus overcomes the limiting action of the surface tension.
This threshold (considered by us as the PTB generation threshold) for the NPs, with their small
radii, is significantly higher than the threshold for formation of the vapor nucleus around NPs.
The latter may be estimated as the laser fluence required to heat the NP surface above 100°C
(boiling temperature) and is in the range 0.005–0.02 J/cm2. However, overcoming the surface
tension barrier requires much higher fluence, in the range 0.012–0.5 J/cm2, as was
experimentally shown.

PT properties of gold NPs under high optical energies
Photothermal bubble generation around gold NPs implies that the initial laser-induced
temperature of the NPs can be very high and may potentially exceed the melting and even
evaporation thresholds for gold. The irreproducible nature of the NP-generated PTBs indirectly
confirms this assumption. Therefore, the plasmon interactions (which are responsible for heat
generation by the NPs) during the generation of the PTBs may be significantly influenced by
high-temperature effects in the NP: melting, shape transition and disintegration. To estimate
the high-temperature efficacy of the plasmon resonance mechanism for the generation of the
PTB we have measured and compared PTB lifetimes and threshold fluences for three types of
NP: 30 nm NSPs, 14 × 45 nm NRs and 170 nm silica–gold NSs. Two laser pulse (10 ns single
pulse) wavelengths were applied: 532 nm is close to the transverse resonance wavelength for
NRs and also an off-resonant wavelength for NS, and 750 nm is close to longitudinal (the main
plasmon band) resonance wavelength for NRs and for the plasmon resonance wavelength of
NSs (Table 2 & Figure 8).

The most unexpected result for the NPs with near-infrared plasmon resonances (NRs and NSs)
was that PTB lifetimes were much longer at 532 nm rather than at resonant wavelengths of
750 nm (Figure 8). In addition, the thresholds of PTB generation were found to be significantly
lower for the nonresonant wavelengths (Table 2). Furthermore, at certain fluence ranges (for
NSs this is 0.1–0.2 J/cm2, for NRs this is 10–20 J/cm2) PTBs were generated at 532 nm but
were not generated at 750 nm. These results are opposite to the ‘cold’ optical properties of
these NPs: nonresonant optical absorbances of NRs and NSs were lower than those at the
resonant wavelengths, which implies that these NPs should emit much less heat at 532 nm and
much more heat at 750 nm (Table 2). Therefore, we concluded that at high excitation optical
energies the specific plasmon bands of the NRs and NSs were tremendously suppressed and
their ability to generate PTBs was decreased by 16–23-times (relative to that at nonresonant
wavelength of 532 nm). From the practical point of view it turns out that the visible (532 nm)
and non-resonant excitation of NPs is more efficient at high fluences rather than ‘traditional’
excitation at the wavelengths matching the near-infrared plasmon bands. This effect requires
further investigation and can be explained by the damage of the NPs during their interaction
with the pump laser pulse.

We may conclude from the described experiments that the mechanisms and thresholds of
generation of PTBs around light-absorbing NPs significantly depend upon interparticle
distance between the NPs, and particle diameter. Maximal thresholds were found for isolated
small NPs and minimal thresholds corresponded to big and closely located NPs. Additional
details can be found in [28,29,54,55].

NP-generated PTBs versus PTBs in micro- & macro-samples
In our next experiment we compared the NP-generated PTBs with the PTBs generated in
uniformly absorbing micro- and macro-samples: red blood cells as the microabsorber and in
the solution of hemoglobin as the homogeneous absorber. The influence of the pulse length
was similar to that found earlier for gold NPs, although the increase in the PTB generation
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threshold fluence for a 10-ns pulse was smaller than that in the case of NPs: for the red blood
cells it was 8.4-times and for the homogeneous solution of hemoglobin it was only 2.9-times
(Figure 6) . The most important difference between the PTB generation around plasmonic NPs
and homogenous absorbing media has been described above as the ‘thermal insulation’ effect
for the NP-generated PTBs. We have summarized in Table 3 the differences in PTB generation
mechanisms at nano- and micro-scales.

The difference of PTB generation mechanisms can be explained through the size of the heated
volume, which is determined by the size of the heat source and by the thermal diffusion radius:

that depends upon the pump pulse duration. In homogeneous media and for a relatively short
laser pulse the size of the heat source is determined by the diameter of the pump pulse (7000
nm) because Rt is much smaller. Thus the heated volume of the homogeneous absorber is
determined only by the laser beam aperture. When NPs act as the heat sources in transparent
media the volume of the heated media is determined by that of the NPs and by the thermal
diffusion radius. Thus, the heated volume of the media around NPs:

depends mainly upon the pulse duration. For our experimental conditions the NP-heated
volume is six–eight orders of magnitude smaller than the laser-heated volume in the
homogeneous absorber. Therefore, the spatial scale of thermal processes in homogenous media
and in microabsorbers is determined by the size of the optical absorber or by the laser beam
aperture, while for nanoabsorbers the spatial scale of thermal processes is determined by the
duration of the laser pulse. In additon, for nanoabsorbers, the longer the laser pulse, the lower
the laser-induced temperature and the more optical energy is required to reach the vaporization
temperature threshold. This explains the difference in PTB-generation threshold fluences for
plasmonic NPs for laser pulses of the two different durations (10 ns and 0.5 ns). Also, our result
is in line with the concept of selective laser-induced heating of biotargets [62]. However, further
decrease of laser pulse duration down to pico- and femto-seconds will not improve PTB
generation conditions because too-long pulses would generate not only PTBs but also pressure
and shock waves (Figure 2) [22,23,34,63–69]. We did not observe pressure waves in our
experiments with 0.5 ns and 10 ns pump pulses (in [18] the shock waves were detected for a
30 ps pump pulse with a similar technique). A pulse length of 0.5 ns is long enough to avoid
significant pressure build-up in the NPs and thus no strong pressure waves should be expected.

Nonreproducible PTBs may imply melting of the NPs, which practically turns off the plasmonic
mechanism of energy conversion. This corresponds to the temperature of gold melting (1337
K). Reproducible PTBs that were detected at fluence levels close to the PTB generation
threshold may imply a minimal temperature level in the range 370–500 K (for normal pressure).
These numbers estimate the initial laser-induced temperature of the media around the NPs.
Heat transfer models for low laser-induced temperatures in the range well below the melting
threshold show that heat is transferred within 100–300 ps from the NP into the
nanoenvironment [15,46,68,69]. More precise estimation requires reliable data on actual values
(and dynamics) of optical absorption cross-sections of the NPs in high-temperature ranges,
including NP melting. Current models [69–71] use the absorption cross-section as the constant,
which is not true: it was shown by Otter in 1961 that optical absorbance of the gold significantly
deteriorates (by more than one order of magnitude) as the temperature approaches the melting
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threshold, and more recent works have demonstrated temperature dependence of the
absorbance cross-section of plasmonic NPs [44,72–76]. Recently, we have experimentally
shown that at high laser-induced temperature the behavior of plasmon resonances and PT
efficacy of gold NPs significantly differ from that at lower temperature [29].

The maximal diameter of the PTBs can be estimated through measurement of the PTB lifetime,
through available models of bubble dynamics [20,22,47–50] and through experimental data
on micrometer-sized bubbles, whose diameters were directly correlated to their lifetimes [23,
47,66,77]. Maximal diameter of the PTBs generated around 35 nm gold NPs in water was
reported to be 250 nm [24,25,70,78]. In cited works the laser-induced fragmentation of gold
NPs was also detected and this explains the poor reproducibility of the PTBs in our experiments.
Therefore, we may estimate the maximal diameter of the PTBs to be 200–400 nm (for 30 nm
gold NSPs, based on the data from [26]).

Our results show that the parameters of NP-generated PTBs depend upon many factors related
to laser pulse, NP size, shape and aggregation state, and even upon sample chamber. We may
conclude that optimal duration of the laser pulse (in the subnanosecond range) and clustering
of the NPs provide the most efficient and controllable generation of PTBs at the lowest
threshold fluence. The lifetime and size of PTBs can be varied with the level of laser fluence.
Described previously the optical, thermal and mechanical properties of PTBs may be employed
in different biomedical technologies so as to improve their sensitivity, efficacy, selectivity and
safety. Additional details can be found in [28,29,54–56,79,80].

