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M
any pharmaceutical agents in de-
velopment and used clinically
need to be delivered intracellu-

larly to have their intended therapeutic
effect.1 Inside the cell they have various
targets, including nuclear targets for gene
transfection, gene correction and other
gene-based therapies;2 mitochondrial tar-
gets for certain proapoptotic drugs;3,4 and
other cytoplasmic sites, including those
needed for protein knockdown by RNA
interference using siRNA or miRNA.5

However, the highly structured and
lipophilic nature of the cells' plasma mem-
branes generally blocks the direct intracel-
lular delivery of such compounds, such that
most molecules other than small ions enter

cells by an active transport mechanism,
such as receptor-mediated endocytosis.6

Uptake via that route can be accessed
through the use of lipid and polymer nano-
particles, especially if decoratedwith receptor-
targeted ligands.7 However, such chemical
delivery systems can be associated with cyto-
toxicity and drugs administered by that route
can be subject to lysosomal degradation after
internalization.8 Viral vectors also harness
natural mechanisms of intracellular delivery,
but areprimarily useful only forDNAdelivery
and suffer from risks of virus-induced
toxicity.9

Another approach to intracellular deliv-
ery uses physical forces to transiently
and reversibly disrupt the cell membrane,
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ABSTRACT Conventional physical and chemical methods that

efficiently deliver molecules into cells are often associated with low

cell viability. In this study, we evaluated the cellular effects of

carbon nanoparticles believed to emit photoacoustic waves due to

nanosecond-pulse laser activation to test the hypothesis that this

method could achieve efficient intracellular delivery while main-

taining high cell viability. Suspensions of DU145 human prostate

carcinoma cells, carbon black (CB) nanoparticles, and calcein were

exposed to 5�9 ns long laser pulses of near-infrared (1064 nm wavelength) light and then analyzed by flow cytometry for intracellular uptake of calcein

and cell viability by propidium iodide staining. We found that intracellular uptake increased and in some cases saturated at high levels with only small

losses in cell viability as a result of increasing laser fluence, laser exposure time, and as a unifying parameter, the total laser energy. Changing interpulse

spacing between 0.1 and 10 s intervals showed no significant change in bioeffects, suggesting that the effects of each pulse were independent when spaced

by at least 0.1 s intervals. Pretreatment of CB nanoparticles to intense laser exposure followed by mixing with cells also had no significant effect on uptake

or viability. Similar uptake and viability were seen when CB nanoparticles were substituted with India ink, when DU145 cells were substituted with H9c2 rat

cardiomyoblast cells, and when calcein was substituted with FITC-dextran. The best laser exposure conditions tested led to 88% of cells with intracellular

uptake and close to 100% viability, indicating that nanosecond-pulse laser-activated carbon nanoparticles can achieve efficient intracellular delivery while

maintaining high cell viability.
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thereby allowing molecules to directly enter the cyto-
plasm of cells either by diffusion or, in some cases,
by electrophoretically driven processes through
short-lived transmembrane pores.10 Examples of such
methods are electroporation,11 ultrasound-mediated
intracellular delivery12,13 and microinjection.14 Some
methods of intracellular delivery have used lasers, for
example, to generate acoustic waves froma shock tube
to induce uptake by a mechanical mechanism,15,16

to heat nanoparticles to induce uptake by a thermal
mechanism,17�21 to heat nanoparticles for controlled
release of encapsulated drugs22,23 or to heat nano-
particles to cause cell death.24 A common limitation of
intracellular delivery methods is a trade-off between
achieving high levels of intracellular uptake and main-
taining high levels of cell viability, since efficient uptake
among viable cells is often associated with significant
cell death.
In this study, we investigated a method of intra-

cellular delivery that uses laser-activated carbon black
(CB) nanoparticles. In this approach, nanosecond
pulses from an infrared laser are used to interact with
CB nanoparticles, which are believed to emit acoustic
waves by a so-called giant photoacoustic effect25 that
mechanically acts on the cell membrane to create
transient pores through which molecules can enter
the cell. In our previous work, we used a femtosecond
laser operating at 810 nm wavelength to demonstrate
intracellular delivery by this approach.26 In the present
study, we build off those initial findings in two ways.
First, we switched from the expensive and complex
femtosecond laser used before to a much simpler
and less expensive nanosecond pulse laser. Second,
we examine the effects of varying laser exposure
conditions over a range of parameters in order to
optimize uptake and viability, as well as to gain insight
into mechanisms of action.

RESULTS

Intracellular Uptake Due to Laser-Activation of CB Nanopar-
ticles. We first validated that exposure of cells to infra-
red laser pulses in the presence of CB nanoparticles
resulted in uptake of a marker compound, calcein,
by viable cells. As shown in Figure 1a, DU145 prostate
cancer cells incubatedwithCBnanoparticles and calcein
but, without exposure to laser pulses, did not show
significant intracellular uptake of calcein. This treatment
is referred to here as a “sham” exposure, where cell
samples received the same treatment as laser-exposed
samples, except the laserwas not activated. In Figure 1b,
cells were exposed to laser pulses, but there were no
CB nanoparticles present. Again, insignificant uptake
was seen.

In contrast, Figure 1c shows the effects of pulsing
with a laser in the presence of CB nanoparticles,
where the majority of cells appear green, indicating
intracellular uptake of green-fluorescent calcein.

