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Abstract

Enhanced optical breakdown of KB cells (a human oral epidermoid cancer cell known to
overexpress folate receptors) targeted with silver/dendrimer composite nanodevices (CNDs) is
described. CNDs {(Ag%}25-PAMAM_E5.(NH,)42(NGly)74(NFA), 7} were fabricated by reactive
encapsulation, using a biocompatible template of dendrimer-folic acid (FA) conjugates.
Preferential uptake of the folate-targeted CNDs (of various treatment concentrations and surface
functionality) by KB cells was visualized with confocal microscopy and transmission electron
microscopy (TEM). Intracellular laser-induced optical breakdown (LIOB) threshold and dynamics
were detected and characterized by high-frequency ultrasonic monitoring of resulting transient
bubble events. When irradiated with a near-infrared (NIR), femtosecond laser, the CND-targeted
KB cells acted as well-confined activators of laser energy, enhancing nonlinear energy absorption,
exhibiting a significant reduction in breakdown threshold, and thus selectively promoting
intracellular LIOB.
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BACKGROUND

Nanoparticles with unique and tunable optical properties may enable novel cellular therapy
methods [1-14]. Several investigations have biologically targeted metal nanoparticles to
efficiently convert linearly absorbed laser energy into localized heat for selective
photothermal cancer therapy [6-8,10,12,14]. Multifunctional nanoparticles targeted to
specific receptors on cancerous cells selectively enhance energy absorption and decrease the
laser dose required to generate thermal damage in the targeted regions [1,3,6]. The
selectivity of this linear optical absorption based technique depends on the efficacy of
nanoparticle targeting strategies, the minimization of thermal diffusion (via irradiation time
and pulse duration), and the nanoparticle absorption characteristic within the optimal
biological transmittance NIR spectral band. Researchers have investigated NIR tunable
nanostructures including nanoshells [1,3,5], nanorods [11], and nanoclusters [5,7,13] for
photothermal applications.

Nanoparticle-mediated applications based on the nonlinear effects of NIR, ultrashort-pulsed
LIOB, however, have been largely unexplored. LIOB is a plasma-mediated ablation process
based on nonlinear energy absorption, where photomechanical breakdown occurs only in
regions exposed to laser intensities exceeding a material-specific threshold. In traditional
geometrical targeting, laser beam focusing is used to shape the local laser intensity, defining
a spatially restricted breakdown region at the focus and minimizing effects to surrounding
material due to limited heat diffusion time [15]. Utilizing this geometrical targeting scheme,
NIR, femtosecond LIOB has already been demonstrated to produce highly precise cell
effects [16-20]. This paper presents an alternative nonlinear breakdown scheme, however,
by using the presence and concentration of metal/dendrimer CNDs targeted to cells to define
the spatial distribution of the breakdown threshold and thus the breakdown region. Figure 1
illustrates the contrasting principles involved in biochemical versus geometrical targeting
breakdown schemes.

Metal/dendrimer CNDs are water-soluble, biocompatible, and stable inorganic/organic
hybrids synthesized by topologically trapping very small metallic domains in nanoscopic
size polymeric networks (i.e., PAMAM dendrimers) using reactive encapsulation [21-23].
Due to the molecular level mixing of the organic and inorganic components, metal CNDs
exhibit unique properties. Previous studies from our group have demonstrated that metal/
dendrimer nanocomposites (with absorption peaks in the ultraviolet (UV) region) enhance
the nonlinear absorption of NIR light, greatly reducing the femtosecond LIOB threshold in
aqueous solutions, and leading to breakdown at energy levels two magnitudes lower than
those of any organic material (i.e., live cells) [24-25]. In other words, laser power levels for
photodisruption of the CNDs would be harmless for unlabeled organic material.

