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ABSTRACT Current methods of cell processing for gene and cell therapies use
several separate procedures for gene transfer and cell separation or elimination,
because no current technology can offer simultaneous multifunctional processing of
specific cell subsets in highly heterogeneous cell systems. Using the cell-specific
generation of plasmonic nanobubbles of different sizes around cell-targeted gold
nanoshells and nanospheres, we achieved simultaneous multifunctional cell-

specific processing in a rapid single 70 ps laser pulse bulk treatment of

heterogeneous cell suspension. This method supported the detection of cells, delivery of external molecular cargo to one type of cells and the

concomitant destruction of another type of cells without damaging other cells in suspension, and real-time guidance of the above two cellular effects.
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ost of the cell zand gene therapies

that have shown promise against

human diseases including cancer
require ex vivo processing of human cell
grafts in order to eliminate unwanted cells
from a heterogeneous cell suspension and
to genetically modify one or more cell sub-
sets to increase their therapeutic efficacy.
Ideally both elimination and transfection
should be highly efficient, cell-specific, and
fast. Existing methods,' ~>° however, lack
such characteristics, especially those of multi-
functionality and cellular selectivity when
applied to heterogeneous cell systems. As
a result, current cell processing for cell and
gene therapies is often slow, expensive, and
labor intensive and is compromised with
high cell losses and poor selectivity, thus
limiting the efficacy and availability of these
cell therapies.

We considered an entirely new approach
that employs the simultaneous transfection
of target cells and the elimination of un-
wanted subsets of other cells in heteroge-
neous grafts in one procedure with single
cell selectivity, high efficacy and processing
rates, and low nonspecific toxicity. Such an
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approach requires efficient mechanisms,
cellular agents, and technologies that are
not available so far. We therefore evaluated
the multifunctional potential of a newly
developed class of tunable multifunctional
cellular nanoagents, called plasmonic nano-
bubbles (PNBs).>°3?

A PNB is not a particle but a transient
nanosecond event, a vapor nanobubble
that is generated around a gold nanoparti-
cle (NP) after it absorbs a short laser pulse,
converts its energy into heat, and evapo-
rates its liquid environment in a nanoexplo-
sive manner (Figure 1). We recently demon-
strated that PNBs allow optical detection®*—>*
and transmembrane injection of molecular
cargo®®™* and the immediate destruction
(elimination) of specific target cells with high
speed and selectivity and without collateral
damage even when the majority of the cells
are nontarget3>3® The specific function,
payload delivery or destruction, is determined
by the maximal size of the PNB (Figure 1),
which, in turn, is determined by the NP's
properties and by the energy of the laser
pulse3*3% We hypothesized that the ability
of each NP type to generate PNBs of different
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Figure 1. Multifunctional cell-specific processing of a het-
erogeneous cell system with plasmonic nanobubbles
(PNBs) that are selectively generated around the clusters
of gold spheres in spheres-targeted cells (blue) and around
the clusters of gold shells in shells-targeted cells (red) with a
single laser pulse, resulting in the simultaneous delivery of
molecular cargo into blue cells due to injection of the
molecules (green dots) with small PNB and mechanical

destruction of red cells with large PNB without damage to
other cells, all realized in a single pulse treatment.

sizes under identical optical excitation coupled with
the cell-specific targeting and clustering of NPs con-
jugated to cell-specific antibodies would allow the
simultaneous transfer of molecular cargo into gold
sphere-targeted cells and the destruction of gold
shell-targeted cells in a simultaneous bulk treatment
of a heterogeneous cell system with high efficacy,
speed, and selectivity and with low toxicity (Figure 1).
This technology would create a universal platform for
cell and gene therapy including stem cell transplanta-
tion. To test this hypothesis, we experimentally studied
responses of different cells in vitro to targeting with
specific NP types and to a simultaneous bulk treatment
with a single laser pulse that generated PNBs in those
cells.