Finally, Figure 1d shows a magnified view of cells
exposed to laser pulses and CB nanoparticles, further
indicating that the calcein is located throughout the
interior of the cells rather than, for example, being
sequestered in endosomal vesicles.

Effects of Laser Pulse Fluence, Number of Pulses, Beam Spot
Size, and Pulse Repetition Rate on Intracellular Uptake and
Cell Viability. We next quantified intracellular uptake of
calcein and viability in DU145 cells as a function of laser
fluence, while keeping all other exposure parameters
constant (Figure 2). The time of exposure was set to
1min at 10 Hz pulsing frequency. Laser exposure at the
lowest fluence studied (12.5 mJ/cm2 per pulse) caused
no significant uptake or viability loss compared to the
“sham” negative control (Figure 2a). As laser fluence
increased, intracellular uptake increased as well, climb-
ing from 30% of cells with uptake at a fluence of
18.75 mJ/cm2 to 76% of cells with uptake at a fluence
of 44 mJ/cm2 (ANOVA, p < 0.0001). Above 44 mJ/cm2,
intracellular uptake no longer increased and main-
tained a value of approximately 70�80% of the cells
(ANOVA, p = 0.98) with uptake. Over the full range of
laser fluence conditions studied, the viability remained
insignificantly different from sham control samples in
almost all cases (ANOVA, p = 0.48) (Figure 2a).

We expect that laser exposure time (i.e., number of
laser pulses) would also affect intracellular uptake and

Figure 1. Fluorescence imaging of intracellular uptake.
Cells inspected visually using a confocal microscope show
that there is little uptake of calcein (green) when cells were
exposed to just carbon black (CB) nanoparticles but no laser
(a), very little uptake when cells were exposed to laser but
not CB nanoparticles (b), and extensive uptake when cells
were exposed to laser with CB nanoparticles at 44 mJ/cm2

fluence, 1 min exposure time, 10 Hz pulsing frequency and
21.4 mm beam diameter (c). Closer inspection of these cells
at higher magnification reveals that calcein is present
throughout the interior of the cells and not just localized,
for example, to endosomes (d). In all samples, very few cells
were stained with propidium iodide (red), which is a marker
of necrotic and late apoptotic deaths. Scale bars are 20 μm.
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viability. Figure 3a,b demonstrates the effect of expo-
sure time on the uptake and viability of DU145
cells, while keeping all the other factors constant. In
Figure 3a, the fluence was set to 18.75 mJ/cm2. The
viability did not change significantly compared to
sham exposure when the exposure time was increased
from 1 to 7 min (ANOVA, p = 0.97), whereas the uptake
increased from 30% to 88% (ANOVA, p < 0.0001). At
7 min, the uptake value was statistically not different
from the viability value (Student's t-test, p = 0.36),
indicating that essentially all viable cells had uptake.
When the laser fluence was increased to 25 mJ/cm2

(Figure 3b), there was a decrease in viability as expo-
sure time increased (ANOVA, p = 0.0014), and the
uptake initially went up and then decreased (ANOVA,
p < 0.0001). At all times, uptake was significantly less
than viability values (Student's t-test, p < 0.05).

The data on intracellular uptake fromFigures 2a and
3a,b are replotted in Figure 3c as a function of total
energy input (i.e., pulse fluence� laser beam exposure
area � number of pulses). This analysis shows that
uptakewas proportional to the total energy input below
approximately 100 J, which then saturated at a constant
uptake value at higher energy inputs.

The data presented so far were generated using
a laser beam that fully covered the sample cuvette.
When the spot size diameter of the laser beam was
reduced from 21.4 mm (full exposure of the cuvette)
to 9 mm (16% of the cuvette area was exposed),
it resulted in reduced bioeffects. Figure 4a shows
that under full cuvette exposure, uptake was higher
(Student's t-test, p = 0.002), but the viability was lower
(Student's t-test, p = 0.01) compared to the partially
exposed samples. The total percentage of cells affected
by the laser (either uptake or death) was 87% in the
case of full cuvette exposure and it was just 40% in
the case of 9 mm beam diameter exposure. This value
is greater than the 16% of cuvette area, suggesting
convection within the cuvette led to more cells

entering the laser beam during the exposure time.
Additional studies showed that the location of the
beam spot in the cuvette did not matter as long as it
was within the cuvette area filled with cell solution
(data not shown).

The pulsing frequency in the data generated so far
was 10 Hz (i.e., 10 pulses per second/s). We therefore
also studied slower pulsing frequencies to determine
the resulting effect on uptake and viability. Decreasing
the pulsing frequency separates each pulse by more
time, which means that the cells have more time to
recover from the effect of the laser�CB interaction
between pulses. In Figure 4b, pulsing frequency was
varied between 0.1 and 10 Hz, keeping all the other
parameters constant. The viability was unaffected by
changing pulsing frequency (ANOVA, p = 0.35). The
uptake value for 0.1 Hz was a little higher than the rest
(ANOVA, p = 0.025). This indicates that greater spacing
between pulses by decreasing pulsing frequency has
little effect on uptake and viability, which further
suggests that any recovery by cells after being exposed
to a laser pulse and CB interaction processes occurs on
a time scale faster than 100ms (corresponding to 10 Hz
pulsing) or possibly slower than 10 s (corresponding to
0.1 Hz pulsing).

