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8 ABSTRACT: Oxygen nanobubbles (ONBs) have signifi-
9 cant potential in targeted imaging and treatment in cancer
10 diagnosis and therapy. Precise localization and tracking of
11 single ONBs is demonstrated based on hyperspectral dark-
12 field microscope (HSDFM) to image and track single
13 oxygen nanobubbles in single cells. ONBs were proposed as
14 promising contrast-generating imaging agents due to their
15 strong light scattering generated from nonuniformity of
16 refractive index at the interface. With this powerful
17 platform, we have revealed the trajectories and quantities
18 of ONBs in cells, and demonstrated the relation between
19 the size and diffusion coefficient. We have also evaluated the
20 presence of ONBs in the nucleus with respect to an increase
21 in incubation time and have quantified the uptake in single
22 cells in ex vivo tumor tissues. Our results demonstrate that HSDFM can be a versatile platform to detect and measure
23 cellulosic nanoparticles at the single-cell level and to assess the dynamics and trajectories of this delivery system.
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25Live-cell single particle imaging can characterize sub-
26 cellular dynamics, measure motion properties within the
27 cellular and extracellular environment, or even inter-
28 actions of the particle with organelles, cell walls.1,2 Single-
29 particle tracking can enable the design of better drugs,
30 understanding of cellular dynamics, and study of the transport
31 phenomena of particles.2,3 Hyperspectral imaging (HSI) is an
32 approach that allows for a high-resolution spectrum to be
33 acquired at each pixel in an image.4−7 From the collected
34 spectral signatures, the spatial distribution of the optically active
35 probes can be accurately obtained.6,7 Dark-field microscopy can
36 achieve a high signal-to-noise ratio (SNR) by excluding the
37 unscattered incident beam to generate a clear background,
38 which enhances the contrast when imaging unstained samples.6

39 Combining the dark-field illumination with an HSI module, a
40 platform was developed for the identification of the location
41 and composition of nanomaterials in biological specimens with
42 better quantitative accuracy. This is possible, since spectral
43 information on each dark-field imaging pixel can be obtained
44 with our technique (see Supporting Information).6,7 In
45 comparison with fluorescence microscopy, the HSDFM
46 approach suffers minimally from autofluorescence, photo-
47 bleaching, and phototoxicity.8

48 In this work, a fast and robust optical spectral imaging
49 approach is demonstrated to quantitatively image and

50dynamically detect oxygen nanobubbles (ONBs) using

51HSDFM. ONBs are shown to have a significant effect in

52halting tumor progression and in altering the cellular dynamics

53and hypoxia-adaptive processes of the tumor cell. Nanobubbles

54are an ideal imaging agent in HSDFM due to their intense

55scattering signal. Combining nanobubbles with HSDFM will

56provide us with a tremendous opportunity to understand and

57image dynamic events of nanoprobes and biomolecules, at the

58single-cell level. Our method was successfully applied to

59characterize nanobubbles of different sizes and incubation

60times, within the cellular microenvironment, cytoplasm, as well

61as the nucleus. Using the established method, quantification of

62nanobubble distribution and diffusion coefficient within the cell

63was performed, both, in vitro in live cells, as well as ex vivo in

64mouse tumor tissues. These results evidently demonstrate our

65strategy for single nanobubble tracking in biomolecule

66detection and drug delivery, which is not easily accessible by
67other methods.
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68 RESULTS AND DISCUSSION

69 Optical Scattering from Nanobubbles. The synthesized
70 ONBs consist of a gaseous molecular oxygen core surrounded

f1 71 by a cellulosic polymer shell (Figure 1a). This core−shell
72 structure of the nanobubble causes nonuniformity of refractive
73 index that is expected to force light to deviate from its linear
74 trajectory to generate light scattering. The intensity and angular
75 distribution of light scattering has a strong relation with the
76 localized nonuniformities.9 For scattering imaging, it is
77 necessary to design nanomaterials with large nonuniformities
78 in the refractive index range to obtain a high scattering signal
79 from the probes to ensure a high signal-to-noise ratio. As
80 depicted in Figure 1a,b, the refractive index of gas filled in an
81 ONB is 1.0, while the refractive index of shell made of sodium
82 carboxymethylcellulose is 1.515, and that of background
83 medium is 1.3345 (phosphate buffered saline). ONB with a