RESULTS

PNB Generation in Gold NP-Treated Cells. The maximal
size of a PNB determines its specific cellular effect,
destruction or delivery. Large PNBs mechanically de-
stroy cells, while small, noninvasive PNBs inject extra-
cellular molecules into the cell. We initially studied the
ability of cells to generate PNBs of two different sizes
under exposure to a single laser pulse. Our tasks were
to determine how to differentiate the PNB size and
to evaluate the cellular specificity of the generation
of size-specific PNBs. We applied two NP types with
different PNB generation efficacies, 60 nm hollow
gold nanoshells (NS) that generate maximal PNBs
and 60 nm solid gold spheres (NSP) that generate
much smaller PNBs under identical optical excitation
conditions.®' Both NP types were used in plain and
OKT3 antibody-conjugated forms (OKT3 antibody
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Figure 2. PNBs in cells targeted with gold spheres (NSP) and
shells (NS). (A) Bright field image of a mixture of J32 cells
treated by NS-OKT3 (red arrow) and NSP-OKT3 (blue arrow);
(B) optical scattering time-resolved image of large (bright)
PNBs in NS-OKT3-treated cells (red) and small (dim) PNBs in
NSP-OKT3-treated cells (blue); (C) PNB lifetime in NS-OKT3,
NSP-OKT3, NS, NSP-treated, and intact cells, all obtained
under exposure to a single laser pulse of 60 mJ/cm?; (D) PNB
lifetime as a function of the laser pulse fluence for NS-OKT3
(solid red), NSP-OKT3 (solid blue), NS (hollow red), NSP
(hollow blue)-treated and intact (solid black) cells.

recognizes CD3 receptor expressed in the employed
J32 model cells®® and is also employed in the clinic for
manipulation with human T-cells®***”). The NS-OKT3-
targeted J32 cells (CD3-positive) were labeled with red
fluorescent marker (Calcein Red AM), and the NSP-OKT3-
targeted J32 cells were labeled with blue fluorescent
marker (DAPI) for their identification through fluores-
cent imaging. After incubating the cells for one hour
with each type of NPs, the cells were mixed (Figure 2A)
and individual cells were exposed to a single laser pulse
(70 ps, 532 nm) of a specific fluence above the PNB
generation threshold in order to generate and detect
PNBs.

Transient PNBs in individual cells were detected and
imaged with time-resolved optical scattering imag-
ing by using a pulsed probe laser. The light scattered
by the PNBs produced their bright images (Figure 2B).
The maximal diameter of the PNB was measured in
individual cells as the duration of the PNB-specific
optical scattering time response®' (Figure 3B) that was
obtained with an additional continuous probe laser. PNB
lifetimes were analyzed for five cell populations under
identical optical excitation: intact cells, cells incubated
with plain NSs and NSPs, and cells incubated with
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Figure 3. (A) J32 cells with intracellular clusters of gold spheres (NSP-OKT3, blue DAPI marker) and shells (NS-OKT3, Calcein
Red marker); (B) optical scattering PNB-specific time responses of individual cells to a single laser pulse show simultaneous
generation of small PNBs in blue and large PNBs in red cells in the presence of extracellular molecular cargo FITC- Dextran (the
lifetimes of PNBs are shown); (C) postlaser treatment blue cells show the injected FITC-Dextran (green fluorescence), and red
cells show leaked out Calcein Red dye and distorted membranes due to their destruction. The fluorescence intensity profiles
of individual cells in (A) and (C) are indicated by small color-matched arrows.

OKT3-conjugates of NSs and NSPs (Figure 2Q). In the
range of laser pulse fluence between 10 mJ/cm? (close
to the PNB generation threshold) and 100 mJ/cm? we
observed PNBs only in cells treated with OKT3-
conjugated NPs (Figure 2C, D). Intact cells or cells incu-
bated with plain NPs did not produce any PNBs at all
because the PNB generation threshold in those cells
was apparently higher than the laser fluence applied. In
contrast, the cells incubated with the same NPs con-
jugated to the CD3-specific antibody OKT3 showed a
92—-96% probability of PNB generation because their
PNB generation threshold fluences were lower than
the fluence applied. Such a significant reduction in the
PNB generation threshold fluence (compared to cells
targeted with plain NPs) was caused by the formation
of large intracellular clusters of NPs through the me-
chanism of the receptor-mediated endocytosis.*®~*?
We have found earlier that an increase in the NP cluster
size reduces the PNB generation threshold fluence,
which will be minimal for large intracellular NP clusters
and maximal for single nonspecifically taken NPs3%"
Thus, the receptor-mediated endocytosis of NP-OKT3
created the largest NP clusters in CD3-positive cells
and enabled the selective generation of PNBs under
exposure to laser pulses of low fluence level starting
at 10—15 mJ/cm? (Figure 2D).