Effects of Interaction between Sequential Pulsing Protocols
on Uptake and Viability. Our guiding hypothesis is that
acoustic energy emitted by CB nanoparticles during
laser exposure impacts cells to transiently increase
plasma membrane permeability. According to this
hypothesis, pretreatment of CB nanoparticles in the
absence of cells should have no effect on cells added
after the laser exposure. To test this hypothesis, we
first exposed cells at a mild laser condition (Figure 5a,
condition B) and found that there was no significant
change in viability or uptake compared to the sham
control (Figure 5a, condition A). In a second experi-
ment, we exposed CB nanoparticles (without cells) to
a strong laser condition and then added cells to this

Figure 2. Effect of laser fluence on intracellular uptake and viability of DU145 cells. Cells were exposed to laser for 1 min at
various laser fluence levels. Asterisk (*) shows data where viability is lower than sham and hash symbol (#) shows data where
uptake is lower than viability (p < 0.05). The figure demonstrates saturation of both uptake and viability beyond 44 mJ/cm2

exposure. All laser exposures were at 10 Hz pulsing frequency and 21.4 mm beam diameter. Data show average( standard
deviation (SD) (n = 3 replicates).
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solution within 5 s after laser exposure. The resulting
solution was then exposed to laser condition B. This
effect of CB nanoparticle laser pretreatment (Figure 5a,
condition C) had no effect on uptake or viability when
compared with condition B (Student's t-test, p = 0.26).
This suggests that cells must be present during laser
activation of the CB nanoparticles, because the effects
of the activation do not persist after laser exposure.

We next performed an experiment to see if pre-
conditioning cells would have an effect on subsequent

laser exposure. We first exposed cells to a mild laser
condition, like before, which had no significant effect
on viability andminimal effect on uptake (Figure 5b, con-
dition B, Student's t-test, p = 0.26 for viability and p =
0.003 for uptake) and subsequently exposed cells to a
moderate laser condition, which significantly increased
uptake and decreased viability (Figure 5b, condition D,
Student's t test, p = 0.041 for viability and p < 0.001 for
uptake). We then combined these two exposures by
first exposing cells to the moderate laser condition
(thereby preconditioning them) and then exposing the
cells to themild laser condition (Figure 5b, condition E).
However, there was no significant difference between
conditions D and E (Student's t-test, p= 0.61 and p= 0.6
for viability and uptake, respectively), indicating that
preconditioning cells with a moderate exposure did
not enhance the effects of a mild exposure. While we
examined only one of many possible preconditioning
scenarios, the data suggest that the effects of an initial
exposure with significant bioeffects do not make
cells more susceptible to bioeffects from a subsequent
subthreshold exposure. This is consistent with the
observation made previously when testing the effects

Figure 3. Effect of exposure time and total energy on
intracellular uptake and viability of DU145 cells. (a) When
fluence was set at 18.75 mJ/cm2, there was no change of
viability, but uptake increased with exposure time until it
was the same as viability at 7 min. (b) When fluence was set
at 25 mJ/cm2, viability was less than the sham and uptake
was always significantly lower than viability (p < 0.05). (c)
When total energy is plotted against uptake, at g100 J,
uptake remained approximately constant at∼75% at higher
energy levels. All laser exposures were at 10 Hz pulsing
frequency and 21.4 mm beam diameter. Asterisk (*) shows
data where viability is lower than sham and hash symbol (#)
shows data where uptake is lower than viability. Data show
average ( SD (n = 3).

Figure 4. Effect of beamdiameter and pulsing frequency on
intracellular uptake and viability of DU145 cells. (a) Redu-
cing the beamdiameter from21.4mm (full cuvette) to 9mm
(16% of the cuvette surface area) resulted in lesser bioef-
fects, with higher viability and lower uptake (44 mJ/cm2

fluence, 1 min exposure time, 10 Hz pulsing frequency). (b)
Increasing pulsing frequency from 0.1 to 10 Hz while keep-
ing number of pulses at 100 had no statistically significant
effect on viability, while uptake was slightly higher at 0.1 Hz
compared to 1 and10Hz (44mJ/cm2

fluence, 21.4mmbeam
diameter). Asterisk (*) and hash symbol (#) show statistically
significant differences in uptake and viability, respectively
(p < 0.05). Data show average ( SD (n = 3).
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of pulsing frequency (Figure 4b), which indicated that
cells do not appear to have a “memory” of previous
exposures if the exposures are spaced by >100 ms.

Another combination of laser CB interaction was
examined employing moderate laser conditions. One
exposure involved stronger fluence and shorter expo-
sure time, while the other exposure involved weaker
fluence and longer exposure time. We found that each
condition by itself increased uptake and decreased
viability (Figure 5c, conditions D and F, Student's
t-test, p = 0.044 and p < 0.001 for viability and uptake,
respectively, for condition F). The combination of
applying condition D followed by condition F within
5 s led to a significant decrease in viability (Student's
t-test, p = 0.03) with no significant change in uptake
(Student's t-test, p = 0.53) (Figure 5c, condition G). The
viability in condition G (i.e., 74%) was roughly the
product of the viability in conditions D and F (88% �
87% = 76%), suggesting an additive, rather than a
synergistic effect of this combination. The fact that
uptake did not increase further could be explained
because the level of uptake was statistically indistin-
guishable from the level of viability (Student's t-test,
p = 0.23), meaning that essentially all viable cells had
uptake.