Biomedical properties of gold NP-generated PTBs
Gold NP interaction with living cells: clustering & toxicity

We have studied the internalization mechanisms of gold NP with five techniques: fluorescence
microscopy, fluorescence flow cytometry, optical scattering, atomic force and scanning
electron microscopy (SEM). We have employed 30-nm gold NSPs because this size is big
enough to generate thermal energy and small enough to allow internalization (objects with
sizes bigger than 100 nm can hardly enter the cell cytoplasm [52,81]). Gold NPs do not emit
light, so they were tagged with phycoerythrine fluorescent dye for optical fluorescent detection.
We used a suspension of living cancer (leukemia) cells K562 as a model. We applied several
targeting approaches, such as:

• NP functionalization state: bare NPs and NPs preconjugated with cell-specific
monoclonal antibody CD33;

• Incubation temperature: 4°C to allow only antibody–receptor interaction and to
surpress physiological processes and 37°C to allow physiological processes;

• Incubation time: from 15 to 120 min so as to monitor the accumulation of NPs in the
cells and NP toxicity.

First, we applied targeting that was based on antibody–receptor interactions so as to analyze
the accumulation of NPs at the cellular outer membrane. Comparison of the images for the
intact (Figure 9, left panel) and NP-treated cells (Figure 9, center panel) has revealed NP-related
signals in 90–95% of targeted cells and with highly heterogeneous spatial distribution of NP-
related signals within the cell. The NPs were detected as highly localized signals and atomic
and electron microscopy have directly shown the clusters of closely aggregated NPs. Combined
application of SEM and spatially-resolved energy-dispersed spectroscopy (spatial resolution
is 100 nm) confirmed that local bright structures at the cell membrane (Figure 9A, middle)
contain gold, with the mass being much higher than the mass of a single NP. Therefore, we
believe that the detected structures represent gold NP clusters. Optical methods also yielded
localized NP-related signals in targeted cells (Figures 9C–9E). These signals were much
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stronger in pixel image amplitude than those obtained from untreated control cells (Table 4).
Amplitudes of the fluorescent and scattering signals were five-times higher than those for
untreated cells presented in Figures 9C & 9D (left panels). The size of the NP clusters was in
the range 100–300 nm, and thus the diameter of the NP clusters that were formed at the cellular
membrane was three–ten-times bigger than the diameter of the single NPs. We did not find
NP-related signals on the images of control cells.

Next, we analyzed the influence of temperature and time of the incubation of cells with NPs.
Physiological temperature (37°C) activated endocytosis in the cells and this resulted in the
appearance of bigger NP clusters in the cytoplasm. In K562 cells, NP-related signals increased
(see Figure 9 [right panel] and Table 4) from 564 to 832 counts (fluorescent microscopy), from
3450 to 9200 counts (optical scattering microscopy), and according to SEM, the maximal
diameter of detected NP clusters increased from 300 to 800 nm.

Internalization of the NPs was directly registered with SEM and atomic force microscopies
(see Figure 9A [right panel]). Thus, the electron and atomic force microscopies have directly
showed that the NPs and their clusters were internalized by the cells within 30–120 min. It
should be noted that NP-related signals were never observed in the nuclei area of the cells. It
appears that NPs cannot penetrate through the nuclear membrane. The results obtained for cells
incubated at 37°C allow one to conclude that during this incubation NPs and small NP clusters
disappear from the cell membrane and appear in the cellular cytoplasm as large NP clusters.
The biological mechanism responsible for the above-described processes is endocytosis. Low
temperatures (e.g., 4°C) disable endocytosis and, therefore, during the incubation of cells with
NPs at 4°C no NP internalization occurs. Similar results (coupling to cell membrane,
internalization into cytoplasm and concentration into endosomes) were obtained earlier [82],
although the clusters of the NP were not defined as specific nanostructures.

Similar results were obtained during a study of gold NR uptake by Hep-2C cells that over-
express EGF receptor (EGFR). Highly localized signals were detected in the Hep-2C cells after
their incubation with the NR-C225 (C225 is an antibody against EGFR). The amplitudes of
optical scattering signals for Hep-2C cells were found to be 547.3 ± 195.0 counts for intact
control cells and 2766.7 ± 907.4 counts for NR-treated cells, as population-averaged values.
The small size of NRs means that we can assume that they penetrated through the outer cellular
membrane via endocytosis and then were concentrated into clusters.

Nanoparticle safety is the subject of massive studies and was reviewed in [1,2,83]. Among all
NPs, gold ones were found to be the safest [1] and are FDA approved. We experimentally
monitored the viability of cells after their interaction with the gold NSPs by using propidium
iodide (PI) dye (which penetrates through the damaged membrane and thus stains the dead
cells) and flow cytometry. Incubation at 4°C did not have any considerable negative effect on
the cells. For K562 cells the level of PI-positive cells changed from 2% before targeting to
2.8% after targeting. Incubation at 37°C resulted in additional damage to the cells, increasing
the level of PI-positive cells up to 3.4%. Nevertheless, these values indicate that targeting cells
with NPs and the processes of NP clustering are relatively safe. This is partly due to the nontoxic
nature of gold NPs, which have been shown to have negligible toxicity on living cells [1,2,
83]. The viability of the cells after their incubation with NRs was measured with the trypan
blue exclusion test. Initial viability of the cells prior to their incubation with NRs was 95% ±
3%. After incubation with NR-C225 for 30 min the viability of the cells was found to be in the
range 80% ± 10%. The viability of the control intact cells also slightly decreased to 89% ± 4%.
The conjugates of NR-C225 were not absolutely safe for the cells. Their toxicity can be caused
by minor amounts of residual cetyl trimethylammonium bromide (CTAB) molecules that might
be left on NRs after their conjugation with the monoclonal antibody. Currently, there are almost
opposite points of view on the cytotoxicity of NRs with CTAB: some groups have reported
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that CTAB does not influence the viability of the cells [84–86], while the others found a strong
cytotoxic effect of CTAB [87,88]. We consider that CTAB should not be used, even in minor
quantities, owing to its toxicity.

Therefore, we may conclude that the interaction of bare and functionalized NPs with living
cells as a rule creates clusters of many closely located NPs that are linked through specific
antibodies and/or by cellular structures, such as endosomes and vacuoles. Advantages of
clusters over single NPs for medical diagnostics and therapy using optical methods include a
much greater volume, which allows effective PT interactions under conditions of relatively
slow heat diffusion. Formation of clusters does not compromise viability of the cells.
Additional details can be found in [51,53,58,89,90].

Gold NP-generated PTBs in living cells
Generation of PTBs in living cells (carcinoma cell line A549, Hep2C, leukemia cells K562)
was studied in vitro for several types of gold NPs: NRs with the dimensions 13.6 × 45.9 nm,
39.5-nm NSPs and silica/gold NSs with a diameter of 50 and 171 nm. According to optical
extinction spectra of the suspensions of these NPs the pump laser wavelengths were chosen to
match the maxima of optical absorbance for each type of NP (Table 2). It should be noted that
clustering of the NPs did not significantly shift their peaks and therefore we have used the same
pump laser wavelengths for NPs and NP clusters. Pump and probe laser beams were focused
on a specific cell that was positioned manually with a microscope stage into the center of the
laser beams. Each cell was exposed to a single pump pulse. In this study we have applied the
PT microscope previously developed by us for generating and detecting PTBs in individual
cells [79]. Each cell was illuminated with three collinearly focused laser beams: 10 ns pulsed
pump beam for the PTB generation (532 nm or 720–840 nm), and two low-intensity continuous
(633 nm, 0.1 mW) and pulsed (10 ns, 750 nm) probe beams for detecting PTBs in real time
(see experimental section for details). Two optical signals were obtained simultaneously during
the laser pulse: the time response from the whole cell (Figure 10A & B) and time-resolved
(with 20 ns delay to pump pulse) optical scattering image (Figure 11). This allowed us to detect
and measure PTBs in the cell. PTBs were identified according to time responses of negative
and symmetrical shapes that are specific to PTBs (Figure 4) and were also detected in time-
resolved images. Peripheral location of the PTB-specific signals in the time-resolved images
of the cell (Figure 11A) show that the PTBs were generated in the cytoplasm and presumably
not in the nuclei. Increased fluence of the pump laser pulse caused an increase of the PTB
diameter (Figure 11B). For all types of employed gold NPs the PTB responses did not show
any detectible residual environmental heating after PTB termination (Figures 10A & 10B).
This means that the temperature outside the PTB did not increase relative to the ambient level
and thus the NP-generated PTBs induce mainly mechanical, not thermal, impacts in the cells
and outside the PTBs. The mechanism of cell damage due to PTBs is discussed later.