Influence of NP Properties on PNB Size. Next, we ob-
served the difference in PNB size (lifetime) of the
NS-OKT3- and NSP-OKT3-targeted cells under identical
targeting and optical excitation conditions (Figure 2C).
The PNB lifetime was found to be NP type-specific: NS-
OKT3-targeted cells yielded relatively large PNBs with
lifetimes of 200—300 ns, while NSP-OKT3-targeted cells
developed 3- to 4-fold smaller PNBs with lifetimes of
50—75 ns. This NP type-specific difference in PNB size
was caused by the difference in the PNB generation
efficacy of NSs (high) and NSPs (low) due to the
difference in heat capacity of a NS (low) and a NSP
(high).3! Specifically, the low heat capacity of a NS
(compared to an NSP of the same diameter) provides
faster and more efficient transfer of the thermal energy
from the heated metal to an adjacent water. A NS also
consumes much less energy for the internal heating
compared to a solid NSP.
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A significant difference in the PNB lifetimes of
NS-OKT3-targeted and NSP-OKT3-targeted cells was
observed in a wide range of the excitation laser
fluences between 10 and 100 mJ/cm? (Figure 2D).
Furthermore, the PNB lifetime almost linearly increased
with the fluence above the PNB generation thresholds,
which were found to be approximately 15 mJ/cm?
for NS-targeted cells and about 40 mJ/cm? for NSP-
targeted cells. Therefore, PNB size (which determines
the specific cellular effect of the PNB) can be precisely
tuned with the fluence of the laser pulse. In particular,
the PNB size for NS-OKT3- and NSP-OKT3-targeted cells
can be adjusted to the desired range by simply varying
the laser fluence.

These results demonstrate that two specific antibody-
conjugated types of gold NPs with different PNB-
generating efficacies, hollow gold nanoshells and solid
gold nanospheres, provide the generation of PNBs of
two sizes with a 4-fold difference under identical
simultaneous excitation. Next we evaluated the cellular
effects on the NS- and NSP-induced PNBs.

Bulk PNB Treatment of a Heterogeneous Cell System with a
Single Laser Pulse. The heterogeneous cell system was
modeled by mixing NSP-OKT3-targeted and NS-OKT3-
targeted J32 cells that modeled human T-lymphocytes.
NSP-OKT3-targeted cells were labeled with blue fluor-
escent marker (DAPI) to identify the cells and their
nuclei, and NS-OKT3-targeted J32 cells were labeled
with red fluorescent marker (Calcein Red) to identify
the cells and to monitor their integrity and viability
after PNB generation.** Then the blue and red cells
were mixed into one suspension to model a hetero-
geneous cell system, and green fluorescent dye (FITC-
Dextran) was added to the cell suspension as a model
of the molecular cargo. Next, the suspension was
scanned with a broad (0.22 mm diameter) excitation
laser beam for the bulk PNB treatment. The broad laser
beam simultaneously and identically irradiated hun-
dreds of mixed red and blue cells in one pulse. All the
cells received a single pulse exposure. We used the
above data (Figure 2D) to set the pulse fluence to the
level of 60 mJ/cm?, which corresponds to the PNB
lifetime of 60—65 ns in NSP-OKT3-treated cells and
200—220 ns in NS-OKT3-treated cells. After the laser
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irradiation, FITC-Dextran was immediately washed off.
The experiment was performed in three steps: (1)
fluorescent imaging of the mixed cells before exposure
to FITC-Dextran and the laser, (2) adding FITC-Dextran
and exposing the cells to broad single laser pulses that
induced PNBs, and (3) fluorescent imaging of the cells
immediately after the PNB treatment.