Effects of CB Nanoparticle Type and Concentration on Uptake
and Viability. The proposed mechanism of molecular
uptake into cells in this study involves laser energy
absorption and transduction by carbon nanoparticles
creating photoacoustic effects. Figure 6 shows a com-
parison between India ink, another form of CB nano-
particle, and CB nanoparticles used so far in this study
at various concentrations under the same laser con-
ditions. India ink includes CB nanoparticles as the
main component alongwith other components whose
composition are insufficiently characterized.27,28 We
determined by dynamic light scattering, that themean
diameter of particles in India inkwas 110 nm (dispersity
of 0.23), as compared to 189 nm (dispersity of 0.16) for
the CB nanoparticle aggregates. At each condition in
the laser exposure experiments, the concentration of
India ink particles was adjusted to have the same laser
absorption as their CB nanoparticle counterparts.

Considering the effect of nanoparticle concentra-
tion first, when CB nanoparticle concentration was
increased, keeping all other factors constant, the via-
bility decreased (ANOVA, p < 0.0001), which resulted
in a decrease of uptake as well (ANOVA, p < 0.0001).
Under all the exposed conditions, the difference be-
tween uptake and viability was statistically nonsignifi-
cant (Student's t-test, p > 0.05). When CB nanoparticles
were replaced with India ink particles, there was
similarly a decrease in viability (ANOVA, p < 0.0001),
which again resulted in a decrease in uptake (ANOVA,
p < 0.0001).

When the effects of the India ink and CB nanopar-
ticles are compared, there is no significant difference at

Figure 5. Effect of pretreatment and sequential laser ex-
posures on intracellular uptake and viability of DU145 cells.
(a) Compared to sham treatment (A), there was no signifi-
cant effect of weak laser exposure of cells in the presence of
CB nanoparticles (B). Very strong laser exposure of CB
nanoparticles (without cells) as a pretreatment followed
by addition of cells and weak laser exposure (C) was not
significantly different from conditions (B) and (A) in terms of
uptake and viability. (b) The sequential combination of a
strong laser exposure and weak laser exposure (E) was
statistically no different from the strong laser exposure
alone (D) and much greater than the weak laser exposure
alone (B) in terms of uptake and viability. (c) The sequential
combination of two strong laser exposures with different
laser parameters (G) had lower viability but uptake was not
statistically different from either of the individual laser
exposures alone (D, F). All laser exposures were at 10 Hz
pulsing frequency and 21.4 mmbeam diameter. Asterisk (*)
and hash symbol (#) show statistically significant differ-
ences in uptake and viability, respectively (p < 0.05). Data
show average ( SD (n = 3).
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low particle concentrations (Student's t-test, p > 0.05),
but viability and uptake are both lower in the India
ink samples at the highest concentration (Student's
t-test, p < 0.05). Altogether, these results suggest that
the specific chemistry of the CB formulation is not as
important as the concentration of CB nanoparticles.

Toxicity of CB Nanoparticles. To assess possible toxic
effects of the CB nanoparticles, an MTT assay was
performed on DU145 cells after exposure to CB nano-
particles at various concentrations for 24 and 72 h. MTT
stains cells that are properly respiring, such that lack of
staining is an indicator of cytotoxicity. Figure 7 shows
the absorbance values as a function of increasing CB
nanoparticle concentration. The data were normalized
with respect to the CB nanoparticle-free control. There
was no significant difference between the absorbance
values of the MTT assay at 24 and 72 h (ANOVA, p =
0.39). Moreover, there was no significant loss of viabi-
lity below 200 mg/L (ANOVA, p = 0.997 and p = 0.996,
respectively).

These data produce ED50 values of 360mg/L for the
24 h data and 350 mg/L for the 72 h data. For most

experiments in this study, a CB nanoparticle concen-

tration of 25 mg/L was used, which is an order of

magnitude lower than the ED50 value. Visual inspection

of cells incubated with high-concentration CB nano-

particles showed the particles coating the cell surface

(data not shown). This steric interaction, rather than a

chemical interaction, might have affected cell viability

at the higher concentrations. The analysis indicates

that at the concentrations used in this study, there was

no significant change to cell viability as a result of

extended exposure to CB nanoparticles.

Effects of Cell Type and Molecular Weight of Uptake
Marker on Uptake and Viability. In addition to DU145
prostate cancer cells, we also studied the effects of

laser-activated CB nanoparticles on H9c2 rat cardio-

myoblasts. The experiments with these cells were per-

formed at exposures of 25 mJ/cm2 for 1 and 3 min,

keeping all other parameters constant (Figure 8). When

the performance of the two cell lines was compared,

the viability was statistically not different from each

other (ANOVA, p = 0.94), but the uptake was lower for

H9c2 cells (ANOVA, p = 0.007). These data show that

the effects of laser-activated CB nanoparticles on cell

uptake and viability are seen in multiple cell types.
The delivery efficiency was also characterized by

varying the molecular weight of the uptake markers
(Figure 9). Calcein was replaced with FITC-labeled
dextrans of molecular weights 10, 70, and 500 kDa
and exposed to laser at 44 mJ/cm2 for 1 min, keeping
all other parameters constant. There was no statistical
difference between the viability of the exposed