84large difference in refractive index between the shell and the
85core was designed for this study to enable quantitative
86detection and tracking with single particle resolution. Two
87different sizes of nanobubbles, i.e., 400 and 800 nm, were
88synthesized using factorial design of experiments (Supporting
89Information Table S1) and optimized using response surface
90design (Supporting Information Section 4). Figure 1c,d shows
91transmission electron microscopy (TEM) images of ONBs with
92a size of 400 and 800 nm, respectively. The nanobubble shell
93was approximately 20 nm in thickness whereas the gaseous core
94was approximately 350 nm in diameter. We found that the
95nanobubbles of both sizes were monodisperse (Z average of
96325.8 d-nm and 787.8 d-nm for 400 and 800 nm nanobubbles,
97respectively) and the polydispersity index was 0.374 for 400 nm
98and 0.632 for the 800 nm nanobubbles, respectively (Figures
99S5, S6). No multimodal peaks were obtained in either 400 or

Figure 1. Illustration of quantitative detection of ONBs in cells with high signal-to-noise ratio and simulation results of far-field scattering. (a)
Schematic illustrating the principle of dark field imaging using ONBs for optical contrast enhancement. Refractive index of different
components is provided. (b) Dark-field optical image of 400 nm ONBs in PC3 cells. Transmission electron microscopy images showing 400
nm (c) and 800 nm (d) ONBs. (e) Angular scattering pattern of 40 nm AuNp in PBS. (f) Angular scattering pattern of 400 nm nanobubble in
PBS. (g) Far-field scattering cross section of AuNp and nanobubble with different wavelengths. A plane wave incident source with linear
polarization in the range of 330 to 660 THz was used in calculations.
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100 800 nm nanobubbles and the cumulants fit error was less than
101 0.001 for both samples, indicating that the samples were
102 monodisperse. The delivery of ONBs into the cell is expected
103 to produce a large light scattering signal due to the large
104 refractive index difference of ONB (Figure 1b) for molecular
105 reporting. Further, theoretical calculations of far field angular
106 scattering pattern and scattering cross section were also
107 performed to illustrate the mechanics of ONB scattering.
108 Furthermore, ONBs radiate light out in all directions in the XZ
109 plane (Figure 1f), whereas gold nanoparticles (Figure 1e)
110 radiate light in a localized angular range. The narrower
111 scattering angle of ONBs helps concentrate the scattering
112 intensity within a confined space. The directional scattering of
113 ONBs will help increase the collected signal intensity by the
114 microscope objective. Figure 1g shows that the scattering cross
115 section of ONB is much larger than that of a gold nanoparticle.
116 Single Nanobubble Tracking and Quantification in
117 Cancer Cell Lines. The number of ONBs and individual
118 nanobubble tracking were determined using the scattering
119 spectral signature with HSDFM. First, in vitro single ONB

f2 120 tracking was performed to evaluate the tracking efficiency. As

121 f2illustrated in Figure 2, the trajectories of each ONB were
122obtained by linking ONB positions in the image stacks for each
123frame of time. Further details of the tracking process are
124described in the Supporting Information Section 2. The spectra
125obtained from the cellular organelles and nanobubbles were
126used to further distinguish the two materials. We found that the
127spectras of 400 nm nanobubbles are reproducible with minor
128differences in peak positions and spectral width (Figure 2b).
129The diffusion coefficient of ONB in PBS buffer was found to be
1300.75 μm2/s (Figure 2c) derived using regression analysis based
131on trajectories (Supporting Information Section 2). This set of
132in vitro characterization of ONBs demonstrates the optical
133validity of our method for the detection of specific nanobubbles
134in cells and tissues.
135Estimation of the diffusion coefficient is very important for
136studying the dynamics of ONBs as a drug carrier in cells and to
137understand the mechanism of drug delivery. The size of ONB is
138a crucial factor in determining its interaction with cells and
139distribution in the biological system. The ability of nano-
140particles to extravasate from the vasculature and also their
141clearance from circulation depends on their size.10−12 This is an