Furthermore, because metal CNDs still interact with their environment primarily through the
surface of their dendrimer host, biochemical molecular targeting is possible through surface
engineering [26]. Targeting (e.g., to tumor cells) is flexible and can be either to cell or tissue
receptors. Various targeting groups including organic molecules, antibodies and peptides
can be covalently attached to a dendrimer surface [27-30]. Specifically, dendrimer-based
folate contrast agents targeting tumors and tumor cells have also been developed [31].
Coupling folate to dendrimers targets them to endogenous folate binding proteins that exist
in both the serum of patients with cancer and on the cell surface of many human cancers of
epithelial origin. This principle (i.e., PAMAM dendrimers with FA at the periphery) has
been demonstrated by Wiener et al. in a series of papers between 1997 and 2003 [31,32].
Fluorescence studies have shown that KB tumor cells (found in human squamous cell
carcinomas) expressing the high-affinity folate receptor accumulated a fluorescent
dendrimer-folate conjugate in a receptor specific manner. In addition, the same studies

Nanomedicine. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tse etal.

METHODS

Page 3

showed that after rapid and specific binding, folate targeted PAMAM dendrimers were
internalized by tumor cells [32]. Consequently we selected this system to test whether
threshold reduction exists in a biological system, and to demonstrate the applicability of
selective breakdown mediated by targeted CNDs.

Fabrication and characterization results are described, investigating {(Ag%},5-PAMAM_ES.
(NH2)42(NGly)74(NFA), 7}, a FA conjugated, amino-hydroxyl-terminated silver/dendrimer
nanodevice (FA- {Ag®}, for short), designed to target KB tumor cells through the folate
receptor. Silver CNDs are fluorescent when excited at UV wavelengths of 300-400 nm, so
targeted cellular uptake of the folate-conjugated CND construct could be visualized with
confocal microscopy [33]. Lesniak, et al. have recently demonstrated in vitro that although
amine terminated silver CNDs are toxic at 1uM concentration, hydroxyl-terminated silver-
CNDs exhibit minimal nonspecific uptake and are nontoxic at concentrations of up to 2uM.
Therefore, in this study, 2/3rd of the primary amine termini (that are positively charged at
pH 7.4) were reacted with glycidol (CH,OCHCH,OH) to reduce charge-related toxicity, and
concentrations used were less than 2uM to test specific uptake through folate targeting.

Both folate-targeted and non-targeted CNDs were used to investigate differences in cellular
uptake and nanodevice-loading of cells, to test the selective reduction of LIOB threshold in
targeted KB cells, and to monitor the production of mechanical intracellular laser effects,
including microbubble formation and collapse. Intracellular, laser-induced bubbles provided
high acoustic contrast for acoustically monitored breakdown studies in cell cultures. High
frequency ultrasound monitors generation, fate, and collapse of microbubbles and could
characterize L1OB by detecting its mechanical effects, including acoustic radiation and
pulse-echo signals from resulting microbubbles. Successive recordings displayed in a
wavefield form provided an “image” of breakdown dynamics [20,25,34].

Summarily, we describe the synthesis and characterization of a new folate-targeted silver/
dendrimer CND, study in vitro binding to KB cells overexpressing the folate receptor, and
study the potential of this silver CND to enhance intracellular breakdown in labeled KB
cells. Understanding aspects of CND enhanced intracellular breakdown and determining
desirable targeting conditions for breakdown enhancement are both important to applying a
CND-mediated LIOB scheme to potential laser diagnostic and therapy methods at the level
of single cells.

Silver CND Fabrication

We previously demonstrated fabrication of amino, glycidol, and succinamic acid terminated
silver/dendrimer nanodevices and their application as fluorescent cell labels [33]. As an
extension of these studies, we prepared FA targeted silver CND for specific targeting of KB
cells, overexpressing folate receptors, and enhanced intracellular femtosecond LIOB
threshold, since we have previously shown that the presence of metal/dendrimer
nanodevices greatly influence this phenomenon in aqueous solution [24-25].

