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Abstract

:

Techniques that increase the permeability of the cell membrane and transfer drugs or genes to cells have been actively developed as effective therapeutic modalities. Also, in line with the development of these drug delivery techniques, the establishment of tools to verify the techniques at the cellular level is strongly required. In this study, we demonstrated an optical imaging platform integrated with an ultrasound application system to verify the feasibility of safe and efficient drug delivery through the cell membrane using ultrasound-microbubble cavitation. To examine the potential of the platform, fluorescence images of both Fura-2 AM and propidium iodide (PI) to measure calcium flux changes and intracellular PI delivery, respectively, during and after the ultrasound-microbubble cavitation in the cervical cancer cell were acquired. Using the optical imaging platform, we determined that calcium flux increased immediately after the ultrasound-microbubble cavitation and were restored to normal levels, and fluorescence signals from intracellular PI increased gradually after the cavitation. The results acquired by the platform indicated that ultrasound-microbubble cavitation can deliver PI into the cervical cancer cell without irreversible damage of the cell membrane. The application of an additional fluorescent imaging module and high-speed imaging modalities can provide further improvement of the performance of this platform. Also, as additional studies in ultrasound instrumentations to measure real-time cavitation signals progress, we believe that the ultrasound-microbubble cavitation-based sonoporation can be employed for safe and efficient drug and gene delivery to various cancer cells.
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1. Introduction


Drug delivery is a series of modalities of various physical and chemical techniques to deliver, release, and control a specific drug, so that it has an optimal effect even with a small dose [1]. Drug delivery can provide highly improved treatment efficiency for the same drug concentration, while minimizing side effects of overdoses of drugs, especially anticancer chemicals. Furthermore, drug delivery techniques that can efficiently deliver existing drugs are economically effective because developing more efficient drugs involves a lot of costs. Due to these merits in drug delivery, developments of advanced drug delivery techniques have been actively progressed using biological and chemical transporters such as a liposome [2,3,4], a functionalized carbon nanotube [5,6]. In addition to methods of using the transporters, studies that transfer energies such as electrical potentials [7,8] or nanoparticle-mediated light [9,10,11] to deliver drugs to cancer cells have been conducted. Among these drug delivery techniques, ultrasound-based drug delivery has advantages of being highly biopermeable, having high accuracy, and not permanently damaging other cells or tissues. In particular, microbubble-mediated sonoporation is a technology that can cause localized and recoverable perforation to cells or tissues, which allows drug delivery to targeted cells or tissue [12,13,14,15,16,17,18]. To be specific, ultrasound irradiation results in a microbubble oscillation, and microstreaming. The cavitation by the oscillation of the microbubble contacted on the surface of cells could change (increase) the permeability of the cellular plasma membrane [19]. The fundamental of drug delivery by the ultrasound-microbubble cavitation is that drugs or chemical compounds, which do not generally enter the cell, can penetrate the cell due to increased permeability by the cavitation.



For a practical use of these drug delivery techniques as a medical therapeutic modality, a platform for pre-verification of the drug delivery system is required at the in vitro cellular level. In general, a measurement of transepithelial/transendothelial electrical resistance (TEER) has been employed for monitoring drug transportation and cellular barrier changes [20,21,22,23]. However, this method does not have sufficient spatial resolution to acquire information about a single cell. On the other hand, optical imaging has the advantage of having sufficient temporal and spatial resolution while allowing noninvasive observation of a single cell. Also, in fluorescence optical imaging, fluorescent markers with different functions can be employed to acquire images of specific cellular indicators such as cell viability, calcium flux of cellular membranes, voltage potential changes.



In this study, we demonstrated an optical imaging platform integrated with an ultrasound application system for in vitro study of ultrasound-mediated drug delivery. For an application of microbubble-ultrasound cavitation to a cultured cervical cancer cell and confirmation of the potential of microbubble-assisted sonoporation for safe drug delivery, we employed the microbubble, which has been used as an ultrasound imaging contrast agent, to cervical cancer cells cultured in a cell culture flow chamber, and obtained fluorescence images of relative calcium ion (Ca2+) concentrations and intracellular propidium iodide (PI). We also confirmed the ultrasound-induced microbubble activity (cavitation) by brightfield imaging using the platform. Information on Ca2+ flux and a gradual increase in fluorescence from intracellular PI were identified, which indicated that ultrasound-microbubble cavitation can transfer drugs into cervical cancer cells without causing irreversible cell damage. From the result of the in vitro study using the cervical cancer cells, we are convinced that the optical imaging platform integrated with an ultrasound application system can be used as a tool to effectively verify various ultrasound-based drug delivery techniques.