Figure 2. Illustration of single nanobubble (400 nm) tracking in vitro. (a) The trajectories of each ONBs are tracked by linking nanobubble
positions in each time frame in the image stacks. (b) Normalized scattering spectras of 400 nm ONBs in PCR cells using HSDFI (n = 4). (c)
Mean square displacement versus time. The diffusion coefficient of 400 nm ONBs in PBS is calculated based on linear fitting of mean square
displacement with mean square displacement equation.

Figure 3. Precise quantification and tracking of ONBs with different diameters (400 nm (top) and 800 nm (bottom)). The left columns show
the trajectories of each ONB in single PC3 cell. The middle column shows the quantification results of ONBs in cell after 2 h of incubation
with ONBs, while the right column shows the diffusion coefficient of single ONB based on fitting of the mean square displacement.

ACS Nano Article

DOI: 10.1021/acsnano.6b07478
ACS Nano XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b07478/suppl_file/nn6b07478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b07478/suppl_file/nn6b07478_si_001.pdf
http://dx.doi.org/10.1021/acsnano.6b07478


142 important consideration for ONB drug carriers since longer
143 circulating ONBs will have a higher chance of reaching their
144 target,13−15 resulting in improved treatment outcome. Our first
145 set of experiment was thus performed to evaluate the number
146 and diffusion coefficient of ONBs with different size in single
147 cells. PC3 human prostate cancer cell lines were incubated with
148 400 and 800 nm ONBs for 2 h. Dark-field optical images
149 sequences were obtained with 100 ms frame interval. Since
150 cellular organelles were stationary compared to ONBs, the
151 bubbles were located in the cells by tracking their movement in

f3 152 each frame, as shown in Figure 3 (see Supporting Information
153 Video). Cellular uptake efficiency was calculated using
154 NanoTrackJ plugin16 in ImageJ software. The number of
155 nanobubbles per cell were counted using the plugin with the
156 mean filter and tolerance levels adjusted to be the same for all
157 the images. We found that the cellular uptake efficiency for 400
158 nm ONBs was ∼88% higher than the 800 nm nanobubbles (P
159 < 0.01). Further, the intranuclear uptake efficiency was ∼56%

160higher for the 400 nm nanobubbles compared to the 800 nm
161nanobubbles (P < 0.01) possibly due to enhanced uptake of the
162smaller sized nanoparticles via endocytosis17 compared to fluid-
163phase pericytosis of larger sized nanoparticles.18 Literature
164supports our findings in that the efficiency of nanoparticle
165uptake is indirectly proportional to the size of the nano-
166particle.19,20

167Further, we calculated the diffusion coefficients of ONBs
168based on trajectory tracking, linear fitting of mean square
169displacement, and 2D mean square displacement equation. The
170linear model was found to be an appropriate fit for the data
171obtained (R2 > 92%). It was observed that as the size of ONB
172increases, the diffusion coefficient decreases (Figure 3).
173Diffusion coefficient can be expressed as,

= * *D f k T(1/ ) 174(1)

175where f is the frictional coefficient, k is Boltzmann constant, and
176T is the absolute temperature. Frictional coefficient has a direct

Figure 4. Dark field optical images of PC3 cells incubated with 400 nm ONBs with different incubation time. Nucleus highlighted using red
dotted line. ONB uptake into the nucleus increases over the time period evaluated (3 h). Scale bar = 5 μm.

Figure 5. Quantitative detection of 400 nm ONBs in subcutaneously implanted Mb49 bladder cancer tissue in mice. (a) Representative dark-
field optical image of MB49 mouse bladder cancer tissue treated with saline (control). (b) Representative dark-field optical images of Mb49
mouse bladder cancer tissue with ONBs. Single ONB used as reference was circled with red dotted lines, while cell was circled with ellipse red
dotted line. (c) Representative gray scale image of ONBs with intensity threshold filter processing. (d) Number of ONBs in single cell in ex
vivo tissues treated with saline (CTRL) or nanobubbles (ONB) (N = 9, P < 0.01).