In the first step the PAMAM_E5.(NH>)119 dendrimer was partially glycidolated, followed
by conjugation with FA as shown in Figure 2A. Starting material and synthetic products
were purified and characterized by means of polyacrylamide gel electrophoresis (PAGE),
size exclusion chromatography (SEC), potentiometric titration, matrix assisted laser
desorption ionization - time of flight mass spectrometry (MALDI-TOF), and nuclear
magnetic resonance (NMR). SEC was used to determine the average molecular masses of
the dendrimers and dendrimer derivatives (E5.(NH»)119 (starting material), E5.
(NH>2)45(NGly)74 (intermediate) product, and E5.(NH2)42(NGly)74(NFA), 7). Measurements
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were performed using an Alliance Waters 2690 separation module equipped with an
ultraviolet-visible (UV-vis) detector (Waters Corp, Milford MA, USA), a Wyatt Dawn laser
(690 nm) photometer and an Optilab interferometric refractometer, operating at 685 nm
(Wyatt Technology Corporation, Santa Barbara, CA, USA). Phosphate buffer (0.05 M, pH
2.5) with 0.025% sodium azide was used as the mobile phase. The flow rate was maintained
at 0.6 mL/min. For separation, three Waters columns were used: Ultrahydrogel 500
(7.8x300mm), Ultrahydrogel 250 (7.8x300mm) and Ultrahydrogel 120 (7.8x300mm).
Sample concentration was kept at 2 mg/mL and 100 pL was injected. Data were elaborated
using Astra, Empower and PeakFit software packages (Wyatt Technology Corporation,
Santa Barbara, CA, USA; Waters Corp, Milford, MA, USA and Systat Software San Jose,
CA, USA).

This PAMAM_ES5.(NH5)42(NGly)74(NFA), 7 dendrimer template was used to fabricate
silver/dendrimer composite nanoparticles. Briefly, the [(Ag™),5-PAMAM_E5.
(NH2)42(NGly)74(NFA), 7] silver-dendrimer complex was obtained by mixing aqueous
solutions of dendrimer templates at pH 2.5 and AgNOg3 at a 1:25 molar ratio at room
temperature. The pH was slowly increased to pH=7.4 by titrating the complex with 0.1 M
NaOH solution (final dendrimer concentration of 2 mg/mL) while stirring. The colorless
solution of silver-dendrimer complex was irradiated with a UV lamp for 12 hours to reduce
the Ag* ions photochemically. The resulting composite nanoparticles {(Ag°),s-

PAMAM _ES5.(NH5)42(NGly)74(NFA), 7}, (FA-{Ag°} for short) were characterized by
polyacrylamide gel electrophoresis (PAGE), UV-vis, and fluorescence spectroscopy,
dynamic light scattering, zeta potential measurements, and TEM. Detailed preparation and
characterization of {(Ag®),5-PAMAM_E5.(NGly);19} CND, which was used as a control in
biological studies, has been already described in our previous report [33].

Cell Incubations

Cell treatment conditions included a negative control (no CND incubation), 2) incubation
with 0.05 puM targeted CND (FA-{Ag°}) solution, 3) incubation with 0.5 1M targeted CND
solution, 4) incubation with 0.5 uM untargeted {Ag%} (without FA), and 5) incubation with
0.5 uM targeted dendrimer template PAMAM_ES5.(NH>)42(NGly)74(NFA), 7 (i.e., without
silver). Cells were incubated for twenty-four hours for all conditions.

CND incubation concentration was chosen based on our previous report [33] indicating that
{(Ag%),5-PAMAM_E5.NGIy} nanodevices with the same terminal functionalities and
surface charge similar to {(Ag%}o5-PAMAM_E5.(NH5)42(NGly)74(NFA), 7} are not toxic
to KB cells within a concentration range of 0-2 uM. FA itself is a well known vitamin
regularly given to pregnant women. Presence of an average of 2.7 FA residues per
dendrimer template will not influence their overall toxicity profile, as folated dendrimer
nanodevices have also been reported with minimal or no toxicity.