Prior to the PNB treatment we obtained tricolor
confocal fluorescent images of the cells (Figure 3A) and
measured the levels of red (to characterize the viability)
and green (to characterize the presence of the external
cargo) fluorescence in individual cells. The viability of
the cells was measured by monitoring the level of
Calcein Red fluorescence®® and with the Trypan Blue
exclusion test. Treatment of the cells with a single laser
pulse of the fluence of 60 mJ/cm? provided the gen-
eration of 64 & 8 ns PNBs in blue cells and 237 4+ 38 ns
PNB in red cells (Figure 3B) and resulted in a significant
increase in green fluorescence of FITC-Dextran only in
the blue cells and in a significant decrease of red
fluorescence of Calcein Red in the red cells (Figure 3C).
Blue NSP-OKT3-targeted cells showed the presence of
FITC-Dextran in their cytoplasm (Figure 3C), which was
not found there before the PNB treatment (Figure 3A).
Intracellular delivery of FITC-Dextran was achieved
through the PNB-specific mechanism of the localized
injection of the extracellular molecules. We recently
demonstrated that a small PNB of 40—90 ns lifetime
creates a small transient hole in the cellular membrane
and induces a nanojet that actively injects the external
molecules into the cytoplasm without compromising
the cell.33*° Comparison of the concentration and via-
bility of the blue cells before and after the PNB treatment
showed that such small PNBs (64 ns) were relatively safe
to the cells (Figure 4).

Red (NS-OKT3-targeted) cells showed a totally dif-
ferent response to the same laser pulse that induced
much larger PNBs (237 =+ 38 ns) (Figure 3B). Calcein Red
apparently leaked out, and the shape of the cells
changed, showing the blebbing bodies and damaged
membrane in the bright field image (Figure 3C). A
comparison of the concentration and viability of the
red cells before and after the PNB treatment showed
that such large PNBs destroyed 86% of these cells
(Figure 4). The PNB-induced changes in the cell shape,
level of red fluorescence, cell concentration, and
viability were observed within 10 min after the PNB
treatment. The character and speed of these changes
indicate that cell death occurred simultaneously through
a lysis-like process and not through necrosis or apoptosis.
Such an immediate cell death effect was caused by the
mechanical explosive action of a large intracellular PNB
and not by laser-induced heating of gold NPs because
PNBs effectively insulate the thermal effect of gold NPs3'
Our recent detailed study of the PNB-induced cell death
mechanism revealed the disruptive irreversible damage
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Figure 4. Parameters of individual red and blue cells tar-
geted with NS-OKT3 and NSP-OKT3, respectively, after a
single laser pulse treatment with PNBs (normalized by the
corresponding parameters before the laser pulse): PNB
lifetime (gray), cell destruction (shown through the viability
level, magenta bars), and cargo delivery (shown through the
level of green fluorescence, green bars); two types of gold
NP-targeted cells are identified through the fluorescence of
their markers, blue and red.

of the cell structure after generating even a single large
intracellular PNB.32

It should be noted that a small fraction of the red
cells also showed an increase in green fluorescence
due to the incidental entry of the extracellular FITC-
Dextran into the cells with disrupted membranes
(Figure 4). The level of intracellular green fluorescence
in red cells was much lower than that in blue cells.
Unlike the blue cells, the disrupted red cells with
compromised membranes were unable to keep the
injected cargo, and it rapidly leaked out together with
Calcein Red. Also, based on the significant drop in the
concentration of red cells, it appears that many red
cells were destroyed to a level that showed no cell
image at all due to their full destruction by PNBs and
the following elimination of their debris during wash-
ing off the FITC-Dextran dye.

This experiment demonstrates a simultaneous acti-
vation of two different cellular functions of PNBs, the
noninvasive delivery of molecular cargo and the de-
struction of cells. In addition, we observed a single cell
selectivity of both functions in a heterogeneous cell
suspension. Finally, these two functions were rapidly
administered in a single laser pulse bulk treatment of
multiple cells in less than a nanosecond. Such high
efficacy, selectivity, and speed were provided by the
high cellular specificity of PNBs and their on-demand
mechanical (not thermal) mechanisms of cell destruc-
tion and cargo delivery. Such multifunctional and
selective processing of a heterogeneous cell system
in a single bulk treatment was never achieved before-
hand with existing cell processing methods.