We have compared NP-generated PTBs in living cells with the PTBs generated in the intact
cells due to optical absorbance and heating of endogenous cellular chromophores (in most
cases and for visible laser wavelengths these are the hem-containing molecules such as
cytochromes and hemoglobin). The PTB response registered from the intact lymphocyte cell
(Figure 10C) differs from the responses of the NP-generated PTBs: at the very beginning of
the PTB and after its collapse it shows clear signs of increased temperature of the media (a
short positive peak in front of the PTB dip and a positive deviation of the signal from the base
level after the PTB termination that gradually returns to the base level due to cooling of the
bulk media). The obtained response represents the superposition of PTB and thermal signals
(similar to Figure 4D). The process of the generation of PTBs around cellular endogenous
optical absorbers is similar to PTB generation around microabsorbers and in homogeneous
media, where PTB generation is accompanied by the bulk heating of the environment and
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therefore the PTB delivers not only a mechanical impact (as in the case of NP-generated PTBs)
but also a thermal one. Also, the cell-generated PTBs were not reproducible: exposure to the
second laser pulse yielded no PTB, possibly due to photo- and thermal damage of cellular
optical absorbing structures.

Photothermal bubble generation probability PRB was measured at several pump pulse fluence
levels so as to cover the range from those close to zero (no PTB) to those close to one (PTBs
were generated in 100% of the cells). As the laser fluence increased, the PRB values gradually
increased from 0 to 1 and the monotonous character of the PRB(ε) dependence was found to
be typical for all studied cells and NPs. Obtained dependences of PRB(ε) (not shown) were
used to determine laser fluence thresholds for PTB generation (Table 5). We have found that
PTB threshold levels for C225-positive cells were lowest when NS–C225 conjugates were
applied. Incubation of the same cells with bare, nonconjugated NSs resulted in a 22-fold higher
threshold, which coincided with that measured for the water suspension of nonaggregated NSs.
In addition, we have incubated EGFR-negative cells, the lymphocytes, with NS–C225
conjugates. The PTB-generation threshold in this case was found to be very close to that
obtained for the water suspension of nonaggregated NSs (Table 5). This means that single NSs
might occasionally get into the nontarget cells, although they did not form NP clusters. The
PTB generation thresholds for different intact tumor cells that were not incubated with NSs
and were used as additional controls were significantly higher (Table 5). The difference
between PTB generation thresholds for the intact cells and those treated with gold NSs reached
almost two orders of magnitude. The lifetimes of PTBs obtained for A549 tumor cells (Table
6) are comparable to the lifetimes obtained for NP clusters in suspensions and are significantly
longer than the lifetimes obtained for suspensions of single NPs. This also directly indicates
that the sources for intracellular PTBs were NP clusters in cells, not single NPs. Comparing
the tumor cells targeted with NS–C225 conjugates and intact nontargeted cells, we may
conclude that the application of the tumor-specific gold conjugates and the formation of NP
clusters has decreased the laser fluence threshold in tumor cells by almost 100-times (Table
5).

We also studied the lifetime of PTBs generated around NRs and NR clusters and in NR-treated
cells as a function of laser pulse fluence (Figure 5B). The increase in PTB lifetime with the
increase in laser fluence is in line with the basic thermodynamics of PTB generation: the more
optical energy is deposited into NRs, the more thermal energy is produced and this increases
the maximal diameter of the PTB and its lifetime. Comparison of the three curves obtained for
the suspension of single NRs, NR clusters and the curve obtained for the cells treated with the
same NRs shows that cell-related PTBs were much closer in their lifetimes to those generated
around NR clusters than single NRs (Figure 5B). In the cells, the PTB generation threshold
decreased by 40–100-times and the PTB lifetime (and, hence, the maximal diameter of the
PTB) increased by 30–40-times relative to the NR suspension. Therefore, we have received
several experimental and independent proofs that not single NRs, but NR clusters are the source
of PTBs in cells. The former did not produce any PTBs at the decreased laser fluence levels
that were applied to the cells.

We suggest that efficient clustering of small NPs (that easily underwent endocytosis by the
cells and were then concentrated in the endosomes into clusters) provided a bigger PTB than
the application of big NPs, whose uptake by the cells is biologically limited. The next cluster-
specific result is that NP clusters survived the laser pulse and were able to generate PTBs during
the exposure of the cells to up to 100 pulses. This feature was not applicable to the suspension
of single NPs in water, nor did we detect follow-up PTBs while exposing NP-treated
lymphocytes with several laser pulses. This means that single nonclustered NPs were damaged
with a single laser pulse and, therefore, cannot absorb follow-up laser pulses.
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The threshold laser fluence of PTB generation in the intact cells was one–two orders of
magnitude higher (20–50 J/cm2) compared with the PTB threshold fluence of the NP-treated
cells (especially for those with NP clusters). Also, lifetimes of PTBs in the intact cells were
longer (400–600 ns) than those for NP-generated PTBs. High thresholds and long lifetimes of
such PTBs imply that their sources are significantly bigger than the NPs and their clusters and
also have a much lower optical absorbance than that of gold NPs. Thus the NP-mediated
generation of PTBs in living cells is a highly selective process because no other PTBs can be
generated in the cell at such low fluence levels and the NP-generated PTBs do not deliver an
additional thermal load to the cellular microenvironment.

The influence of the kinetics of NP accumulation on the PTB generation threshold fluence and
lifetime was studied by monitoring the interaction of the bare 30-nm gold NSPs with K562
leukemia cells in vitro. Living K562 cells were incubated with bare 30-nm gold NSPs for 0
(control sample), 15, 30 and 60 min at 37°C. After incubation was completed, unbound NPs
were washed off after centrifugation, cells were fixed with 10% para-formaldehyde solution
and were analyzed with PT microscopy (the most sensitive method). As NP cluster-related
parameters we measured the threshold and lifetime of laser-induced PTBs as a function of
incubation time (Figure 12). Those parameters are the most cluster-specific and do not depend
upon endocytosis like the fluorescence intensity described earlier.

We have found that after 15 min of incubation, the NPs aggregated into clusters. At this stage
the threshold of PTB generation in cells (13 J/cm2) was three-times lower than the PTB
generation threshold around individual 30-nm gold NSPs (37 J/cm2). This difference in
threshold levels means that PTBs were generated around NP clusters that are significantly
bigger than single NPs. Analysis of the PTB lifetimes confirmed this conclusion. At the laser
fluence level of 8 J/cm2 no bubbles were detected from single NPs, but bubbles were detected
in the cells. Further incubation for 30 min resulted in a substantial increase in bubble lifetime
and decreased bubble generation threshold. Longer incubation of the cells with NPs did not
produce significant changes in NP cluster-related parameters (Figure 12), which may indicate
saturation of the internalization processes. The large spread in PTB lifetimes as indicated by
the error bars in Figure 12B reflects the heterogeneity of cell properties in one population. This
means that younger and older cells may have different endocytosis activity, and thus NP
clusters formed in these cells may vary in their diameters. As a result, the bubbles around such
NP clusters will be of different diameters, and measured lifetimes will also be very different.

This experiment confirmed that the aggregation of NPs into clusters occurs even when bare
NPs without monoclonal antibody are used and such clustering is provided by endocytosis –
a natural physiological process. NP cluster formation due to endocytosis is quite fast and almost
completes in 30 min at physiological temperature. Additional details regarding the experiments
reported above can be found in [38,53,57,80,89–97].

Cell damage by PTBs
The influence of NP-generated PTBs on cell viability was evaluated optically with two standard
microscopy techniques that monitor the integrity of the cellular outer membrane [98]. First, a
white light transmittal image was obtained for the cell before and after its exposure to pump
pulse and the difference of these two images was used to detect any PTB-induced changes to
the shape of the cell. Second, the cell damage by PTBs was detected using a standard fluorescent
method by monitoring the cellular uptake of ethidium bromide dye. Prior to the experiment,
ethidium bromide dye was added to the cell samples. This dye penetrates the membranes of
compromised cells and produces red fluorescence upon excitation with a light source.
Contrarily, this dye does not penetrate the membranes of living cells and hence produces no
fluorescence for living cells. We have used, for excitation of the fluorescence, a single laser
pulse (532 nm) with the fluence decreased by 20-times relative to the PTB generation level.
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Fluorescent images were obtained for each A549 cell before and after PTB generation. Their
pixel amplitude ratio was used to quantify the damage.

The images (Figure 13) and Table 6 show the data for the two A549 living cells that were
treated with 170-nm gold NSs and then were exposed to single pump pulses (10 ns, 532 nm)
with the fluences 0.64 J/cm2 (cell 1, top panel of Figure 13) and 0.48 J/cm2 (cell 2, bottom
panel of Figure 13). According to the scattering images (Figure 13C) and corresponding PT
responses (not shown) both cells have yielded intracellular PTBs of sub-µm size and with PTB
durations of 250 ns for cell 2 and 70 ns for cell 1. Under given fluence levels these two cells
yielded only a single PTB around the biggest NS clusters. According to the fluorescent and
white light images of the two cells shown in Figure 13, the cell 1 has been damaged, while the
cell 2 has survived the PTBs generated in them. Based on the differences in the optical scattering
amplitudes and the lifetimes of the PTBs in these two cells (both parameters were much higher
for the damaged cell), we address the damaging effect to the maximal diameter of the PTB. In
addition, both cells’ responses did not indicate any residual bulk heating after the collapse of
the PTBs.