2. Materials and Methods


2.1. Cell Culture and Sample Preparations


We selected a cervical cancer (HeLa) cell as a target specimen because the cervical cancer cell is the most commonly employed specimen for in vitro carcinoma studies and has a high chemical/drug resistance. The cervical cancer cell line was established from American Type Culture Collection (ATCC, Manassas, VA, USA). The cervical cancer cells were cultured in 25 mm2 T-flask (Thermo Fisher Scientific, Inc., San Jose, CA, USA) using Dulbecco Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (Invitrogen). A conventional cell culture incubator (MCO-19AIC, Panasonic, Osaka, Japan) was employed to give appropriate conditions (37 °C temperature and 5% CO2 concentration) for maintaining viability of the cervical cancer cells.



To move the cervical cancer cells in a microfluidic cell culture flow chamber (μ-Slide I Luer, Ibidi GmbH, Martinsried, Germany) with a customized attachable water tank, 200 μL cervical cells–culture media complex with a concentration of 4 × 105 cells/mL was injected in the cell culture flow chamber. The cell culture flow chamber with the cervical cancer cells was flipped for the attachment of cells on the upper surface and the cells were cultured for 3 h in the incubator. After the cell attachment process, the chamber was re-flipped and the cell culture medium in the chamber was exchanged. Then, the chamber was stored for 24 h in the incubator to stabilize cultured cervical cancer cells.



To acquire fluorescence images of Ca2+ flux and its changes, Fura-2 AM (F1221, Invitrogen) was loaded to the cervical cancer cells cultured in the cell culture flow chamber. The detailed procedures were as follows. First of all, 1 mL of Fura-2 AM staining solution was produced by mixing 5 μL of Fura-2 AM with a concentration of 1 mM, 1 μL of Pluronic Detergent (P6686, Invitrogen), and 995 μL of DMEM without a fetal bovine serum. Next, 200 μL of the staining solution was induced in the flow chamber with cervical cancer cells and stored for 1 h in the incubator. After the procedure of Fura-2 AM staining to the cells, the staining solution was washed out four times by phosphate-buffered saline (PBS, Invitrogen) and 200 μL of the cell culture medium was supplied.



Also, we applied PI to test a feasibility estimation of drug delivery in cervical cancer cells by ultrasound-microbubble cavitation. PI is one of the fluorescent indicators of cells to evaluate cell viability and it is not permeable to cervical cancer cells because a plasma membrane of the cancer cells blocks PI binding to nucleic acids. For this reason, increasing fluorescence signals of PI indicates a sonoporation by the ultrasound-microbubble cavitation, which can deliver PI into the cervical cancer cell. PI purchased from Sigma-Aldrich (Carlsbad, CA, United States) and PI with a concentration of 5 μM were employed in the culture media before experiments.