Figure 6. Effect of increasing India ink and CB nanoparticle concentration on intracellular uptake and viability of DU145 cells.
In each paired comparison, the concentration of India ink and CB nanoparticles was adjusted so that the laser absorbancewas
the same. Uptake and viability generally decreased with increasing nanoparticle concentration, and India ink had stronger
effects on uptake and viability than CB nanoparticles at the higher concentrations. All laser exposures were at 44 mJ/cm2

fluence, 1 min exposure time, 10 Hz pulsing frequency and 21.4 mm beam diameter. Asterisk (*) and hash symbol (#) show
statistically significant differences in uptake and viability, respectively (p < 0.05). Data show average ( SD (n = 3).

Figure 7. Toxicity of CB nanoparticles on DU145 cells
measured by MTT cytotoxicity assay. Cells were exposed
to CB nanoparticles for 24 and 72 h, which yielded ED50

values of 350 and 360 mg/L, respectively. These values are
∼14 times higher than the concentration (25 mg/L) used
in most experiments in this study. Data show average( SD
(n = 3).
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samples (ANOVA, p = 0.92), whereas uptake decreased
with increasing molecular weight (ANOVA, p = 0.022).

Trade-Off between Maximizing Uptake and Maximizing
Viability. When mean values of cell viability are plotted
against uptake (Figure 10), all data points fall below the
viability = uptake line. This is because being counted as
an uptake cell requires that the cell must be viable.
Somepointswere at or just below the viability = uptake
line, indicating that essentially all viable cells had
uptake. No points were at 100% viability and 100%

uptake, although we did observe 88% uptake with
close to 100% viability.

DISCUSSION

This study was guided by the hypothesis that
laser energy is absorbed by CB nanoparticles, which
transduce that energy into a form that transiently
permeablizes cells, resulting in intracellular uptake
and possible loss of cell viability. On the basis of prior
literature,25,26,29 we further believe that the mechan-
ism of energy transduction involves laser�CB nano-
particle interactions leading to the sudden heating of
the nanoparticles, which leads to generation of acous-
tic emissions (i.e., pressure waves) caused by thermal
expansion of the nanoparticles, as well as possibly
the vaporization of water and/or chemical reaction be-
tween water and carbon (i.e., C(s) þ H2O(l) f CO(g) þ
H2(g)). Elucidating the details of this energy transduc-
tion mechanism is beyond the scope of this study.
There should be two time scales associated with this

process. The first time scale is that of laser absorption
by CB nanoparticles followed by pressure wave gen-
eration. The second time scale is that of cell membrane
permeablization, intracellular uptake and membrane
resealing. We expect that the time scale of the first
step is at least nanoseconds (i.e., the time scale of the
laser pulse), but may be longer, given the time it may
take to grow and collapse gas bubbles, if they are
involved in the mechanism.30 The time scale asso-
ciated with intracellular uptake through permeablized
membranes is likely much longer, given that it involves
transmembrane diffusion and cellmembrane resealing
mechanisms.
In general, we would expect that more energy trans-

duction from laser irradiation to acoustic emissions
should increase bioeffects on cells. Thus, increased
energy transduction should be associated with both
increased intracellular uptake as well as increased loss
of cell viability. Because of this, the goal for applications

Figure 8. Comparisonof intracellular uptake and viability of
two cell lines (DU145 and H9c2) after the same laser
exposures. Cell viability was the same, whereas uptake after
the 1 min exposure was significantly different between the
two cell lines. All laser exposureswere at 25mJ/cm2

fluence,
10 Hz pulsing frequency and 21.4 mm beam diameter.
Asterisk (*) shows statistically significant difference in up-
take (p < 0.05). Data show average ( SD (n = 3).

Figure 9. Effect of molecular weight on intracellular uptake
and viability after the same laser exposures. There is no
statistical difference in viability across all samples, whereas
the uptake decreased as the molecular weight was in-
creased for calcein (Cal), 10 kDa dextran (D10), 70 kDa
dextran (D70), and 500 kDa dextran (D500). All laser ex-
posures were at 44 mJ/cm2, 10 Hz and 21.4 mm beam
diameter. Asterisk (*) shows statistically significant differ-
ence in uptake (p < 0.05). Data shows average( SD (n = 3).

Figure 10. Comparison between intracellular uptake and
viability. This graph shows all data generated in this study
(i.e., from Figures 2�8). All data points are at or below the
uptake = viability line since there cannot be more cells with
uptake than cells that are viable.
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is to find conditions that optimize uptake without
significant loss of viability. The present study showed
that increasing fluence and number of laser pulses (i.e.,
time of irradiation), both increased energy input and,
therefore, increased energy output to cells. Increasing
CB nanoparticle concentration increased the number
of acoustic sources and thereby increased energy out-
put to cells without increasing energy input. Consistent
with our hypothesis, increasing each of these three
parameters led to increased uptake and loss of viability,
depending on the details of the exposure conditions.
The optimal conditions found in this study involved
18.75 mJ/cm2 laser fluence, 7 min exposure of DU145
cells with 25 mg/L CB nanoparticle concentration, and
thereby achieving an intracellular delivery efficiency of
88% with 98% viability (Figure 3a).
There was no significant effect on uptake or viability