In another experiment, Hep2C cells (overexpressing EGF) were targeted with 50-nm gold NS–
C225 conjugates and were then exposed to single 10-ns laser pulses at 750 nm. The viability
of cells that yielded PTBs was analyzed as described above. Instead of ethidium bromide dye,
trypan blue dye was applied. After the single pulse-generated PTBs the cells exhibited apparent
changes to their shape, were positively stained and thus were considered to be damaged. The
lifetime of the detected PTBs was above 100 ns.

Based on the obtained results (the detected damage to the cell membrane, the absence of laser-
induced heating of the bulk area, the single pulse effect and almost immediate cell damage)
we suggest that the mechanism of cell damage is associated with the mechanical, not thermal,
impact of the expanding and collapsing PTB. Such mechanical destruction of the cellular
membrane and possibly of some other components such as the cellular skeleton may cause
rapid and irreversible blebbing and lysis of the cell. This mechanism is in line with the available
independent experimental data on cell damage with ultrasound-induced extracellular bubbles
[30,31,34,36,37,97–106] and with recently reported results where NRs were targeted to tumor
cells and then excited with femtosecond laser pulses, causing blebbing of the targeted cell
[7]. The mechanism of cell damage in our experiments differs from the most recognized PT
mechanisms [8,16,107–111], which imply excessive heating above thermal damage thresholds.
In the case of NP-generated PTBs it may be possible that all NP-generated heat is confined by
the PTB and does not spread outside.

Analysis of the collateral cells where no bubbles were detected has shown that such cells were
not damaged after the laser pulse (data not shown). This result also proves the spatially and
temporally limited nature of thermal processes in PTBs: their maximal size being 10–20 µm
and their lifetime being within 1 µs, they do not reach other cells. Therefore, the NP–PTB
mechanism may provide a much better selectivity compared with other PT mechanisms that
employ laser-induced heating mediated through light-absorbing NPs. To achieve the NP-
induced temperatures sufficient for cell damage in the volume of the whole cell, the exposure
time (pulse duration) should be much longer than nanoseconds and this causes the spread of
the laser-induced temperature far outside the target cell. The reported exposure times vary from
100 µs to minutes [10,16,109–111] meaning that thermal diffusion will be in the millimeter
range and all cells within this range will be influenced – target and normal cells. The same rule
can be applied to diagnostic PT methods: single cell sensitivity can be achieved with the event,
which can be spatially localized within one cell and will not spread over a larger population.
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The above-mentioned selectivity of cell damage is based on the use of three components that
are specific for PTB generation in NP-targeted cells: clusters of NPs instead of single NPs, a
short laser pulse instead of a long pulse or continuous irradiation, and PTBs instead of heating
as a damaging process. This improved selectivity may be the key to future safety and efficacy
of clinical applications. The idea of using a short laser pulse to localize the thermal effect of
laser irradiation is not new and was introduced almost 20 years ago by Anderson and Parrish
[62]. Later, this group also demonstrated the damaging effect of the bubbles generated around
gold NPs [8]. Proposed by us, the cluster– bubble mechanism is the next step in the development
of improved spatio-temporal selectivity of PT biomedical methods. Additional details can be
found in [38,53,57,89,90,92,93,95,112,113].

PTBs as optical probes
Amplification of optical scattering by PTBs—Optical scattering has been used for
sensing vapor and air bubbles of macro-size [26,34,67]. Laser-induced PTBs of small sizes
generated around NPs and their clusters may also be used for the optical imaging of specific
targets (such as cells or molecules) associated with plasmonic NPs. Metal NPs have excellent
scattering properties that have been employed in various bioimaging applications [3–6].
However, the challenge of NP scattering imaging is in the strong background scattering by
cells and tissues, which limits the sensitivity of NP-based imaging techniques. PTBs may
amplify optical scattering signals by 100–1000-times relative to that of gold NPs due to their
increased diameter (relative to that of NPs), because the intensity of optical scattering increases
with the increase of probe size by the diameter to the sixth power [37]. A highly sensitive
imaging method (Figure 14) employs two laser pulses: a pump pulse to generate the PTB around
the target-linked NP and a probe pulse to illuminate the PTB.

The mechanism of optical amplification is universal and depends upon the PT properties of
gold NPs (as PTB sources) and upon the pump and probe laser parameters. Thus, PTBs can be
considered as a new type of optical sensor that can be selectively activated ‘on demand’ around
plasmonic NPs coupled to specific targets. Clustering of small NPs inside the cell further
increases the scattering amplification and overrides the biological limitation on the maximum
diameter of NPs for intracellular delivery. Optical scattering can be detected from a zero level
when the light scattered by a PTB in a specific direction is registered, thus producing a positive
signal that characterizes an angle-specific scattering effect. Alternatively, the probe beam can
be directed into the sensor so that the scattering in all directions by the PTB decreases the
amount of light at the detector, thus producing the negative signal that characterizes the integral
scattering effect. Also, besides the pulsed probe beam, continuous illumination and detection
can be used to register the kinetic behavior of the scattering signal. We defined continuous
optical monitoring of the PTB as a response mode and time-resolved pulsed imaging of the
PTB as an image mode. Image and response modes can be used simultaneously, thus combining
PTB imaging and a measurement of its lifetime. The threshold nature of the PTB implies better
contrast and signal-to-noise ratio compared with conventional nonthreshold techniques that
employ fluorescent and scattering probes (including gold NPs). Two described PTB sensing
techniques have different properties that are summarized in Table 7.

Scattering properties of PTBs were analyzed for nonclustered and clustered 30-nm gold NSPs.
We exposed the sample with 30-nm gold NSPs to single pump laser pulses of 0.5 ns duration
at gradually increasing fluence levels. All samples were studied in cuvettes with a diameter of
9 mm and height of 10 µm. Optical scattering images were obtained prior to pump pulse (Figure
3A & C) and at a specific time delay (9 ns) after the pump pulse (Figure 3B & D). Without the
pump pulse, the scattering from single NPs was too weak to form detectable images of single
NPs. However, application of single pump laser pulses at fluence starting from 0.5–0.6 J/
cm2 resulted in the appearance of bright diffraction-limited spots in the images. Unlike the
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single NPs, their clusters scattered the probe pulse more strongly and formed images (Figure
3C). Increased optical scattering by NP clusters compared with that of single NPs was caused
by their increased size, estimated at 400–500 nm with transilluminated imaging. Application
of the single pump laser pulse caused bright spots in scattering images (Figure 3D) that spatially
coincided with NP clusters. Pixel amplitudes of the images and the lifetime of cluster-generated
PTBs were found to be significantly higher, and the threshold fluence of bubble generation
significantly decreased compared with those for single NPs (Table 1). As can be seen from
Figure 3 the bubbles have amplified optical scattering. This effect was characterized through
the relative scattering amplitude (Table 1). The amplification effect was also stronger for the
NP clusters than for single 30-nm NPs. Significant increase of the responses duration of cluster-
generated PTBs (Table 1) relative to that of single NPs implies an increase of the maximal
diameter of cluster-generated PTBs and so explains better optical amplification, because
optical scattering is very sensitive to the size of the scattering object. Additional details can be
found in [55,56].

PTB scattering imaging of living cells—The imaging potential of PTBs was evaluated
for A549 (carcinoma) cells incubated with 170-nm NSs. Side-scattering images were obtained
for individual living cells before and during the pump with a time-delayed pulsed probe pulse
(750 nm, 10 ns). The first image was formed mainly owing to the scattering by intracellular
NSs or NS clusters. The second image was registered with 20 ns time delay and was used for
PTB detection. Pixel amplitudes of the PTB image were normalized by the pixel amplitudes
of the NP image obtained for the same cells and the resulting amplitude of the ratio image
(Kssc) was considered as the scattering amplification coefficient:

where APTB and Acl are the pixel image amplitudes obtained for the same cell in pulsed
scattering mode for the PTB (pump laser on) and NSs (pump laser off ), respectively, and B is
the constant for the background amplitude (which also counted for the scattering by cellular
structures). Influence of the PTBs on the optical scattering signal is illustrated in Figure 13.
The images show two A549 living cells that were exposed to single pump pulses with the
fluences 0.64 J/cm2 (cell 1, top panel of Figure 13) and 0.48 J/cm2 (cell 2, bottom panel of
Figure 13), respectively. According to the scattering images (Figure 13C) and corresponding
PT responses both cells have yielded intracellular PTBs of sub-µm size and with PTB durations
of 250 ns for cell 2 and 70 ns for cell 1. Both cells yielded only single PTBs, which can be
explained by a relatively inefficient nonspecific endocytosis of 170-nm NSs by these cells. In
general we have observed up to eight–ten PTBs in individual cells and their number increased
when pump laser fluence was increased. Laser-induced PTBs (Figure 13C) have caused an
increase in optical scattering by almost three orders of magnitude (Table 6) relative to the
scattering of gold NSs at the same point of the image (Figure 13B). Specifically, the
amplification coefficient at the higher laser fluence (top cell 1 in Figure 13) was 2886, while
at the lower laser fluence (bottom cell 2 in Figure 13) it reached 1779. Analysis of fluorescent
and white light images has shown that the cell 1 was damaged by the PTB because its
fluorescence has increased (Figure 13D; top) and its shape significantly changed (Figure 13E;
top). Under the lower pump laser fluence cell 2 has survived the pump pulse and PTB: no
increase of the fluorescence (Figure 13D; bottom) and no change in the cell shape (Figure 13E;
bottom) were detected. PTB lifetime in surviving cells was shorter than that for damaged cells
and this difference shows that the maximal diameter of the PTB in surviving cells was smaller
than that for damaged cells.
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Next we incubated the A549 cancer cells with gold NSPs of 30-nm diameter and with gold NS
of 170-nm diameter and compared the optical amplification effect of the PTB. We found that
under equal pump laser fluences the amplification of optical scattering in both samples was
similar despite the significant differences in the scattering properties of small NSPs and big
NSs that were used (Figure 15). Amplification coefficient was found to depend upon PTB
lifetime, which, in turn, was increased through the controllable increase of the laser pulse
fluence. It should be noted that the big diameter of gold NSs (170 nm) might not improve the
scattering due to poor internalization (and hence clustering) of such big NPs by the cell. We
may assume that bubble size, not NP size, is important for the amplification of optical
scattering. These results have demonstrated proof of principle for PTB imaging: the cluster–
bubble mechanism has provided amplification of optical scattering in living cells by more than
1000-times (compared with scattering by gold NPs) and without damage to the cell. Therefore,
NP-generated intracellular PTBs may be considered as noninvasive and highly sensitive optical
probes.

When PTBs are generated in living cells the viability becomes the most significant factor and
the parameters of the bubble and laser radiation should be below the cell damage thresholds.
Generation of laser- and ultrasound-induced bubbles has already been studied in terms of the
mechanical damage of cell outer membranes. It was found that a cell may repair its membrane
if the maximal diameter of the bubble does not exceed 1–2 µm. Optical scattering of the vapor
bubble of 1-µm diameter is several orders of magnitude stronger than optical scattering from
gold NPs that can be delivered into the cells (see Figure 3). The size of the bubble image (up
to 1 µm) may exceed the actual size of the target (the latter may have a nanometer size that is
well below the diffraction limit), but the bubble would definitely help to detect the presence
of such a target as the single molecule in a specific cell. NP-generated PTBs, unlike the
fluorescent probes, do not exist in the cell until after they are generated, and the gold NPs that
are present in the cell are much less toxic than any fluorescent probes. Therefore, the influence
of PTB imaging on cell physiological processes can be minimized. The threshold mechanism
of bubble generation provides selectivity of optical signal and thus increases signal-to-noise
ratio of imaging. Bubbles can be activated with specific wavelength and energy of laser pulses
and otherwise they do not emerge in a cell, so they would not interfere with cellular processes
or with other measurements. Additional details can be found in [38].

PTB cytometry—The specificity and sensitivity of the PTB scattering method were
evaluated by comparing the PTB and NP scattering signals obtained from three different cancer
cells. We targeted K562 leukemia cells and carcinoma cells A549 and Hep-2C with 30-nm
gold NSPs, and analyzed the amplitudes of the integral side-scattered signals from individual
cells. The signals were obtained for intact, NP-treated, and NP- and pump laser-treated cells.
Generation of PTBs in each individual cell was simultaneously and independently monitored
by registering PTB response to ensure that the PTB was generated. Each cell was exposed to
a single pump pulse and two scattering signals were obtained: the first signal registered before
exposure to pump pulse characterized integral optical scattering from the NPs and their clusters
in the cell (x-axis of Figure 16), while the second signal registered during the pump pulse and
after it has characterized the PTB generated in the cell (y-axis of Figure 16). These two
scattering signals were plotted in a diagram where each dot represents an individual cell (Figure
16). This diagram shows a distinct line for ‘no bubble’ cases. All dots that are above this line
correspond to PTBs. According to the results obtained for all three types of cell, the NPs amplify
the scattering but not significantly relative to the scattering by intact cells. PTBs provided a
significant increase of the amplitudes of scattered signals in all studied cells (Figure 16; y-
axis). The amplification factors were calculated by normalizing the measured amplitudes by
those measured for the intact cells. For some specific individual cells in the population the
amplification factor of the integral signal was more than 100 relative to NP scattering. Owing
to the heterogeneity of cellular properties, the amplification effect was also heterogeneous. We
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found that the higher the NP cluster-related signal, the higher the PTB-related signal. This
correlation is in line with physical mechanisms that are involved in PTB generation: the bigger
the cluster, the bigger the bubble.

PTBs as optical markers of cell damage—Photothermal bubble-induced damage to
individual cells was studied through the visual and PT detection of large PTBs (with a lifetime
much longer than 100 ns) in various cells [112]. We also found that 99% of the PTB-positive
cells were found to be damaged according to the trypan blue staining test, which indicated the
disruption of the cellular membranes. Thus we may conclude that the PTB signal (response or
image) indicates cell damage in the case where the PTB lifetime is longer than 100 ns. Thus
the PTB can be employed as an optical marker for the real-time detection of the damage at cell
level. This property of the PTB may help in optical guidance of the PTB-based therapy. PTBs
allow us to obtain several quantitative parameters for a cell population: probability of cell
damage at specific fluence, damage threshold fluence, PTB-generation threshold fluence and
the degree of cell heterogeneity in the population according to the difference between maximal
and minimal damage threshold fluence levels. These data characterize the cells and we have
defined the cytometric method for PTB-based analysis of living cells as the laser load test
[112,113]. This method can be performed with an optical microscope and also with a flow
cytometer providing that the device is equipped with PTB generation and detection units. In
our studies, we have shown that the laser load test provides a high sensitivity in monitoring
the physiological state of different individual living cells and their systems (hepatocytes and
their redox state [114], cell–drug interactions [115], apoptosis of white blood and cancerous
cells [116]). Further details on the laser- load test are available in [112,113,117].

PTB therapy
The development of molecularly targeted therapy and gold NPs, which can be optically
activated to generate PTBs, suggests that coupling disease-specific molecular (or cellular)
targets with NPs for activation of intracellular PTBs could serve as an effective strategy for
treatment at the cell level. The NP cluster-bubble mechanism may combine diagnostics,
treatment and guidance in one device/process (Figure 17).

• Clusters of NPs can be selectively formed in specific tumor cells for the detection of
the disease-specific cells and tissues through NP and PTB optical scattering of low-
energy laser pulse (small PTBs);

• Local mechanical destruction of the detected cells/tissues can occur by the generation
of intracellular PTBs with diameters above cell damage thresholds;

• Real-time optical guidance of the damage can happen at the cellular level through
optical detection of large ‘therapeutic’ PTBs.

Such a combination of three stages in one process and device should significantly improve the
efficacy and selectivity of treatment and also does not involve chemotherapy. We defined the
described method as laser-activated nano-thermolysis as cell elimination technology
(LANTCET).

Cell-level studies of the LANTCET—We have studied the damage to individual K562
cells that were pretreated with 30-nm gold NSPs to pulsed laser irradiation (532 nm, 10 ns) in
cell suspension samples in vitro (Figure 18). Cell damage probability was analyzed at several
different levels of laser fluence: 5, 35 and 90 J/cm2 for the test and control samples (Figure
18). Cell damage level increased and damage threshold decreased for the cells where NP
clusters have been formed during their targeting. Besides the culture cancer cells, we also
studied suspensions of the human leukemic and normal stem cells. The samples were obtained
from primary patients diagnosed with acute lymphoblast leukemia. There are several
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monoclonal antibodies that are considered to be specific for this diagnosis: CD19, CD20 and
CD22. We incubated leukemia and normal bone marrow cells in vitro with antibodies
conjugated to 30-nm gold NSPs. Then the cell samples were exposed to single laser pulses (10
ns, 532 nm) at specific fluence levels. Different antibodies (employed as targeting vectors)
yielded different damage levels among leukemia cells (lymphoblasts) after exposure to a single
laser pulse at 1.7 J/cm2, CD19: 84% of the damaged cells; CD20: 33%; and CD22: 67%.
Maximal damage level of 100% was achieved at this laser fluence when the combination of
the two antibodies – CD19 and CD22 – was used for cell targeting (Figure 18). The level of
damage among normal cells that were treated with the same NP–antibody conjugates and laser
pulses was found to be within 16%. These cell samples (both normal and tumor) consist of
many different types of cells, unlike cultured cells. Despite the heterogeneity of the bone
marrow samples, we demonstrated that clustering of NPs, bubble generation and cell damage
can be diagnosis-specific. This was demonstrated for a specific diagnosis of acute
lymphoblastic leukemia. Additional experimental details can be found in [53,57,89,90,92,94,
95].