ACS Nano Article

DOI: 10.1021/acsnano.6b07478
ACS Nano XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b07478/suppl_file/nn6b07478_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b07478/suppl_file/nn6b07478_si_002.avi
http://dx.doi.org/10.1021/acsnano.6b07478


177 relation with viscosity and diameter of nanobubble.21 When the
178 size of ONB increases, the frictional coefficient increases due to
179 larger surface area of the ONB, and this results in an increase in
180 the diffusion coefficient. These results support the identification
181 and tracking capability of our optical scattering method.
182 Efficient delivery of drug loaded nanoparticles to the nucleus
183 of tumor cells is critical for enhancing the efficacy of targeted
184 drug delivery.22,23 The ONB is expected to significantly
185 enhance drug delivery to the nucleus of the cells due to its
186 size. To study the cellular and nuclear uptake efficiency of
187 ONBs, we performed in vitro experiments using prostate cancer

f4 188 cells (PC3) with 400 nm ONBs and different incubation time.
f4 189 As shown in Figure 4, no ONBs were observed inside the cells

190 after 1 h of incubation. As the incubation time increased to 2 h,
191 some ONBs were observed in the cytoplasm of the cells due to
192 endocytosis. However, no ONBs were observed in the nucleus
193 after 2 h. Further, ONBs gradually penetrated the nuclear
194 membrane, and entered the nucleus as incubation time
195 increased to 3 h (see Supporting InformationVideo). Our
196 results indicate that the light scattering approach using dark
197 field microscopy to characterize the biophysical properties of
198 ONBs s is a promising approach for use as both, an optical
199 imaging agent as well as a drug delivery enhancer.
200 Single Nanobubble Quantification in Bladder Tumor
201 Tissue.We further studied the potential of ONBs and HSDFM
202 for ex vivo quantitative analysis of biodistribution in different
203 tissues. In vitro, the diffusion of ONBs within the cell and its
204 environment can be utilized to distinguish them from static
205 intracellular organelles. However, for ex vivo analysis of ONBs
206 in paraffin embedded or cryosectioned tissue samples, hyper-
207 spectral information analysis was used to distinguish ONBs
208 from static cellular organelles instead of movement analysis
209 since the motion of ONBs is hindered in the paraffin embedded
210 slides. According to Mie scattering,24 some intracellular
211 organelles with size on the same order of the wavelength of
212 incident light have large scattering, and the scattering color is
213 white due to the broad spectrum. The scattering color of ONBs
214 was found to be white, making it difficult to differentiate ONBs
215 from intracellular organelles with dark-field optical images
216 (Figure S2). Nevertheless, the spectrum information was
217 utilized to distinguish ONBs from the intracellular organelles.
218 Different sized ONBs have unique scattering spectra; the
219 spectrum “red shifts” as the nanoparticle size increases.25,26 As
220 illustrated in Figure S2, experiments in this study were
221 performed with 400 nm ONBs, which have a different
222 spectrum than the cell organelles in the cytoplasm.
223 To validate our technique ex vivo, MB49 mouse bladder
224 cancer cell line was implanted subcutaneously into mice and
225 treated with ONBs (see Materials and Methods Section). The
226 tumors were excised in formalin, embedded in paraffin, and
227 sectioned at a thickness of 10 μm. Negative control experiments
228 were also performed to prove the specificity of the ONB. From

f5 229 Figure 5a,b, it is evident that ONBs have a strong scattering
230 signal, and results in optical dark-field images with high signal-
231 to-noise ratio. Using intensity threshold filter, gray scale images
232 of ONBs were obtained (Figure 5c). After excluding the
233 background noise with intensity threshold, improved quantifi-
234 cation information can be obtained. Further, we quantified the
235 number of nanobubbles in ex vivo mouse tumor tissue treated
236 with either saline (CTRL) or ONB (Figure 5d) using
237 MTrackJ16 plugin in ImageJ. We found that ONBs could be
238 accurately detected using our technique in ex vivo tumor tissues.