2.2. Instrumentation of an Optical Imaging Platform and Imaging Procedures


An optical imaging platform (as illustrated in Figure 1a) integrated with an ultrasound application system was investigated based on an inverted optical microscope (Ti-E, Nikon Corporation, Tokyo, Japan) to acquire both fluorescence images of Fura-2 AM and PI. The detailed description of each optical component according to the optical path and sequence is as follows. The excitation light of a light source (Lambda DG-4, Sutter Instrument, Inc., CA, United States) that consisted of a high-power xenon arc lamp and high-speed wavelength switching module was irradiated to the specimen through excitation filters, optical components, and an objective lens (S Plan Flour ELWD 20x/0.45, Nikon Corporation). To obtain relative Ca2+ concentrations from Fura-2 AM, there were two excitation filters applied, which allowed the excitation light to be adjusted with two central wavelengths of 340 and 380 nm (ET340x and ET380x, Chroma Technology, Bellows Falls, VT, USA). Also, a filter (69000x, Chroma Technology) corresponding to a fluorescence excitation band of PI to detect fluorescence signals from PI penetrated into the cervical cancer cell. Fluorescence with a central wavelength of 510 nm, emitted from Fura-2 AM, was measured by a high-sensitivity electron multiplying charge-coupled device (EMCCD) camera (iXon 885, Andor Technology PLC, Belfast, Northern Ireland). To eliminate noise components with different wavelengths, an emission filter (ET510/80m, Chroma Technology) with a central wavelength of around 510 nm was employed. Likewise, another emission filter (69000m, Chroma Technology) was employed to measure the fluorescence emitted from PI permeated into the cervical cancer cell. Also, a multiband dichroic mirror (T400lp and 69000bs, Chroma Technology) was applied as the optical component separating the path of the light source and the detector. The platform was equipped with a multiaxis sample scanning stage (BioPrecision2, Ludl Electronic Products, Ltd., Hawthorne, NY, United States), and ultrasound irradiations and fluorescence imaging were set to be focused in the same area. Thus, it allowed the platform to move samples and perform ultrasound-microbubble cavitation and fluorescence imaging on cells in the same chamber or other chambers. A theoretical lateral resolution for fluorescence imaging of Fura-2 AM is 692 nm and the resolution for fluorescence imaging of PI is 814 nm.



A single set including fluorescence images of Fura-2 AM for excitations at 340/380 nm and a fluorescence image of PI was acquired every 1.8 s. An overall measurement time was 945 s (−52.2 to 892.8 s) when a trigger time of ultrasound irradiation was set to 0.0 s. To determine the formation of microbubbles, brightfield images were captured prior to fluorescence image acquisition. Also, brightfield images were obtained instead of fluorescence images in a time domain of –3.6 to 1.8 s for the confirmation of whether microbubbles attached to the membrane of the cervical cancer cell cavitated after ultrasound irradiation. A white light illuminator (pE-100, CoolLED Ltd., Andover, UK) mounted above the specimen was applied as a light source to acquire brightfield images.



A semi-automated operation of the optical imaging platform, brightfield/fluorescence image sequence acquisition, preprocessing, and postprocessing of acquired images were progressed by MetaMorph® (Molecular Devices, Inc., Downingtown, PA, United States). Also, we applied GNU Octave to additional postprocessing of fluorescence images and quantitative data analysis.




2.3. Setup of an Ultrasound Application System for Ultrasound-Microbubble Cavitation


To irradiate ultrasound and generate ultrasound-microbubble cavitation in the microfluidic cell culture flow chamber, an ultrasound application system was established. The ultrasound irradiation platform consisted of a focused immersion ultrasound transducer (A303S, Olympus NDT, Center Valley, PA, USA) with a central frequency of 1.0 MHz, an amplifier (1040L, Electronics & Innovation, Rochester, NY, USA) with a power gain of 53 dB, and a function generator (33220A, Agilent, Santa Clara, CA, USA) to drive the transducer.



To estimate an experimental focal length of the focused ultrasound transducer, a profile of pressures generated by the transducer was measured by an acoustic intensity measurement system (AIMS III, Onda Corporation, Sunnyvale, CA, USA) and a hydrophone (HGL-400, Onda Corporation). As described in Figure 1b, The measured center focal distance was 17 mm from the surface of the transducer, and the generated peak negative pressure for the focal region was 0.6 MPa at 200 mVp−p of an input voltage. Based on the profile data and an optimization of the input voltage that produces a level of ultrasound that induces cavitation and does not change the position of the microbubble itself, we applied 200 mVp-p, 10 cycles, and a single trigger as ultrasound irradiation conditions. To precisely match the focal region with the plane in which the cervical cancer cells and microbubbles were located, we employed multiaxis microscale stages that can accurately move the ultrasound transducer to the lateral (xy) and axial (z) axis. Also, we gave a constant angle to approach the transducer to the specimen for ensuring that the transducer did not overlap optical paths in an optical fluorescence imaging system. For this issue, additional rotation stage was applied to precise position adjustments of the ultrasound transducer. Multiaxis translational stages, the rotation stage, and mechanical components for accurate position adjustments of the ultrasound transducer were purchased from Science Town (Incheon, Republic of Korea) and Nam-il Optical Instruments Co. (Incheon, Republic of Korea).