PTB method for intracellular delivery—Cell-level therapy assumes the intracellular
delivery of the drug or other agent to their ultimate target. This requires a mechanism to
surmount the barrier function of the endolysosomal membrane system. One possible
mechanism to accomplish endosomal escape can be derived from the basic premise of PTB
generation. The disruptive effect of the PTBs can be used at the subcellular level for enhancing
intracellular delivery of various diagnostic and therapeutic agents. This method includes
several stages (Figure 19).

• The agent to be delivered is linked to the NP, which is also preconjugated with the
target-specific vector (such as peptide or monoclonal antibody);

• The NPs are delivered to the cell using two mechanisms: first, the vector–membrane
receptor coupling of the NPs at cell membrane, and, second, the internalization of the
NPs for intracellular accumulation through receptor-mediated endocytosis [118].
Other mechanisms of internalization, such as pinocytosis and phagocytosis, may also
be appropriate modes of entry depending on the cell type examined [119,120];

• PTBs, when being generated inside endosomes, may mechanically rupture the
endosomal membrane and thus release the contents of the endosome into the
cytoplasm.

Besides the disruption of endosomes, the suggested mechanism may be employed to create
temporal small holes in the cellular membrane (poration) to enhance intracellular delivery of
the diagnostic and therapeutic agents. The suggested delivery mechanism is principally
different from well-known opto- and sono-poration [32,121–125]: the cell outer membrane
remains intact; bubbles are generated only in specific endosomes; NPs (or other probes) are
secured inside the endosomes; and NP–PTB is an intracellular mechanism that can be applied
to individual specific cells. All of these factors will provide improved and safe delivery of the
probes to cytosolic targets. In addition, the NP–PTB method can be considered for the delivery
of any agents (e.g., drugs and markers) to intracellular targets.

Selective elimination of target tissue—Below we describe two examples of the
LANTCET application at microtissue level: recanalization of the occluded arteries and tumor
therapy.

Recanalization of occluded and calcified arteries still represents a major challenge when neither
a catheter can be guided through a plaque nor can the latter be rapidly lysed with drugs. This
causes a significant level of lethal outcomes [126]. Laser-based methods were applied to this
problem more than 25 years ago [127–129] and have demonstrated promising results based on
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ablation and vaporization of atherosclerotic plaques and thrombi [130–134]. However, long
and great efforts did not turn laser angioplasty into a successful clinical tool. This was caused
by several principal limitations, such as embolization with large debris, the low and
heterogeneous optical absorbance properties of plaque tissues that were used as optical
absorbers, restenosis of artery walls and, most importantly, a high risk of thermal damage to
an artery wall [135–137]. As a result, the modern laser-based methods were eventually
redirected from arteries to veins [135] with their current, rather limited, clinical applications
for treating atherosclerotic disease [138]. We have suggested employing NP-generated PTBs
for selective mechanical disruption and removal of the plaque or thrombus tissue without
thermal and mechanical damage to the arterial wall (Figure 20). PTBs were generated in
vitro around 250-nm gold NSPs with 10-ns laser pulse at 532 nm. Postmortem plaque samples
were treated in the following way: 250-nm gold NPs were horizontally injected into the plaque
as a transverse microjet that was directed with a microneedle of 50-µm diameter in the sample
plane inside the artery slice (Figure 21). A pulsed laser beam (10 ns, 532 nm, 3.5 J/cm2) was
applied orthogonally and scanned across the surface of the sample to irradiate plaque and
arterial wall. The diameter of the laser beam in the sample plane was 20 µm, as was determined
with a charge-coupled device camera.

Complete removal of the material was observed after one–ten single laser pulses for plaque
tissue (Figure 21B). The size of cleared zones (20–220 µm) was found to be 500–1000-times
bigger than the size of the NPs applied. PTB generation did not increase the temperature of the
microenvironment outside the PTB and the debris size was below 2 µm. The diameter of the
cleared volume (25 µm) was comparable to that of the area of the intersection of the jet (100–
150 µm) and the laser beam (20 µm). We observed no generation of the PTB and no optically
detectable damage to the wall tissue at equal laser fluence and exposure time. We also evaluated
the optical-scattering properties of PTBs for the optical guidance of the process of plaque
removal. The optical scattering image in Figure 21D was obtained for the sample shown in
Figure 21A during its exposure to the pump laser. PTB-specific signals (bright small white
spots in Figure 21D) yielded high amplitude and coincided spatially with the location of the
cleared zone, as shown in Figure 21B. The described experiment with human plaque samples
demonstrated the potential of the combined action of gold NPs and PTBs for creating a
microchannel without damage to the arterial wall.

Photothermal bubble anticancer therapy was studied in an animal model. Rats were implanted
with sarcoma cells intra- and subdermally to yield tumors 5–6 mm in diameter that were
topically treated with 30 nm gold NSP–IgG conjugates (Figure 22A). A single laser pulse of
532 nm (maximum of light absorbance by NSP), 10-ns duration, 0.75 J/cm2 fluence, and 3 mm
diameter was directed to the central area of the tumor. The fluence level has been chosen to be
above the PTB generation threshold for clusters of 30-nm NPs. Control tumors (not treated
with NPs) were exposed to identical laser pulses. The viability of the tumors was analyzed in
24 h according to the uptake of Evans Blue dye. Figure 23 shows vertical cross-sections of the
two tumor slices: treated with NPs and a single laser pulse (Figure 22C) and treated only with
the identical laser pulse (Figure 22D). The NP- and laser-treated tumor showed nonviable
(white) area with a diameter close to the laser beam diameter (3–4 mm) and a depth of 1–2
mm, which may indicate diffusion depth of NPs into the tumor. The tumor that underwent laser
treatment without pretreatment with NPs showed no signs of any damage and appeared to be
viable. The conditions of NP–cell interaction (physiological temperature and 40-min
incubation time) were sufficient to provide the formation of NP clusters in tumor cells as
previous in vitro experiments have shown. Therefore, we may assume that the main mechanism
of tumor damage in the animal model is also associated with the cluster–bubble effect.
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PTB therapy versus NP & PT therapies
The LANTCET is distinct from NP and laser therapies since it uses another agent – the PTB.
The initial therapeutic application of NPs was associated with drug delivery. Those studies
focused on methods of drug delivery into cells using NPs as carriers [139]. Usually monoclonal
antibodies are used as targeting vectors [139–141]. Development of laser therapy began almost
synchronously with the invention of a laser. Laser methods use the photochemical,
photomechanical and PT effects of laser interactions with cells and tissues [8,9,17,111,142–
152]. Photochemical treatment (known as photodynamic therapy) uses photoactivation of
specific chemical agents that become toxic for surrounding cells and tissues when activated
by low light power [146–148]. A well-known limitation of photodynamic therapy is that it
requires tissue oxygenation for the production of singlet oxygen as a toxic agent, while
malignant tissues are usually hypoxic [151]. The idea of using dye contrast agents for
photomechanical and PT ablation of target cells has been previously explored, but without
successful application to real human tissues [111,144]. Thermal degradation of organic dyes
prevents successful completion of dye-based PT procedures. Application of plasmonic NPs as
optically activated heat sources [9,10,17,86,109,143,153–156] allowed the enhancement and
localization of the effect of hyperthermia; also, NPs have allowed a significant decrease in
laser power. However, there are some principal problems that limit selectivity and safety of
NP-based PT therapies:

• It is impossible to totally exclude a nonspecific accumulation of NPs in nontarget
(normal) cells and tissues that may be thermally damaged while being exposed to
laser radiation;

• It is difficult to localize thermal effects within individual target cells, because thermal
diffusion during exposure to laser radiation (reported to be from 10−4 s to 102 s)
expands the laser-induced thermal field over a much larger volume than a single cell,
thus damaging collateral cells and tissues.