Cell Detection and Real-Time Guidance. Finally, we corre-
lated the optically detected lifetimes of PNBs to the
metrics of their delivery and destruction efficacy for
individual cells (Figure 4). Delivery was quantified
through the cell-averaged pixel image amplitude of
green, FITC-specific fluorescence. Destruction was
quantified through the relative change in the cell
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concentration and viability measured within 10 min-
utes after the PNB treatment. We found a strong
correlation between the detected PNB lifetime, the cell
type, and specific cellular function, delivery or destruc-
tion (Figure 4). A short PNB lifetime was associated with
the blue cells and with the noninvasive delivery of
extracellular molecules (an increase in green fluores-
cence, no decrease in cell concentration and viability).
In contrast, a long PNB lifetime was associated with
the red cells and with cell destruction (a decrease in
Calcein Red fluorescence level, cell concentration, and
viability). This result showed two additional functions
of PNBs, which are the cell detection and the real-time
guidance of the cell processing. Since the optical time
responses of PNBs (or other signals such as images
(Figure 2A) or acoustic responses®®) can be obtained
forindividual cells, such detection and guidance can be
performed in real time. Therefore, continuous monitor-
ing of PNBs during the processing of a heterogeneous
cell system allows real-time adjustment of the fluence
of laser pulses in order to maintain desired PNB life-
times even when the PNB generation conditions in
cells vary. The detection and processing of the PNB
signal requires microseconds, and electro-optical mod-
ulators allow the adjustment of the laser fluence in
milliseconds, thus allowing cell processing at laser
pulse repletion rates of up to 100 Hz and cell proces-
sing rates of up to 10872 cells per minute.

DISCUSSION

Comparison of the PNB Mechanisms with Current Approaches.
Current methods of cell processing for gene and cell
therapies use several separate procedures for gene
transfer and cell elimination, because no current tech-
nology can offer simultaneous multifunctional process-
ing of different specific cells in highly heterogeneous cell
systems. Our first major innovation is to use a single
process with multiple functions to simultaneously en-
gineer one target cell subset, eliminate a second, and
leave the nonspecific bulk cells unmodified. The second
innovation is in providing single cell selectivity and a
high speed of cell processing in heterogeneous cell
systems.

Cell elimination (separation) methods use physical
and affinity criteria such as filtering, centrifuging,
fluorescent-activated flow sorting, and magnetic and
adsorbent removal of target cells. The best results were
achieved with target-specific antibodies conjugated to
either magnetic beads or biotin to bind to the target
cells and then to pass through columns to select the
target cells (for example CD34+ stem cells’?). When
applied to human grafts, the limitations of immuno-
targeting include the incomplete removal of con-
taminating cancer cells or the removal of important
immune cells"? as well as a lack of selectivity due to
the unavoidable nonspecific binding of antibodies to
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nontarget cells."? None of these technologies can
provide the optimal combination of efficacy, selec-
tivity, processing rate, and low toxicity.

Current cell transfection methods are similarly limit-
ed. Three major approaches deliver plasmids with
viral,>~> nonviral using plasmid carriers,®~"" and non-
viral using external energy®'?>~?* methods. While
viruses offer greater efficacy of gene transfer, nonviral
methods provide better safety and are usually less
immunogenic. Carrier-based approaches use liposomes,
dendrimers, polyplexes, polyethyleneimine, and other
NPs. Of these methods, lipofection (liposomes as carriers)
is widespread.>*#*°> Use of plasmid carriers improves the
efficacy and safety of gene transfer®~ "% put the
selectivity of such methods in heterogeneous cell sus-
pensions is limited by the nonspecific uptake of carriers
by nontarget cells. PNBs with their much higher cellular
specificity overcome this limitation.3* In addition, PNBs
rapidly deliver the cargo within nanoseconds, improving
both processing rates and reducing the toxicity of the
delivery procedure compared to slow diffusion-based
current methods.

External energy-based methods use sono-, electro-,
and optoporation of cells,'> ** of which electropora-
tion/nucleofection is most widely used,'? despite its
poor selectivity and cellular toxicity. Gene transfer also
employs laser methods through heating, shockwave
generation optical breakdown, and bubble genera-
tion,'87202272451-53 The bubbles originate from ex-
ternal thermal or cavitation sources, and thus they
cannot discriminate target from nontarget cells. All
current laser methods do not provide cell selectivity in
heterogeneous cell systems. Moreover, almost all ex-
ternal energy-based methods also depend on the slow
diffusion of plasmids through the entry point produced
in the cell membrane. Rapid active delivery through
optoinjection can be achieved by using femtosecond
laser pulse-induced optical breakdown,?*?"?* but re-
quires the precise positioning of the laser beam on an
individual target cell and therefore cannot be used for
bulk treatment with high processing rates.