due to laser exposure alone (Figure 1a), incubation
with CB nanoparticles alone (“sham” experiments), or
pretreatment of CB nanoparticles with a strong laser
exposure (Figure 5a), which is also consistent with
the mechanism involving laser energy transduction
by CB nanoparticles. Increasing laser fluence initially
increased uptake, but then the effects of increasing
fluence saturated, which produced cells with efficient
uptake and little loss of viability (Figure 2). In contrast,
increasing the duration of the laser exposure increased
uptake until the point where it started killing cells
(Figure 3b). This suggests that the effect of increasing
the “force” applied to cells saturates whereas increas-
ing the time overwhich that force acts on the cells does
not. This interesting relationship is similar to previous
observations in electroporation-mediated uptake,
where the effects of increasing voltage resulted in
saturated uptake, but the effects of increasing number
or length of electrical pulses did not.31

At the conditions used in this study, increasing the
concentration of CB nanoparticles increased bioeffects
in the form of killing more cells. We did not see an
increase in uptake, because, at the lower CB nanopar-
ticle concentration used, almost all viable cells already
had uptake. Thus, we saw a decrease in uptake due to
cell death. At the lowest CB nanoparticle concentra-
tion studied (12.5 mg/L), the nanoparticle-to-cell ratio
was approximately 100:1, whereas at the highest con-
centration (75 mg/L), it was approximately 600:1. In
general, more acoustic emission sites should produce
more pressure waves impacting cells. However, the
details of this interpretation are complicated by con-
structive and destructive interference of waves in the
complex acoustic field.
Uptake and viability did not depend strongly on

pulsing frequency of the laser (Figure 4b). This suggests
either that each pulse creates independent effects on
the cells, which would mean that the time scale for
onset and reversal of the direct bioeffects of the laser
exposure is shorter than 100 ms (corresponding to

pulsing at a frequency of 10 Hz) or possibly that the
time scale is much longer than 10 s (corresponding to
pulsing at a frequency of 0.1 Hz), such that interacting
effects of each pulse on the next one(s) are not affected
by changing their separation from 0.1 to 10 s. Given
the nanosecond time scale of the laser exposure itself,
we hypothesize that the first scenario above is the
more likely scenario, such that intracellular uptake and
bioeffects that initiate loss of viability occur on a time
scale shorter than 100 ms. Our interpretation is further
supported by the data in Figure 5b, which showed that
pretreatment of cells with a moderate laser condition
did not make them more susceptible to subsequent
exposure to mild laser conditions a few seconds later.
When CB nanoparticles were replaced by India ink at

concentrations which had the same laser absorbance,
the India ink particles were yielded lower viability
(Figure 6), which suggests a stronger mechanical effect
on the cells. This may be because the nanoparticles
in India ink are smaller than CB nanoparticles, which
means that for the same mass of carbon, there was
a larger number of India ink nanoparticles than CB
nanoparticles. An alternative explanation could be
that the poorly characterized additional component
particles found in India ink might have effects on cells
during laser exposure.
Molecules ranging from 0.6 to 500 kDa were deliv-

ered into cells, but with decreased efficiency at higher
molecular weight. This could be explained by a pore
size distribution created in the cell membrane similar
in size to that of the molecules, such that the larger
molecules were excluded, or at least hindered, by
a fraction of the pores. The smallest dextran (10 kDa)
has a radius of approximately 2.7 nm and the largest
dextran (500 kDa) has a radius of approximately
15 nm,32 which suggests pores of similar size. Alter-
natively, decreased uptake of the larger molecules
could be explained by their slower diffusion through
short-livedmembrane pores. According to the Stokes�
Einstein equation, the 500 kDa dextran has a diffusivity
5.5 times smaller than that for 10 kDa dextran.
Finally, we can consider future possible applications

for targeted intracellular drug delivery guided by this
study's findings. Flow cytometry analysis and MTT
cytotoxicity analysis suggested that the procedure
was well tolerated by cells under the conditions of this
study. Similar bioeffects were seen in two cell lines,
DU145 human prostate carcinoma cells and H9c2
rat cardiomyocytes, suggesting the generality of the
approach to multiple cell types. Uptake was also seen
for molecules as big as 500 kDa dextran, although
the uptake was significantly reduced at higher molec-
ular weight. Bioeffects were reduced by reducing
the beam diameter, which was interpreted to mean
that bioeffects were only felt where the laser was
focused. This can enable targeting the effects to certain
locations.
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Altogether, these capabilities suggest an efficient
method to load cells with molecules at high cell
viability, which can be used for in vitro laboratory
applications for research or, in the future after addi-
tional development, for in vivo drug delivery applica-
tions in medicine. Some of the advantages of this
approach are its relatively simple procedure, the rapid
time scale of delivery into cells and the localization of
effects at the site of laser focus. A concern is how the
nanoparticles of sizes close to 200 nm will be cleared
from the tissue after the laser exposure. This approach is
mechanistically similar to electroporation and sono-
poration, both of which are used clinically,33,34 but
differs in its ability to achievehighly efficient intracellular
delivery with high viability using a noninvasivemethod.