239DISCUSSION
240Our experiments point to the key advantages of high-resolution
241imaging and tracking of ONBs using HSDFM. The major
242advantage of our technique is the strong signal from single
243ONB due to the large light scattering cross-section, which
244makes the quantification and tracking of ONB with high SNR
245at the single-cell level possible. As evident from Figure S4, the
246SNR of ONB is much higher than that of gold nanoparticle,
247which has been extensively utilized as imaging nanoprobes due
248to their strong localized surface plasmon resonance scattering
249cross-section. Owing to the dipole resonance from the
250interaction with incident photons, the large scattering cross-
251section of plasmonic NPs can generate a ten- to million-fold
252stronger signal than conventional fluorophores. Nevertheless,
253compared to gold nanoparticles with size of 40 nm, ONBs have
254larger light scattering, as demonstrated in our in vitro results
255(Figure S4).
256Our work demonstrates the feasibility of HSDFM for
257tracking and visualization of ONBs in single cells based on
258light scattering. By fabricating the ONBs to have a high
259refractive index difference between core and shell, the scattering
260cross section can be significantly enhanced, which constitutes
261the scientific base of our strategy. We applied this method to
262analyze the relation between the size of ONB and its diffusion
263characteristics, quantification of ONBs in single cell, and uptake
264of ONB by cells with time and to assess its distribution in the
265cell cytoplasm and nucleus. The methods developed can be
266utilized to count ONBs in ex vivo bladder tumor tissue. Our
267technique is broad and can be applied to a range of systems to
268track drug-loaded ONB’s in tissue cultures, assess its
269endocytosis mechanisms and distribution ex vivo in various
270tissues. Further, the dynamics and kinetics of cellular uptake
271and the role of the cytoskeleton, in vitro and ex vivo can be
272effectively studied using the developed tools. Finally,
273fundamental molecular mechanisms in living cells can also be
274revealed by utilizing the power of HSDFM and ONBs.

275CONCLUSION
276In conclusion, our results demonstrate the capability of the
277proposed light scattering method with hyperspectral dark-field
278imaging microscope for quantitative detection and tracking of
279ONB in single living cell and identification in tissues. Taking
280advantage of the ONB’s strong light scattering signal due to its
281noncontinuous refractive index, we can effectively identify the
282relationships between ONB and their size distribution, diffusion
283coefficients within a single cell, and biodistribution and
284pharmacokinetic distribution in ex vivo tissue. Our technique
285can effectively circumvent the common limits that conventional
286imaging techniques suffer from, to provide a better signal-to-
287noise ratio for high-resolution biological imaging with a simple
288hyperspectral dark-field imaging microscope and image analysis.
289Our approach demonstrates single nanobubble tracking in the
290field of nanoparticle localization and targeting in single cells.
291The proposed contrast agent can be expanded for ex vivo tissue
292histology and pharmacokinetic/pharmacodynamics studies, in
293clinical diagnosis and targeted therapy.

294MATERIALS AND METHODS
295Preparation of Nanobubbles. Oxygen nanobubbles were
296synthesized by cross-linking of sodium carboxymethylcellulose with
297oxygen entrapment. Size distribution of the nanobubbles was
298optimized using a fractional factorial design of experiments to screen
299for significant parameters followed by a full factorial design (Table S1)
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300 to obtain nanobubbles in the size range 400−800 nm (see Supporting
301 Information). Briefly, sodium carboxymethylcellulose (Aqualon 7HF
302 PH, Ashland Inc., Calumet City, IL) was dissolved in nanopure water
303 to form a 0.1% (w/v) gel and homogenized and saturated with oxygen
304 gas (UHP grade). The oxygen inlet was connected with an air nozzle
305 (Nano Super Air Nozzle 1110SS, EXAIR Corporation) and a 20 nm
306 membrane filter (Emflon II, Pall Corporation) to help generate ONBs.
307 The carboxymethyl cellulose solution was sonicated simultaneously
308 with a probe (Ultrasonic Power Corporation Cell Disrupter) and a
309 bath sonicator (Branson 2210) for 30−120 s since ultrasonic energy
310 helps sonic compression of oxygen microbubbles to produce oxygen
311 nanobubbles in the solution.27 Finally, 0.1−1% aluminum chloride
312 (AlCl3) cross-linking agent was added to form the encapsulation
313 structure under continuous ultrasonication. Aluminum chloride is a
314 trivalent cross-linker and helps decrease the drug release rate28