Confocal Imaging

Utilizing the fluorescence of silver CNDs [33], confocal microscopy was used to visualize
the uptake of folate-targeted silver CNDs by KB cells. To calibrate fluorescence images,
silica beads (d=5 um) precoated by the same CND used in the experiment were added to cell
dishes prior to imaging and used as fluorescence intensity standards. These calibration beads
appear alongside cells in all images as regular spheres. Cell and calibration bead boundaries
in fluorescence images were verified with corresponding brightfield images. Fluorescence
images shown are single, 7.5 pm optical sections corresponding to focal planes
approximating the middle of imaged cells. For all fluorescence images, gain and offset
settings were adjusted to give the strongest cell fluorescence intensity while still avoiding
pixel saturation.

Nanomedicine. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tse etal.

Page 5

Images were analyzed using the NIH Image J software (Office of Research Services,
Bethesda, MD, USA). [35-36]. Regions of interest (ROI), each with a total area that
encompassed a single bead, were selected for several beads and cytoplasmic (non-nuclear)
cellular regions in each image. The mean of the measured ROI mean fluorescence intensities
(FI) was calculated for beads and cellular regions in the image. The relative fluorescence
intensity (RFI) of a given image was then calculated by normalizing cell mean FI by bead
mean FI. All data are expressed as mean RFI (= SEM) for n =7 - 10 cells. The SEM
(standard error of the mean) represents the standard deviation of RFIs in cells exposed to the
same treatment conditions. The statistical significance of the RFI difference between treated
and untreated samples was assessed by the student's t-test.

Mean fluorescence intensity was related to CND average concentration by generating a
standard curve from a confocal image series of CND solutions of known concentrations.
Solutions of various CND concentrations were imaged in a layer above a coverslip on the
confocal microscope with similar microscope setting usedfor cells loaded with CNDs. A
single scan was performed at a depth well within the solution, and mean FI was measured in
the center of the scanned field. A line was fit to the data and its slope determined. An image
of calibration beads was also acquired using the same confocal microscope settings. The
estimated equivalent CND concentration on a bead could then be calculated by dividing the
bead mean FI and the slope of the standard curve (mean FI per uM). Using this method,
calibration bead mean FI corresponded to an estimated 0.54 + 0.18 uM CND. Intracellular
concentration of CNDs for each sample was then estimated by assuming that an increase in
RFI was related to a proportionate increase in CND concentration. The resulting RFI of each
sample was converted to CND concentration by first subtracting the RFI of the control
sample (to account for cell autofluorescence) and then multiplying the autofluorescence-
corrected RFI by the estimated equivalent CND concentration of a calibration bead.

TEM Imaging

The presence of silver nanoclusters in nanodevices enables the visualization of single
particles (which appear as small grayish round objects) as well as aggregates (dark larger
clusters) by TEM. Therefore, TEM was used to image CND localization inside treated cells.

Ultrasonic Monitoring of Breakdown in Cells

RESULTS

Breakdown threshold for CNDs was defined as the lowest fluence that generated laser-
induced bubbles acoustically detectable via a previously reported high-frequency technique
[25,34]. Breakdown threshold is determined for each sample by monitoring bubble activity
at variable average laser powers and evaluating maximum integrated backscatter (defined as
the backscattered acoustic power from the bubble normalized to the power recorded for a
perfect planar reflector using precisely the same transducer and electronics).

Silver CND Fabrication

Figure 2B shows an example of an SEC chromatogram (RI signal) of the targeted dendrimer
template, PAMAM_E5.(NH>)42(NGly)74(NFA), 7, which was used to determine molecular
mass and polydispersity index. UV-vis spectra of FA (Figure 2B, inset A) and the identical
UV-vis signal recorded at the maximum of elution peak (Figure 2B, inset B) indicates the
successful substitution of FA molecules to PAMAM_E5.(NH5)45(NGly)74, since they
migrate together. A summary of analytical data is presented in Table 1. For details of
experimental conditions and characterization see the supporting material. UV-vis data
proved that conjugation of FA to PAMAM_E5.(NH5)45(NGly)74 occurred at 2.7:1 molar
ratio, in good agreement with synthesis conditions (see supporting material) and supported
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by mass spectrometry. MALDI-TOF for PAMAM dendrimers can also be used to confirm
these primary data, by comparing the change of molecular mass in the dominant peaks of
consecutive synthesis products (assuming that individual molecules of the narrow
distribution polymer were substituted with the same probability) [37-38]. For PAMAM
derivatives, size exclusion chromatography multi-angle laser light scatter (SEC-MALLS)
data usually cannot be used directly to calculate number of substituents based on mass
differences, because loss of the lower molecular mass molecules during dialysis leads to an
enrichment of the material in higher molecular mass components. For example, SEC mass
difference suggests conjugation of 84 glycidol and 8 FA moieties, systematically more than
NMR, UV-vis and MALDI-TOF data does.