CONCLUSION

This study examined the use of nanosecond laser
pulses in the presence of CB nanoparticles to increase

intracellular delivery of model compounds, calcein and
dextrans, while maintaining high cell viability. We
believe that CB nanoparticles absorb the laser energy
and transduce it into acoustic outputs that transiently
permeablize the cell membranes, although the details
of this mechanism are not explored in this study. We
found that lower fluence, with lower concentration of
CB nanoparticles and longer exposure times, resulted
in a “gentler” photoacoustic environment that allowed
uptake of molecules in up to 88% of cells with no
significant loss of cell viability. Increased fluence or CB
nanoparticle concentration was also able to yield high
uptake but generally hadmore cell death.We conclude
that the method investigated in this work uses a
straightforward protocol to enable efficient intracellu-
lar delivery of molecules with high cell viability using
nanosecond-pulse laser-activated carbon nanoparti-
cles for laboratory use and possible future in vivo

applications.

METHODS
Laser Apparatus. The Nd:YAG infrared laser (Powerlite II Plus,

Continuum, Santa Clara, CA) available in the High-Strain-Rate
Laboratory in the School of Materials Science and Engineering
was used to apply pulses of 1064 nm wavelength, 5�9 ns pulse
length, and 50�175mJ energy per pulse. Pulses were applied at
a repetition rate of 10 Hz (i.e., 10 pulses/s), unless otherwise
stated. In some cases, pulses were applied at 1 or 0.1 Hz. The
energy was varied by manipulating the amplifier voltage of
the system. The beam was passed through a Faraday isolator to
prevent back reflection. The 12 mm-diameter laser beam was
passed through a 9mm-diameter aperture to block the edges of
the beam and thereby obtain a more uniform top-hat profile.
The resulting 9 mm-diameter beam was then usually diverged
to 21.4 mm diameter using a lens to illuminate the entire
cuvette (exposure area of 4 cm2), unless stated otherwise.
In some cases, the beam was used directly without diverging
(exposure area of 0.63 cm2). “Sham” exposures were used as
negative control experiments, where solutions containing cells,
calcein and CB nanoparticles went through all the same steps
as exposed samples (see below), except that the laser was not
turned on. Another negative control involved only cells without
CB nanoparticles or calcein.

Cell Preparation. Human prostate carcinoma cells (DU145,
American Type Culture Collection, Manassas, VA) and rat
cardiomyoblast cells (H9c2, courtesy of Dr. Mike Davis, Emory
University, Atlanta, GA) were cultured as monolayers in a
humidified atmosphere of 95% air and 5% CO2 at 37 �C in
RPMI-1640medium (Cellgro, Herndon, VA) and DMEM (Cellgro),
respectively, which was supplemented with 100 g/mL penicil-
lin�streptomycin (Cellgro) and 10% (v/v) heat inactivated FBS
(Corning, Palo Alto, CA). For each experiment, cells at 80�90%
confluence were harvested by trypsin/EDTA (Cellgro) digestion,
washed using fresh growth medium with FBS and resuspended
in RPMI at a cell concentration of ∼106 cells/mL. The DU145
cells35 were used as a model cell line in most experiments
because they are well characterized and have been used
extensively in our previous related studies.26,36,37 In some
experiments, H9c2 cells38 were used as an alternative model
representing a different cell type from a different species.

Nanoparticle Preparation. To prepare the CB nanoparticle
solution, 20 mg of CB (Black Pearls 470, Cabot, Boston, MA)
was added to 50 mL of 0.013% (v/v) Tween 80 (Sigma-Aldrich,
St. Louis, MO; added to reduce aggregation and settling of the
nanoparticles) in DI water and sonicated for at least 15 min to

obtain the final CB solution at a concentration of 400 mg/L. The
size of the individual CB nanoparticles was 25 nm, but theywere
aggregated into larger particles of 189.3 ( 1.5 nm (n = 3)
diameter with a dispersity of 0.16( 0.03 (n = 3), as determined
from dynamic light scattering measurements. The individual
nanoparticles could not be further separated by sonication
(neither bath sonicator nor a more powerful needle sonicator).
After making the 50 mL solution of CB nanoparticles, it was
aliquoted into smaller 1.5 mL samples.

India ink (Chartpak, Leeds, MA), as obtained from the
manufacturer, was first diluted to 1% (v/v) in DI water
(without surfactant), which served as the stock solution for
experiments. Because the manufacturer did not provide tech-
nical information about the ink, we dried 1 mL of the India ink
solution on wax paper and determined the solids content to be
129 ( 1.45 mg/L (n = 3) by weighing the dried mass. Dynamic
light scattering measurements suggested that the mean dia-
meter of the India ink nanoparticles was 110.6( 0.74 nm (n = 3)
with a dispersity of 0.23 ( 0.01 (n = 3).

Relative absorption by the India ink stock solution was
determined by measuring absorption at 1000 nm wavelength
and comparing it with the absorption of the CB nanoparticle
stock solution of the same volume, which determined that the
ratio of the absorption of the India ink stock solution to the CB
nanoparticle stock solution was 2.91 ( 0.1 (n = 3). For experi-
ments where India ink and CB nanoparticles were added at the
same level of laser absorption, the volume of India ink stock
solution added to a sample was 2.91 times less than the volume
of CB nanoparticle stock solution.