315 compared to bivalent cross-linkers. Aluminum chloride also serves as a
316 strong electrolyte and increases the electrostatic repulsive force to
317 balance out the size reduction forces of the nanobubble, thus
318 stabilizing the nanobubble.29 The pH of the resulting nanobubble
319 suspension was subsequently neutralized to a pH of 7 using 0.1−0.5%
320 ammonium hydroxide (NH4OH) solution added dropwise. Finally, the
321 significant parameters were optimized using the prediction profile of
322 the data in JMP (SAS Institute Inc.).
323 PC3 Cell Culture and Nanobubbles Uptake. Human epithelial
324 prostate cancer cell line, PC3 (ATCC CRL-1435), was used for in vitro
325 experiments because of its widely studied biochemical profile in
326 response to several chemotherapeutic agents across various exper-
327 imental conditions. Cells were cultured in RPMI-1640 media (Gibco,
328 Life Technologies) supplemented with 10% Fetal Bovine Serum
329 (Atlanta Biologicals, Flowery Branch, GA) and 1% Penicillin (10 000
330 IU/mL) -Streptomycin (10 000 μg/mL) (Mediatech Inc., Manassas,
331 VA). The cells were routinely cultured at 37 °C in a humidified
332 atmosphere with 5% CO2. Cells were tested for mycoplasma
333 contamination using Hoechst 33258 fluorescent indirect staining30

334 before initiating the experiments. Briefly, cells were fixed using 4%
335 paraformaldehyde (PFA) solution and stained with Hoechst 33258
336 fluorescent dye. Images were obtained using the confocal microscope.
337 No small specks were observed surrounding the cells thus confirming
338 the absence of mycoplasma. The cells were incubated with ONBs (0.1
339 mg/mL) in a 12-well plate and imaged at different time points.
340 Ex Vivo Quantification of Nanobubbles in MB49 Mouse
341 Bladder Cancer Tissue. Animals were cared for under the
342 supervision of the Purdue Animal Care and Use Committee
343 (PACUC). Briefly, MB49 cells (5 × 105 cells/mouse) in the media
344 were subcutaneously injected in female 6−8 weeks old C57Bl/6 mice
345 since C57Bl/6 mice are a syngenic model for MB49 cell line and are
346 immunocompetent. Number of replicates required for the study was
347 calculated using the power law analysis for in vitro and preliminary in
348 vivo data using a desired power of test of 90% and alpha of 5%. After 3
349 weeks when tumors develop hypoxia and reach an approximate size of
350 1000 mm3, the mice were randomly divided into two groups of five
351 and six. Tumor-bearing mice were treated by intravenous injections of
352 ONBs (100 μg/mL, 100 μL, n = 6) or saline (100 μL, n = 5). After
353 dosing, the mice were monitored for weight and implanted tumor size
354 daily. Four days following bolus injections, mice were euthanized via
355 cardiac puncture and the blood and organs were harvested. Harvested
356 tissues and tumors were fixed in formalin-free IHC Zinc Fixative (BD
357 Pharmingen), embedded in paraffin, and sectioned into 5 μm slices.
358 Histology slides were prepared at the Purdue Histology and
359 Phenotyping Laboratory (PHPL).
360 Hyperspectral Image Acquisition. HSDFM generates a 3D data
361 set of spatial and spectral information at each pixel. Hyperspectral data
362 can be obtained by stacking the 1D spectra image along the x-
363 coordinate (slit) by scanning the sample-stage along the y-axis. First,
364 dark-field images were obtained to determine the region of interest
365 (ROI). The detector was uniformly illuminated to acquire a flatfield
366 file to exclude small nonuniformities in gain on a pixel-by-pixel basis
367 for correction. Then premeasurement was performed with 1D spectral
368 imaging to set the light illumination level, which was optimized to have
369 a maximum signal without saturation, critical for signal normalization.