CND particles are composed of 93% organic material (density ~1), and 7.03% of silver
metal (density ~10.5), so the volume fraction of silver is around 0.7%. {(Ag®)5-
PAMAM_E5. (NH5)45(NGly)74} i.e., non-targeted version of the silver/dendrimer
composite ({Ag®} for short) was made from PAMAM_E5.(NH,)45(NGly)74 templates. We
have previously demonstrated that silver/dendrimer composite nanoparticles (without folate)
are very stable; no precipitation was observed and the UV-vis profile did not change over
one year in a closed vial [33]. The presence of 2.7 FA moieties (on average) per dendrimer
template in the CNDs will not change its stability compared to {(Ag®),s-
PAMAM_E5.NGIy}. Data indicate the formation of fluorescent nanoparticles with a
diameter around 20 nm and a narrow size distribution (see supporting material).
Fluorescence intensity of these silver composite nanoparticles is stable, and could thus be
used as internal standards (see supporting material).

Confocal Images of Cell Uptake of CNDs

Cells incubated with FA-{Ag%} solutions for twenty-four hours exhibited measurable
concentration-dependent increases in intracellular fluorescence as compared to control cells
(no CND incubation). A greater increase in cell fluorescence was observed for samples
incubated with 0.5 pM CND solution than 0.050 uM CND solution. Figure 3 shows
representative brightfield and color inverted fluorescence confocal microscopy images for
five different cell treatment conditions (untreated, 0.5uM Untargeted CND treated, 0.5uM
Targeted dendrimer template treated 0.05uM CND treated, and 0.5 uM CND treated).
Confocal images of cells incubated with 0.05 uM CND solution mainly showed
fluorescence in the cytoplasm, with relatively small fluorescence in the nucleus. In contrast,
there was dramatic increase in both cytoplasmic and nuclear fluorescence of cells incubated
with 0.5 uM CND solution.

RFI data for all conditions are summarized in Table 2. As Table 2 outlines, cells treated with
0.05uM and 0.5 pM targeted CNDs resulted in statistically significant increases in relative
fluorescence intensity as compared to control cells (no CND incubation). Since the acquired
confocal microscopic images of targeted CND-incubated cells are two-dimensional
projections of three-dimensional fluorescence distribution over the 7.5uM optical slice
thickness, increased RFI in these cells could result from both (or either) a uniform
distribution of single CNDs or aggregates of CNDs. However, low RFI levels in cells treated
with targeted dendrimer template (with no silver content) indicate minimal fluorescence
(i.e., fluorescence originates from the silver CNDs) and those treated with untargeted silver
CNDs suggests minimal nonspecific binding. As calculated, cells incubated with 0.05 uM
and 0.5 puM CND solutions fluoresced with estimated intracellular CND concentrations of
0.13+0.22 and 2.34 + 1.25 pM respectively. According to these estimates, the average
intracellular concentrations of CNDs were approximately 2-5 times higher than the
concentration of the free unbound CNDs with which the cells were incubated (for detailed
experimental conditions see supporting material). We emphasize that these data are good
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estimates only, because (a) data were not integrated over multiple slices, and (b) the
distribution of CNDs is inhomogeneous in the cell (see TEM images).