Sample Exposure. A volume of 520 μL of cells at a concentra-
tion of 106 cells/mL was suspended in RPMI, transferred to
1.5 mL microcentrifuge tubes and stored on ice until exposure.
CB nanoparticle stock solution was added to achieve a final
concentration of 25 mg/L CB nanoparticles, unless otherwise
noted. In some experiments, different concentrations of CB
were used. High purity calcein (Molecular Probes, Eugene, OR)
was used as an uptake marker and was added from a stock
solution at a final concentration of 10 μM. In some experiments,
calcein was replaced by FITC labeled dextrans (Sigma-Aldrich)
of 10, 70, and 500 kDa molecular weights at a concentration of
10 μM. The final solution was mixed thoroughly by vortexing
and then exposed to laser in cuvettes (37-PX-2, Starna Cuvettes,
Santa Clara CA) made from Pyrex glass. The total volume of the
cuvette was 600 μL. The top part of the cuvette was cut at 2 mm
from the base of the neck to facilitate transfer of liquids. A total
volume of 563 μL of the mixture was transferred to the cuvette
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using a transfer pipet. The cuvettewas placed in a custom-made
stand to keep it stationary during laser exposure.

After laser exposure, cells were transferred back to micro-
centrifuge tubes and stored on ice to reduce uptake due to
endocytosis until all the samples were done. Propidium iodide
(Invitrogen, Grand Island, NY) was added at a concentration of
7.5 μM and cells were incubated for at least 10 min to label
necrotic and late apoptotic cells. Next, cells were centrifuged at
500g for 6 min and washed with PBS (Cellgro) supplemented
with 10% FBS twice. After the third centrifugation, the cells
were suspended in PBS and then transferred to flow cytometer
tubes or were put on a microscope slides and coverslipped for
fluorescence imaging.

Cytotoxicity of CB Nanoparticles. Dimethyl thiazoldiphenyl tetra-
zoleum (MTT) assay was performed to assess the cytotoxicity of
CB nanoparticles on the cells. CB nanoparticles were added at
concentrations ranging from 50 to 400mg/L to DU145 cells that
were monolayer cultured on 96 well plates. The cells were then
incubated for either 24 or 72 h with the CB nanoparticles. The
cells without CB nanoparticles served as the positive control.
The negative control was created by incubating cells with 70%
methanol for 30 min. CB nanoparticles were removed from the
solution by centrifugation and absorbancemeasured at 570 nm
was used to determine the number of viable cells.

Analysis and Quantification. Cells were imaged using a Zeiss
LSM META/NLO 510 multiphoton laser confocal microscope
(Zeiss, Thornwood, NY). PMTs, laser power and pinhole aperture
were set tominimize bleeding of signal fromone dye channel to
the other. Images for both the dyes (i.e., calcein and propidium
iodide) were taken sequentially to avoid signal overlap. Cells
were observed at 20� and 60�magnification to visually inspect
cellular uptake in viable cells.

A benchtop flow cytometer (BD LSRII, BD Biosciences, San
Jose, CA) was used to quantify uptake, i.e., the number of live
cells with calcein uptake, and viability, i.e., the number of live
cells that were not necrotic or fragmented, on a cell by cell basis.
For quantifying necrotic death, propidium iodide stain was
analyzed using a PerCP-Cy5, 670 nm long-pass filter. Calcein
uptake into cells was detected using a FITC, 530/28 nm band-
pass filter. A cell gate was constructed based on forward-
scattered and side-scattered light to determine the size dis-
tribution of cells in the control. Any events lying within this gate
were considered to be cells, whereas events smaller than that
were considered cells fragments. To determine the concentra-
tion of intact cells (and thereby account for possible cell loss due
to fragmentation), we multiplied the volumetric flow rate in the
flow cytometer by the time of analysis to determine the total
volume analyzed. Dividing the number of cells detected within
the gate by the volume provided the cell concentration, which
could be compared to nonexposed controls to determine cell
loss due to fragmentation. Approximately 105 cell events were
collected per sample which was approximately 20% of the total
cells present in each sample. To account for spectral overlap
between the dyes, compensation controls were run for each
experiment. Propidium iodide-positive samples were made by
incubating cells in 70% methanol for 30 min and then washing
with PBS. Calcein-positive samples were made by exposing
cells with CB nanoparticles and calcein at 44 mJ/cm2 per shot
for 3 min. At this condition, there was extensive cell death, but
almost all cells which remained viable had calcein uptake.

Statistical Analysis. A minimum of three replicates was per-
formed for all conditions. Replicates enabled calculations of
means and standard deviation. The equality of mean response
(uptake or viability) between treated samples and sham expo-
sures and other control samples was tested using ANOVA (R =
0.05). To test equality of mean response between pairs of data
points, 1-way ANOVA followed by the post hoc Tukey's pairwise
comparison was used, whereas 2-way ANOVA was employed to
compare three or more data points using Microsoft Excel 2010
(Microsoft, Redmond, WA) and GraphPad Prism 6 (GraphPad
Software, La Jolla, CA). The null hypothesis was that the average
fraction of cells with uptake (or average fraction of viable cells)
between a treated sample and a sham exposure were equal. To
compare between mean values of two data points, an unpaired
Student's t-test, is performed (2 tails) assuming unequal variances.
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