370With these preset parameters, 1D spectral image was obtained by
371projecting the image onto a 10-μm slit, followed by dispersing the slit
372image with 300 g/mm grating to obtain a high spectral resolution of
3730.5 nm. With a line-scanning stage of 40 nm step size, the spectral
374information on the 2D spatial dimension was collected over the
375wavelength range from 400 to 950 nm. Stabilized mounts guarantee
376the accurate position information for reconstruction of the images.
377Hyperspectral images spanning the entire ROI at each wavelength
378channel can then be constructed from the collected 1D spectral images
379with a data analysis algorithm.
380Simulation of Scattering. 3D finite-difference time-domain
381(FDTD) numerical simulation analysis was used to calculate the far-
382field angular scattering patterns of ONBs at one specific wavelength
383(Figure 2), and the scattering cross sections of GNPs and ONBs
384within different incident wavelength (Figure 2). To match actual
385experiment, our model was designed as a 40 nm GNP or a nanobubble
386sphere (RI = 1.515 for shell, RI = 1.0 for core) immersed in infinite
387background material with the RI value of 1.33. Drude model31 was
388used to describe the dispersion of gold atoms. A plane wave incident
389source with linear polarization was applied to calculate the far field
390angular scattering pattern and scattering cross section. For calculating
391the far-field angular scattering pattern of ONBs, the frequency was set
392to 545 THz, the local surface plasmon resonance (LSPR) wavelength
393of a 40 nm GNP. The scattering cross sections of GNPs and ONBs of
394size 400 nm were simulated from 330 to 660 THz, corresponding to
395our experimental illumination source. A fast perfect boundary
396approximation mesh was used to eliminate staircase error at the
397interface for accurate simulation. A far-field monitor was used to
398obtain the 3D radar cross section which subsequently determined the
399far-field angular scattering pattern. The broadband scattering response
400was extracted by using a broadband far-field monitor in combination
401with the broadband far-field template, which allowed the direct
402extraction of the extinction cross section and scattering cross section.
403Since the simulation was calculated based on frequency, a “Mix 1D″
404result template was then used to convert the x-axis from frequency to
405wavelength domain in the plot.

406ASSOCIATED CONTENT
407*S Supporting Information
408The Supporting Information is available free of charge on the
409ACS Publications website at DOI: 10.1021/acsnano.6b07478.

410HSDFM instrumentation and image processing; algo-
411rithm for quantification and diffusion coefficient;
412algorithm for quantification of ONB in tissue; nano-
413bubble synthesis and optimization; dark-field optical
414images of nanobubble of different size and PC3 cell
415without nanobubble; spectra of nanobubbles and cell
416organelle in PC3 cell were extracted from hyperspectral
417data; simulated far-field scattering with CST studio suite
4182014 software; far-field scattering cross section of
419nanobubble dimer with different gap distance; electronic
420field intensity distribution with difference gap distance at
421545 THz; plane wave incident source with linear
422polarization in the range of 330 to 660 THz; dark-field
423optical images of 40 nm AuNp and 400 nm oxygen
424nanobubble in vitro; prediction profile for the optimiza-
425tion of nanobubble size; DLS size distribution for 400
426nm and 800 nm nanobubbles; therapeutic potential of
427ONB for PC3 cell line with 24 h incubation time;
428therapeutic potential of ONB for PC3 cell line with 48 h
429incubation time; 400 nm nanobubble quantification using
430dark-field imaging for in vitro assays; and 800 nm
431nanobubble quantification using dark-field imaging for in
432vitro assays (PDF)
433Darkfield microscopy videos showing intracellular and
434intranuclear localization of oxygen nanobubbles (ONB)
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435 in vitro, ONB paths tracked using MtrackJ plugin in
436 ImageJ (AVI)
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