TEM images of Cell Uptake of CNDs

Figures 4 display TEM images of KB cells incubated with the two targeted nanodevice
concentrations (0.05 uM and 0.5 pM) and demonstrate differences in CND spatial
distribution. For KB cells treated with 0.05 uM CNDs, Figure 4 A and B shows
representative TEM images of single particles and small {Ag} agglomerates inside
endosomal/lysosomal compartments of the cells. In contrast, Figure 4 C and D, which
displays TEM images of cells treated with 0.5 uM CNDs, shows how single particles are
distributed not only throughout the cell cytoplasm, but are present in the nucleus, as well in
endosomal/lysosomal compartments. Some structures were engorged with the largest {Ag}
clusters observed (see Figure 4 D). Similar to gold/dendrimer composite nanoparticles [39],
internalization of the FA-CNDs have been mediated through receptor specific binding
followed by endocytosis, which delivered the CNDs from the cell membrane into the
cytoplasm where they were concentrated into larger clusters inside endosomal/lysosomal
compartments (for experimental conditions see supporting material).

Reduced Breakdown Threshold in Cells

Figure 5A displays time domain integrated bubble backscatter resulting from breakdown
experiments in PBS, untargeted KB cells, and targeted cells incubated with 0.05 or 0.5 pM
FA-{Ag°} solution. Mean and standard deviation is displayed for fifty measurements. As
Figure 5A shows, while KB cells incubated with 0.5 uM FA-{Ag°} solution exhibited an
order of magnitude threshold reduction, there was no threshold reduction in cells incubated
with 0.05 pM folate-targeted solution. In addition, as Figure 5A shows, bubbles produced at
reduced threshold powers have weaker backscatter, i.e., they are smaller than bubbles
produced at higher powers.

Bubbles resulting from intracellular breakdown at reduced threshold powers also had shorter
lifetimes than those produced at higher powers. This is shown in the acoustic wavefield plots
of Figure 5B [27]. Bubble echoes were detected at the beginning of each laser exposure and
persisted for the length of laser exposure (up to 1 second for these studies) at average
powers above or near-threshold. For reduced powers, however, bubble echoes are detected
at the beginning of laser exposure but sometimes persisted for only a few ultrasonic records.
This transient behavior, while detected ultrasonically, limited the real-time optical
observation of breakdown events at these reduced thresholds using the charge-coupled
device (CCD) camera system described by Zohdy et al. (2005). Figure 6A summarizes
bubble lifetimes obtained for CND-mediated intracellular breakdown. As laser power was
decreased, bubble lifetime also decreased.

DISCUSSION

Results demonstrated that a folate-targeted CND can be synthesized using a PAMAM_E5.
(NH2)22(NGly)74(NFA), 7 template. This FA-{Ag®} was uptaken by KB cells in increased
amounts compared to nontargeted CND. CND internalization caused a local reduction in
NIR LIOB threshold for selective intracellular photodisruption of only labeled cells. CND-
reduced-threshold breakdown required sufficiently high intracellular nanodevice
concentrations to enhance the nonlinear optical absorption of the weakly absorbing cells.

Confocal images of CND treated cells showed increased relative fluorescence intensity
compared to the negative control (untreated cells). It was estimated that cells incubated with
0.05 uM or 0.5 uM CND solution had intracellular CND concentrations of 0.13 + 0.22 and
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2.34 = 1.25 uM respectively. The large standard deviations are likely due to both limitations
in our estimation method and actual variations in local concentration resulting from
heterogeneous intracellular distribution of CNDs. Nevertheless, these intracellular
concentration estimates are within the ranges reported in previous studies, which
investigated folate binding parameters and saturation kinetics for targeted dendrimers
[40-41]. Intracellular concentration of internalized nanoparticles depends on the binding and
internalization dynamics of folate-targeted particles and is affected by initial loading
solution volumes and concentrations, as well as incubation times (all kept constant in this
work).

Radioactive FA binding studies showed that KB cells bind ~1-10 uM of FA in the presence
of extracellular concentrations of 0.005-0.1 uM of free FA [40]. Furthermore, other studies
have shown that while the amount of folate-targeted dendrimers binding linearly increases at
low loading concentrations, the concentration-response curve for binding quickly saturates.
It has been reported in an example using KB cells that binding of folate-targeted dendrimers
saturated at 0.57uM [41].