The main difference of LANTCET from the NP-, laser- and hyperthermia-based methods of
diagnostics and therapy is associated with the use of the principally new type of the agent –
the PTB. The PTB is not the NP but a physical phenomenon (bubble) that is generated and
controlled with a laser pulse around plasmonic NPs at a specific moment and site. The proposed
LANTCET technology combines the high specificity of targeting methods (formation of the
clusters of NPs only in specific tumor cells), the safety of diagnostics and treatment of tumors
with gold NPs, the selectivity of cell damage through PTBs without thermal damage of normal
cells and optical guidance of the tumor treatment process through the real-time detection of
tumor cells and monitoring of their destruction by registering bubble-specific optical signals.
It should be sufficient to form at least one big NP cluster in the target cell to provide damage
to that cell through the cluster–bubble mechanism. This would allow minimal concentration
of NP conjugates during the administration of NPs. All clinically relevant stages of diagnostics,
treatment and treatment monitoring (guidance) can be realized with the help of only one
technical microdevice and within several microseconds.

Conclusion
Physical, optical and biomedical properties of the plasmonic NP-generated PT vapor bubbles
(NP–PTB) can be summarized as:

• Selective targeting of plasmonic NPs to specific molecules and cells provides the
generation of local PTBs at the site of the target;

• Transient nature of the PTB makes it a ‘stealth’ agent that does not exist unless being
activated optically on demand;
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• Clustering of NPs around the target through the mechanism of receptor-mediated
endocytosis and the threshold mechanism of the bubble generation may provide very
selective generation of PTBs only around clusters of gold NPs, while no PTBs will
be generated around single, nonspecifically coupled NPs. This improves the
specificity and selectivity of PTBs over other NP-based agents and probes. This also
significantly minimizes the number of NPs required: one cluster of ten to 50 NPs will
be sufficient for imaging, diagnosis and therapy;

• The PTB combines optical and mechanical effects for simultaneous diagnosis and
therapy at the nano- and microscale;

• The PTBs provide their diagnostic and therapeutic effect through a single event of
nano-and micro-second duration, thus eliminating the need for a prolonged treatment
and exposure of the sample to laser radiation;

• The biomedical effect of PTBs can be precisely controlled and tuned with fluence of
a laser pulse that varies the PTB diameter and life-time: small PTBs can be generated
with a low-fluence pulse for noninvasive diagnostic purposes (including imaging),
while an increase in the pump laser fluence immediately turns them into disruptive
agents that may act at molecular, cellular and tissue levels depending upon the PTB
size;

• Being a thermal phenomenon, the PTB at the same time concentrates the heat released
by the NP inside the PTB, so for its environment it acts as a ‘cold’ agent, thus
preventing thermal damage to tissues and molecules outside the bubble.

These properties allowed us to formulate the concept of PTB theranostics as a process that uses
tunable PTBs to detect, treat and guide the target (cell or microtissue) with one agent and one
device. PTB theranostics can be realized at molecular, cellular and tissue levels. It employs
the safety of the gold NPs (including their approval by FDA), the transient (stealth) nature of
on-demand activated PTBs and the ability to tune PTB function from noninvasive imaging to
localized damage. Being nonchemical agents, PTBs utilize on the nanoscale the phenomena
of light and heat that are natural and essential for all living systems.

Future perspective

The development of theranostic PTB methods and agents will result in a new scientific
platform that will generate technologies with superior imaging, diagnostic and therapeutic
potential. The combination of the biological safety of gold NPs with the on-demand nature
of nanoscale PTBs (that do not physically present in the cell or tissue until being activated)
will significantly improve the safety, sensitivity and selectivity of research (molecular
imaging, living cell analysis and detection); diagnosis (detection of disease-specific tissue,
cells and bacteria with great sensitivity); therapy and surgery (selective elimination of target
tissues and cells such as tumors, atherosclerotic plaques, cellular-level hyperthermia and
PTB-enhanced drug and probe intracellular delivery by means of the membrane transfection
and endosome disruption) and biomedical instruments (e.g., optical microscopy,
endoscopy, flow cytometry, laser surgery and angioplasty).

Executive summary

• The mechanism of photothermal bubbles (PTBs) and the target-specific clustering
of plasmonic nanoparticles provides selective generation of PTBs with a
controllable diameter and lifetime and without thermal impact to the
microenvironment outside the PTB.
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• PTBs are a new class of highly sensitive and potentially minimally invasive optical
probes for cell and molecule detection with a 100–1000-fold improvement on the
optical sensitivity relative to that for plasmonic nanoparticles as optical probes.

• The biomedical effect of the PTB can be precisely tuned in individual living cells
from noninvasive imaging to localized mechanical, nonthermal damage and
elimination of a target by varying the fluence and other parameters of the excitation
(pump) laser pulse.