Contrary to the above limitations, we demonstrated
several innovative properties of PNBs: (1) high cellular
specificity (10—20-fold better than that of NPs; see
Figure 4) due to the cluster-threshold PNB mechanism
that prevents the generation of PNBs in nontarget cells
under simultaneous optical excitation of many target
and nontarget cells;** (2) active nanosecond mechan-
ical, nonthermal, and reagent-free mechanisms of
either delivery of molecular cargo or cell destruction
that provide cell treatment of the highest preci-
sion;***>38 (3) low collateral biodamage due to the
localized nature of PNBs and the reduction in the doses
of optical energy and NPs by 3 to 6 orders of magni-
tude. The major innovation is in combining the above
four functions in one rapid procedure. Such four-in-one
functionality is not supported by any other technologies
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taken alone. In addition, the injection mechanism
supported by PNB is very transient and localized*®
because it mechanically, nonthermally, impacts the
membranes of specific target cells. On the basis of
the hydrodynamics of PNB we earlier estimated that
the size and the lifetime of the transient hole (pore) in
the cellular membrane are comparable to those of a
PNB, i.e., are less than 1T um and 1 us, respectively. The
mechanical nature of the PNB impact can be explained
through the physical mechanism of a PNB generation.
Unlike stationary photothermal conversion of the con-
tinuous optical radiation by gold NPs>® PNBs are
generated through a very nonstationary photothermal
process upon the absorption of a 70 ps single laser
pulse. This creates the intense localized heating of the
adjacent to the NP water and supports the most
efficient localized vapor generation. While the transi-
ent laser-induced temperature of the NP may reach
700—1000 K, as we recently modeled for the same laser
pulse and 60 nm gold spheres,>” the vapor inside the
PNB efficiently thermally insulates its outer environ-
ment from such extreme heating, resulting in almost
ambient outer temperature.3! In this case the impact of
a PNB has a purely mechanical nature and is deter-
mined by the expansion and collapse of a PNB that can
be quantified through its maximal diameter or the
lifetime.?'

Applications. The multifunctionality, selectivity, and
speed of the described PNB method will find several
clinical applications for cell and gene therapy and
stem cell or bone marrow transplantation. The ability
to simultaneously genetically modify target cells

MATERIALS AND METHODS

Gold NPs and Their Conjugation. We used two types of gold NPs:
60 nm gold spheres and 60 nm hollow gold nanoshells. NSPs
were obtained from BioAssayWorks LLC (ljamsville, MD, USA).
NSs were synthesized by galvanic replacement of gold on a
silver core.>* The advantages of this type of NP include low
toxicity, reliable conjugation properties, and high PNB genera-
tion efficacy. For active targeting and endocytosis, the NPs were
covalently conjugated to OKT3 antibody by BioAssayWorks LLC
(ljamsville, MD, USA). Both NP conjugates were stored in 0.1 x
PBS and 0.5% (w/v) BSA. The latter prevented a spontaneous
clustering of gold NPs in solution.

Cell Model. Targeting Cells with Gold NPs. CD3-positive Jurkat
(J32) T-cell leukemia cells were employed to model human CD3-
positive T-lymphocytes that are clinically used for cell therapy
applications with OKT3 antibody. J32 cells are very similar to
human lymphocytes in terms of their targeting. J32 cells were
targeted with plain and covalently conjugated gold NPs (NSP
and NS). Cells (2 x 10° cell/mL) were resuspended in a serum-
free RPMI-1640 medium (Invitrogen, Grand Island, NY, USA)
containing NPs at a concentration of 5.3 x 10° particles/mL and
incubated with the NP-containing media for one hour at 37 °Cin
a CO, incubator. Following incubation, the cells were washed
twice to remove unbound NPs and finally suspended in RPMI-
1640 medium supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA, USA), 2 mM | -glutamine,
100 units/mL penicillin, and 100 mg/mL streptomycin (Life
Technologies, Inc., Grand Island, NY, USA). Four different
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(like T-cells) and eliminate unwanted cells (like regula-
tory T-cells) from a highly heterogeneous graft, with
single cell selectivity and without compromising other
important accessory cells, will enhance the effective-
ness of cell engineering in general and gene therapies
in particular. The technology may subsequently be
applied to process any liquid tissues to improve the
outcome of other cell-based interventions in cancer
and other disorders. The high speed of the PNB
mechanisms coupled with the broad laser beam
(available with commercial lasers) will enable a cell
processing rate of up to 10° cells per minute, which will
meet clinical requirements for cell processing.