As expected, LIOB in targeted silver CND solution (2.5 pM in Phosphate buffered saline
(PBS)) exhibited a 1.6 order of magnitude threshold reduction compared to water, greater
than the one order of magnitude threshold reduction measured from the cells incubated with
0.5 uM untargeted {Ag®} CND solution. This suggests that the intracellular CND
concentrations were probably less than 2.5 uM and the 2.34 £+ 1.25 uM concentration
predicted by the confocal fluorescence images of similarly prepared cells is reasonable.
LIOB threshold studies on solutions with concentrations less than 2.5uM also did not exhibit
the same threshold reduction as in concentration at or greater than 2.5uM. This is shown in
Figure 6B, which shows bubble backscatter data and LIOB thresholds plotted for various
CND concentrations. Different levels of laser energy (or fluence) provide bubble generation
only around certain CND concentration levels. There probably exists a specific minimum
CND concentration required for localized reduced-threshold LIOB to occur both in solution
and intracellularly.

As is evidenced by their weaker backscatter and transient lifetimes, the size of the bubbles
produced by CND-mediated reduced threshold LIOB are smaller, most likely much smaller
than a KB cell diameter. Although absolute bubble size was not quantified from bubble
backscatter data, we estimated a 3.2 to 6.2 pM diameter range (corresponding to a —65 to
—60 dB backscatter range) from backscatter measurements from a range of polystyrene
beads of known sizes [34].

The small size and transient behavior of the bubbles may limit real-time optical detection of
this process. In previous intracellular breakdown studies by our group, the minimum fluence
at which a visible microbubble (using an optical microscopy system described in Zohdy et
al. (2005)), could be generated inside a cell with multiple pulses was more than twice the
threshold of water. At reduced threshold, therefore, microbubbles could not be detected
optically with the current system. Nevertheless, targeted CND-mediated laser-induced
bubbles still provided an intracellular object for sensitive acoustic detection of targeted cells
and potential manipulation.

The concentration dependence may be advantageous in preventing undesirable effects in
untargeted cells from nonspecific binding of CNDs. Fluence level control can provide
bubble generation only around concentrated CNDs and does not induce breakdown at low
CND concentrations. We have shown experimentally that the effects of a laser-induced
bubble are localized to the cell where the bubble is generated; surrounding cells are
unaffected [20]. CND-mediated breakdown, therefore, provides a very precise, selective
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mechanism for individual cell effects: no bubbles are generated in untargeted cells even it
they accumulate some CNDs and for the cells that do accumulate enough intracellular CND
concentration, laser-generated bubbles may be small enough to be nondestructive.
Additionally, the use of longer excitation wavelengths (in the NIR) that have lower linear
absorption has the potential to selectively affect targeted cells deep into tissue, generating
enhanced nonlinear effects only in areas that accumulate the nanodevices.

The ability to create transient, acoustically detectable intracellular microbubbles with a
targeted nanodevice breakdown procedure restricted to labeled cells has a number of
potential applications in both biomedicine and basic biological research. For example, the
potential precision of this technique would be especially useful in cases where the target
cells are a very small portion among normal cells and must be either eliminated or identified
(minimal residual disease for example in acute lymphoblastic leukemia) so that a new tumor
does not develop. Relevant to more basic biologic studies, a CND-mediated photodisruption
procedure could also enable highly localized, intracellular measurements utilizing the laser-
generated bubbles as tools. For example, single bubbles have been investigated in recent
studies as tools for acoustic radiation force imaging to measure elastic properties [42] and
for acoustic activation to measure hydrostatic pressures in fluids [43]. For each application,
bubbles must have lifetimes long enough for a useful effect or measurement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of geometrically and biochemically targeted breakdown. In geometrically
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targeted breakdown, the local laser intensity variation achieved by focusing defines the

breakdown region. In biochemically targeted breakdown, the spatial distribution of the

molecular nanosystem (and thus breakdown threshold variation) defines the breakdown

region.
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Figure 2.