• The mechanisms of PTB generation and detection provide a basis for the
integration of diagnosis, therapy and therapy guidance into one theranostic process
at cell level that may be supported by one device and can be realized within
microseconds.
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Figure 1. Functionalized gold nanoparticles form a cluster around a target molecule and when
excited with a short laser pulse act as a heat source, thus generating an intracellular photothermal
vapor bubble
Optical and mechanical effects of the bubble can be controlled through the laser parameters to
tune the bubble to diagnostic or therapeutic task.
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Figure 2. Photothermal processes generated by plasmonic nanoparticles due to optical absorption
of a laser pulse and follow up thermalization of the nanoparticle
Bubble mode is shown in blue.
Reproduced with permission from [55].
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Figure 3. Time-resolved optical scattering images
Obtained for (A) 30 nm gold nanoparticles (NPs; no pulse), (B) 30-nm gold NPs exposed to a
single pump laser pulse (532 nm, 0.5 ns, 0.9 J/cm2), (C) clusters of 30-nm gold NPs (no pulse),
(D) clusters of 30-nm gold NPs exposed to a single pump laser pulse (532 nm,0.5 ns, 0.12 J/
cm2). The images (B & D) were obtained with a 9-ns time delay relative to the pump pulse;
scale bar is equal to 6 µm.
Reproduced with permission from [55].
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Figure 4. Time responses (demonstrating the decrease of the probe laser intensity owing to the
integral scattering effect) obtained from various objects exposed to a single pump pulse (532 nm,
0.5 ns)
(A) Photothermal bubbles (PTBs) around 30-nm gold nanoparticles (NPs) (0.9 J/cm2), (B)
PTBs around the cluster of 30-nm gold NPs (0.9 J/cm2), (C) thermal signal in the sample of
30-nm gold NPs at a fluence below the PTB threshold (0.5 J/cm2), (D) superimposed signal
os the PTB and thermal field in the sample with hemoglobin as homogenous absorber; the
inserts in (C & D) show relaxation of bulk thermal signals at full time scales.
Reproduced with permission from [55].
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Figure 5. Photothermal bubble lifetimes versus fluence, duration and wavelength of the pump laser
pulse
(A) NPs and their clusters in water exposed to the pump pulse with the wavelength 532 nm
and duration 0.5 and 10 ns. (B) NRs and their clusters in water and in living cells exposed to
the pump pulse with the wavelength 750 nm and duration 10 ns.
NP: Nanoparticle; NR: Nanorod; PTB: Photothermal bubble.
Reproduced with permission from [53].
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Figure 6. Influence of nanoparticle size, aggregation state and duration of pump laser pulse on the
photothermal bubble generation threshold fluence
Photothermal bubble generation threshold fluence (A) and lifetime at the threshold fluence
(B) for NP30, gold NRs, NP100, cNP30, cNS170, cNS60 and for micro- and macro-absorbers:
RBCs and Hb. Dark blue columns: 0.5-ns pulse; light blue columns: 10-ns pulse at 532 nm.
cNP30: Clusters of 30-nm nanospheres; cNS60: 60-nm gold nanshells;
cNS170: 170-nm gold nanoshells; Hb: Homogeneous hemoglobin solution;
NP30: Single 30-nm gold nanospheres; NP100: 100-nm gold nanospheres;
NR: Nanorod; PTB: Photothermal bubble; RBC: Red blood cell.
Reproduced with permission from [55].
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Figure 7. Bubble generation threshold as a function of (A) nanoparticle diameter and concentration
(B)
Thresholds of laser-induced bubble generation around 30-nm spherical single NPs as a function
of the concentration is presented through the influence of interparticle distance; the laser pulse
is 10 ns at 532 nm.
NP: Nanoparticle.
Reproduced with permission from [55].
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Figure 8. Lifetime of the photothermal bubbles generated around gold nanoparticles versus fluence
of the single 10-ns laser pulse with a wavelength of 750 nm (hollow circle: spheres; hollow square:
rods; hollow asterisk: shells) and 532 nm (solid circle: spheres; solid square: rods; solid asterisk:
shells)
Reproduced with permission from [29].
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Figure 9. Images of individual K562 cells obtained before and after interaction with gold
nanoparticles
Left: control; center: after targeting at 4°C with 30-nm gold nanoparticles (NPs); right: after
targeting at 37°C with 30-nm gold NPs. (A) Images obtained with scanning electron
microscope. (B) Images of K562 cells obtained with atomic force microscope. (C) Images
obtained with fluorescent microscope. (D) Images obtained with optical side scattering
microscope. (E) Images obtained with time-resolved photothermal microscope show the
photothermal bubbles: small ones in the center image and large one in the right image, while
no photothermal bubbles were detected in the left image.
Reproduced with permission from [51].
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Figure 10. Time responses of the photothermal bubbles obtained with a single pump laser pulse
(532 nm, 10 ns)
(A) Individual living HEP-2C cell after incubation with 70-nm gold nanorod conjugates with
C225. (B) Individual living HEP-2C cell after incubation with 50-nm gold nanoshell conjugates
with C225. (C) Intact lymphocyte (without any nanoparticles) and at increased fluence of pump
laser pulse (27 J/cm2).
Y-axis: signal amplitude; X-axis: Time after the pump laser pulse.
Reproduced with permission from [53].
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Figure 11. Nanoparticle-generated photothermal bubbles in cells
(A) A549 (C225-positive) cell with clusters of nanoshells exposed to a single laser pulse (10
ns, 750 nm, 0.7 J/cm2). (B) K562 leukemia cell treated with 30-nm gold nanoparticles and a
single laser pulse (10 ns, 532 nm, 1.7 J/cm2) has yielded a big photothermal bubble. Scale bar
is 10 µm.
Reproduced with permission from [53].
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Figure 12. Time-course of two nanoparticle cluster-related parameters obtained for K562 cells with
photothermal microscopy
(A) The threshold of the generation of laser-induced bubbles around clusters and (B)
population-averaged lifetime of laser-induced bubbles around clusters (at 8 J/cm2) as measured
during incubation at 37°C with 30-nm bare gold NPs.
NP: Nanoparticle.
Reproduced with permission from [51].
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Figure 13. Images of the damaged (top panel) and surviving (bottom panel) A549 cells after their
incubation with 170-nm gold nanoshells and the follow-up exposure to a single pump laser pulse
that induced the photothermal bubbles
(A) White light image prior to exposure to pump laser pulse. (B) Side scattering image prior
to exposure to pump laser pulse shows nanoshell-related signals. (C) Side scattering image
during exposure to pump laser pulse shows photothermal bubbles. (D) Fluorescent image after
the exposure to pump laser pulse shows epidium bromide fluorescence. (E) Differential white
light image shows changes in the cell after exposure to pump laser pulse.
Reproduced with permission from [38].
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Figure 14. Principle of nanoparticle cluster–photothermal bubble mechanism of amplification of
optical scattering from intracellular target
Amplitude of optical signals can be increased through formation of the target-linked
nanoparticle cluster and through generation of a transient bubble around the nanoparticle
cluster; photothermal bubbles may be detected with scattered probe laser beam (pulsed or
continuous) as angle-specific positive signal or integral negative signal.
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Figure 15. Dependence of optical scattering amplification coefficient upon the lifetime of the
intracellular photothermal bubbles for 30-nm gold nanospheres and 170-nm gold nanoshells
Population-averaged data are given for A549 cells exposed to a single 10-ns pump pulse at 532
nm.
Reproduced with permission from [38].
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Figure 16. Diagrams of the amplitudes of integral scattering signals obtained from individual
cancer cells, pretreated with 30-nm gold spherical nanoparticles, and before and during exposure
to a single pump laser pulse that generates photothermal bubbles around nanoparticle clusters in
the cells
NP: Nanoparticle; PTB: Photothermal bubble.
Reproduced with permission from [38].
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Figure 17. Laser-activated nanothermolysis as cell elimination technology (LANTCET) stages
Light-scattering detection of nanoparticle clusters in individual targeted cells with low-
intensity probe laser beam (shown as red column at the left panel); damage of targeted cells
with photothermal bubbles that are induced by a short laser pulse at the wavelength of
nanoparticle plasmon resonance (shown as a green column at the middle panel); guidance of
cell damage through optical detection of photothermal bubbles with additional probe pulse
(shown as a red column at the right panel).
Reproduced with permission from [53].
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Figure 18. Cell DP experimentally obtained for different pump laser pulse (532 nm, 10 ns) fluence
levels for specifically targeted common B acute lymphoblasts (lymphoblasts) and normal stem cells,
for specifically targeted K562 cells (test), for nonspecifically targeted K562 cells (control 1), for
K562 cells targeted with bare nanoparticle (control 2) and for untargeted K562 cells (control 3)
DP: Damage probabilities.
Reproduced with permission from [92].
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Figure 19. Photothermal bubble-based intracellular delivery
Two linked nanoparticles (NPs), NP1 (yellow) and NP2 (orange), are internalized by receptor-
mediated endocytosis. For this, NP1 is conjugated to a monoclonal antibody by a target-specific
vector. An antibody to a cytosolic target is attached to NP2. (A) Acidification of endosome
cleaves the pH-sensitive links between NPs. Completion of a c vesicle forms NP clusters.
(B) Photothermal heating NP1 clusters. (C) Generation of a photothermal bubble (light blue
sphere). (D) Disruption of the endosomal membrane with subsequent release of NP2. (E)
Association of the NP2 with a cytosolic molecular target (blue pentagon).
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Figure 20. Principle of plaque disruption for recanalization of occluded arteries with photothermal
bubbles
(A) Gold nanoparticles are injected from the catheter to the plaque site, photothermal bubbles
are generated around gold nanoparticles upon irradiation with short laser pulse at the
wavelength of plasmon resonance, (B) photothermal bubbles mechanically disrupt and remove
plaque tissue, thus creating a channel in the plaque.
Reproduced with permission from [60].
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Figure 21. Elimination of the human plaque with photothermal bubbles
(A) Microscopic image of intact plaque, black arrow shows the jet of gold NPs, black circle
shows the pump laser beam (532 nm, 10 ns). (B) Microscopic image of the same sample after
exposure to laser pulses. (C) Optical density profiles of the intact (dashed line) and laser-treated
(solid line) sample, the left part corresponds to the clear glass and the right part corresponds
to the plaque tissue. (D) Optical side scattering images of the photothermal bubble obtained
simultaneously with their generation and for the same sample. Scale bars are 20 µm.
NP: Nanoparticle.
Reproduced with permission from [60].
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Figure 22. Scheme of the laser-activated nanothermolysis as cell elimination technology
(LANTCET) treatment of the tumor in rat (A) and experimental set-up (B), vertical cross-section
(slice) of the tumor: treated with nanoparticles and a single laser pulse (C), treated with laser pulse
only (D)
Tumor slices were stained with Evans Blue after laser treatment and extraction from the animals
(blue: intact area; white: damaged area); scale bar is 5 mm.
Reproduced with permission from [53].
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Table 1

Parameters of nanoparticle-generated photothermal bubbles as measured with image and response modes for a
single 0.5 ns laser pulse at 532 nm.

Optical absorber Single NP (30 nm) Clusters of NPs (30 nm)

I(0) (pixel counts) 546 ± 3 (within noise level) 907 ± 44

I(9ns) (pixel counts) 1134 ± 285 3998 ± 1420

Ssc (a.u.) 2.03 ± 0.4 12.24 ± 1.4

PTB lifetime (at 1.72 J/cm2) (ns) 18 ± 3.5 417 ± 176

PTB threshold (J/cm2) 0.72 0.088

I(0): Pixel image amplitude before pump pulse; I(9ns): Pixel image amplitude 9 ns after pump pulse; NP: Nanoparticle;PTB: Photothermal bubble;

Ssc: Relative scattering amplitude at 0.9 J/cm2.
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Table 3

Comparison of the process of generation of the photothermal bubbles around plasmonic nanoparticles and in
homogeneously absorbing media.

Experimental parameters Laser pulse
duration

Environmental
bulk heating

Size of the absorber

Plasmonic NP in transparent
suspension

++ − PTB threshold fluence
decreases

Homogenous and micrometer-size
optical absorbers

+ + PTB threshold fluence
increases

+: Indicates influence of specific experimental parameter.
NP: Nanoparticle; PTB: Photothermal bubble.
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Table 7

Comparison of the features of two optical scattering methods for sensing photothermal bubbles.

Detection method Pros Cons

Time-resolved image mode High sensitivity Requires precise focusing due to
small size of PTB

Shows 2D location of the PTB Saturates when PTB size reaches
some threshold

Pixel image amplitude is PTB
size-dependent

Pixel image amplitude can be
amplified by increasing

pulse fluence

Response mode Allows detection of the PTB in
3D volume regardless

Relatively low sensitivity

of its specific position Signal duration slightly depends
upon the number

Signal duration is PTB size-
dependent

of the PTBs in the aperture of the
probe beam

Does not saturate when PTB
size reaches

some threshold

Allows detection of other PT
phenomena such as

heating of the bulk media

PT: Photothermal; PTB: Photothermal bubble.
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