CONCLUSIONS

Using the cell-specific generation of plasmonic nano-
bubbles of two different sizes we achieved a simul-
taneous multifunctional cell-specific processing in a
rapid single pulse procedure in a heterogeneous cell
suspension. Single laser pulse bulk treatment of multiple
heterogeneous cells showed high efficacy and selec-
tivity in both the delivery of molecular cargo and cell
destruction without damaging nontarget cells. The
optical detection of PNBs enabled two additional func-
tions of the detection of specific target cells and of a
real-time guidance of their processing. None of the
existing methods of cell processing can provide such
simultaneous and cell-specific multifunctionality. Thus
the developed PNB method supports four functions in a
single laser pulse procedure: cell detection, delivery of
molecular cargo, cell destruction, and the guidance of
delivery and destruction.

samples of J32 cells were prepared: cells treated with NSP-
OKT3 conjugates, with NS-OKT3, and with plain NSPs and
NSs. Cells were cultured in Ibidi u-Slides (#81506, Ibidi, LLC,
Verona, WI, USA).

Cell Identification and Monitoring. For the identification of
individual cells in the heterogeneous sample of J32 cells treated
with NSP-OKT3 and NS-OKT3, we used two different fluorescent
dyes: CellTrace Calcein Red AM (C34851, Invitrogen Corpora-
tion, Carlsbad, CA, USA) and DAPI (D1306, Molecular Probe Inc.,
Eugene, OR, USA). Cells treated with NSP-OKT3 were incubated
with DAPI (one hour at room temperature), and cells incubated
with NS-OKT3 were stained with Calcein Red (one hour with
5 uM of Calcein at 4 °C). After that, both of the samples were
mixed in the proportion 1:2, and the heterogeneous sample of
blue and red J32 cells was used for bulk treatment with a single
laser pulse.

Molecular Cargo. Fluorescence dye FITC-Dextran (2 mg/mL,
mol wt 10 kDa) was added to the heterogeneous sample of blue
and red J32 cells just prior to their exposure to laser pulses and
was washed three times with fresh media after the PNB gen-
eration. To ensure that optical absorption of the laser pulse by
FITC-Dextran in cells will not influence the PNB generation, we
experimentally verified that no vapor nanobubbles were gen-
erated due to absorption of the excitation laser pulses by FITC.
To avoid bleaching problems with FITC, we employed a single
picosecond pulse with a very low total optical dose (60 mJ/cm?)
that practically did not cause any problems with detecting the
FITC fluorescence in cells.
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Cell Characterization. The cell concentration and viability
were tested before and after the PNB treatment of cell suspen-
sions. The standard indicators were used for monitoring the
viability of individual cells: CellTrace Calcein Red AM and Trypan
Blue. The first dye is well retained by live cells that possess intact
plasma membranes, and consequently it is a useful fluorescent
tracer and indicator of cell viability and integrity.** Thus this dye
was used for labeling of J32 cells incubated with NS-OKT3 and
for monitoring their integrity, i.e., the potential leakage of the
cellular content after PNB treatment.

Individual living cells were assayed with a laser confocal
microscope (LSM-710, Carl Zeiss Microlmaging GmbH, Germany)
in bright field and three fluorescent (for imaging of Calcein Red,
DAPI, and FITC-Dextran) modes. The mean pixel image amplitude
of the fluorescent image was measured for individual cells and
then averaged for the subpopulation studied (50 cells in total).
Cells were considered as Calcein Red AM-, DAPI-, or FITC-Dextran-
positive when theirimage pixel amplitude exceeded that of intact
cells. The averaged values of the pixel image amplitudes of each
subpopulation of cells were obtained prior to and after the PNB
generation.