A. Scheme: Synthesis of FA conjugated PAMAM dendrimer nanodevice terminated with
primary amine and glycidol groups. Subscripts denote actual numbers of the average
functionalities measured by various analytical methods. B. SEC Analysis (UV signal at
250nm) of PAMAM_E5.(NH2)45(NGly)74 (left panel) and PAMAM_ES.
(NH2)42(NGly)74(NFA), 7 (right panel); Insert A: UV-vis spectrum of folic acid; Insert B:
UV-vis spectrum at 34 min of the elution signal.
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Figure 3.

Representative confocal brightfield (top) and color inverted fluorescent (bottom) images for
various treatment conditions. From left to right: control KB cells (no CND incubation), KB
cells incubated with 0.05 uM FA-{AgP} folate targeted CND, KB cells incubated with 0.5
uM folate targeted FA-{Ag®}, KB Cells incubated with 0.5 uM untargeted {Ag®} CND, and
KB Cells incubated with 0.5 uM targeted dendrimer template. Spherical objects in all three
images are CND-covered beads used as internal standard. Scale bar, 20pM.
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Figure 4.

A,B.,and C. Representative TEM images of control KB cells (no CND incubation), KB cells
treated with 0.5 uM targeted dendrimer template, and KB cells treated with 0.5 uM
untargeted {Ag®} CND. D and E. Representative TEM images of KB cells treated with 0.05
uM CND. Complex aggregates (solid arrows) visible inside endosomal/lysosomal
compartments. Very few single particles (small grayish round objects) observed in
cytoplasm (white triangular pointer). F and G. Representative TEM images of KB cells
treated with 0.5 pM FA-{Ag°}. Large complex aggregates (solid arrows) visible inside
endosomal/lysosomal compartments. Single particles (small grayish round objects)
randomly distributed and visible in cytoplasm and nuclear regions (dashed arrow).
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Figure 5.

A. Maximum integrated backscatter from laser-induced bubbles in treated cell monolayers
vs. average laser power. B. Wavefield plots of intracellular breakdown at 3 different average
laser powers: 1.2 mW, 0.6 mW, and 0.12 mW.
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Figure 6.

A. Maximum, median, and minimum lifetimes of bubbles produced from breakdown in KB
cells treated with 0.5 pM CND solution. Data points without error bars indicate that bubbles
lasted the entire experimentation interval (bubble lifetimes were longer than the monitoring
time). B. Maximum integrated backscatter from laser-induced bubbles in targeted CND
solution concentrations of and less than 2.5 uM.
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Confocal Imaging of KB Cell Uptake of CNDs

Table 2

Treatment Condition

Relative Fluorescence
Intensity (RFI, mean + SEM)

Estimated CND concentration
(rM)

Dendrimer Template

1 | Negative Control 0.85+0.26 -
2 | 0.05 uM Targeted CNDs 1.1+029" 0.13+0.22 uM
3 | 0.5 uM Targeted CNDs 52+18" 2.34+1.25uM
4 | 0.5uM Untargeted {Ag?} | 0.87 £0.24 -

CND
5 | 0.5 uM Targeted 0.86+0.18 -

Page 19

*
statistically significant difference compared to negative control (p<0.01). 1) a negative control (no CND incubation), 2) incubation with 0.05 uM

targeted CND {(Ago)25 - PAMAM_ES. (NH2)42(NGly)74(NFA)2.7} solution, 3) incubation with 0.5 uM targeted CND {(Ago)25 -

PAMAM_ES.(NH2)42(NGly)74(NFA)2 7} solution, 4) incubation with 0.5 uM untargeted CND {(Ago)25-PAMAM_E5.(NH2)45(NGIy)74}

solution and 5) incubation with 0.5 uM targeted dendrimer template {PAMAM_E5.(NH2)42(NGly)74(NFA)2.7} (no silver).
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