The viability of cells targeted with NS-OKT3 after PNB treat-
ment was calculated as the concentration of Calcein Red
AM-positive target cells before (Co) and after (C;) treatment:
V= C/Cy x 100%.

As an additional viability test, we used Trypan Blue staining
for each cell sample before and after separate PNB treatment
under conditions identical to the processing of the mixed
sample of red and blue J32 cells. To evaluate the efficacy of
the PNB cell treatment, we used one complex parameter that
combined the changes in cell concentration and viability and
calculated from the level of cell viability and concentration:
RRV = G/Cy X V|, where G, is cell concentration after treat-
ment, Cy is the initial cell concentration before treatment, and
V, is the viability of the cells measured after PNB treatment.

PNB Generation and Detection. A PNB is a vapor nanobubble
(Figure 5A) transiently induced around a superheated intracel-
lular gold NP cluster upon absorption of a short laser pulse. Gold
NPs convert optical energy into heat through the mechanism
of plasmon resonance,>>*® which evaporates the surround-
ing liquid. Upon the onset of a vapor nanobubble the latter
insulates the high NP temperature from its outer environment,
whose temperature remains practically ambient.' Therefore,
the outer effect of a PNB has a mainly mechanical, not thermal,
nature, which is determined by the PNB expansion and collapse.
The biological function of a PNB is determined by its maximal
size, which is measured through the PNB lifetime®' (Figure 5B).
PNBs were generated by transient heating of gold NPs with
single laser pulses to temperatures well above the evaporation
threshold for the liquid environment of NPs. We employed a
single 70 ps pulse at the wavelength of 532 nm (PL-2250, Ekspla,
Vilnius, Lithuania), with an optical absorbance spectrum maxi-
mum very close to the laser wavelength.

We used previously developed methods and experimental
setup®'3? to generate, image, detect, and quantify PNBs in
individual cells through their optical scattering images and time
responses detected in parallel with two probe lasers (Figure 5).
The shape of the time response signal was specific and different
for a heating—cooling effect without generation of a PNB and
for generation of a PNB, while the duration of the PNB-specific
response characterized the PNB lifetime. The maximal diameter
of a PNB is proportional to the PNB lifetime.3**'38 |n addition,
the excellent optical scattering properties of the PNB>?~3* were
used for its imaging in cells with the second pulsed probe beam
(576 nm, 70 ps, 0.1 mJ/cm?). This beam was directed at the
sample under a high angle of incidence and with 10 ns delay
relative to the excitation laser pulse. Thus only the light
scattered by the transient PNB was collected by the microscope
objective (20x) and detected by the imaging device described
above. The diameter of the pump (excitation) laser beam was
220 um for PNB generation in monolayers of blue and red J32
cells in scanning mode. The fluence was applied in the range
10—100 mJ/cm?and was measured by registering its image and
measuring the beam diameter at the sample plane with an
imaging device (Luka, Andor Technology, Northern Ireland) and
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Figure 5. Experimental setup for the excitation and detec-
tion of plasmonic nanobubbles with two simultaneous
techniques. (A) Generation of a vapor nanobubble around
a gold NP cluster inside the cell. (B) Optical scattering
response is obtained with a continuous probe laser
(633 nm) that is focused into a sample collinearly with the
excitation pulse. The scattering effect of the nanobubble
reduces the axial intensity of the probe beam, which is
measured by a fast photodetector. (C) Time-resolved optical
scattering imaging employs side illumination with a probe
laser pulse (70 ps, 580 nm, 2 nJ) that is delayed for 10 ns
relative to the excitation pulse. The probe light is scattered
by the water—vapor boundary of the nanobubble and
generates a distinct image in the microscope.

by measuring the pulse energy using a pulse energy meter
(Ophir Optronics, Ltd., Israel). This scheme provided direct and
precise measurements of the incident optical fluence at the cell
plane for each excitation pulse. The fluence was controlled
through the polarizing attenuator. Operation of all hardware
was controlled by a PC through custom software modules
developed using the LabView platform.
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