To effectively deliver ultrasonic waves to the cervical cancer cells in the cell culture flow chamber with water medium, a small water tank was customized using transparent acrylics. The underside of the water tank was drilled to fit the size of the flow chamber. After that, the water tank and the flow chamber were attached using a waterproof tape (Ace Cross 071, Koyo Kagaku, Tokyo, Japan) so that the acrylic of the water tank did not cover the imaging area. So, a reduction of image quality from the thick acrylic that formed the water tank was prevented.



To generate ultrasound-microbubble cavitation for calcium channel activation and drug release in the cervical cancer cell, DEFINITY® (Lantheus Medical Imaging, N. Billerica, MA, United States), an ultrasound image contrast agent, was applied with injection of PI solution after seeding of cells in the cell culture flow chamber and staining by Fura-2 AM. To be specific, 10 mL of a solution consisting of PI and the cell culture medium was mixed with 10 μL of DEFINITY® solution, and it was injected into the flow chamber. By observing brightfield images during the access of microbubbles to the cervical cancer cell by the syringe and prior to ultrasound exposures, we confirmed sufficient approaches of microbubbles and cervical cancer cells. As shown in Figure 2, the cavitation of the microbubbles by ultrasound was observed in longitudinal brightfield images.





3. Results and Discussion


3.1. Imaging of Calcium Flux Changes of a Cervical Cell by Ultrasound-Microbubble Cavitation


As described in Figure 2, the cavitation between ultrasound and the microbubble in contact with the cell membrane causes cracks in the plasma membrane of the cell, resulting in changes in the permeability of the cell membrane [24,25]. This increase in cell plasma membrane permeability cause changes in calcium flux in the short term and allows the entry of chemicals that cannot enter living cancer cells generally. To measure transient variations of intracellular calcium flux, fluorescence images of Fura-2 AM excited by light with a wavelength of 340 and 380 nm were acquired using the optical imaging platform integrated with the ultrasound application system. Relative calcium flux changes in the cervical cancer cell, which was attached to the microbubble, were obtained by calculating images of the ratio (Iλ = 340 nm/Iλ = 380 nm) of two fluorescence images as described in Figure 3a. We confirmed that the investigated optical imaging platform provides time-varying calcium flux changes in a single cell. In images of calcium flux changes over time based on ultrasound irradiation, the ultrasound-induced microbubble cavitation offered a significant increase in the intracellular calcium concentration in the cervical cancer cell. This increase in calcium flux gradually decreased and lasted for about 50 to 60 s after the ultrasound-induced microbubble cavitation. After 120 s, it recovered to a similar level of intracellular calcium concentration distributions as the image before the ultrasound exposure (t = −1.8 s).



We determined the ratio of fluorescence by excitation lights at 340 and 380 nm for an entire region of the cell as described in Figure 3b. Also, we set a region of interest (yellow box in Figure 3a) for a specific region of the cell adjacent to the microbubble, and the estimation of fluorescent signals for the region of interest (ROI) was performed. A quantitative ratio analysis (as described in Figure 3b,c) in the entire region of the cell and the selected region of interest within the cervical cancer cell also indicated that the intracellular calcium concentration was recovered to its previous level before ultrasound exposures with a decaying temporal constant of 72.6979 and 68.8918 s following an increase in calcium flux. There is little difference between the two temporal constants, which means that the calcium flux by the ultrasound-microbubble cavitation reacts and recovers over the entire cell domain.




3.2. Fluorescence Imaging of Propidium Iodide


Figure 4a is a result of time-elapsed fluorescence images, which were acquired by the optical imaging platform with the ultrasound application system, for the detection of the increase in intracellular PI to confirm a possibility of drug delivery in the cervical cancer cell. Background fluorescence signals were corrected in each transient fluorescence image, and the detailed steps are as follows. A region without cells was set and an average of background intensities was calculated for the determined background area. After that, background correction was performed by subtracting the average value from the intensities of the acquired fluorescence images. Unlike the rapid increase in calcium flux immediately after the ultrasound exposure, the gradual increase in the fluorescence from intracellular PI was confirmed by fluorescence images of each lapsed time.



To determine the quantitative characteristics of the increasing tendency of intracellular PI, fluorescence intensities in time were estimated from a selected region of interest (yellow box in Figure 4a) within the cervical cancer cell. The result is described in Figure 4b,c. For the result to be qualitatively determined in the fluorescence images, fluorescence signals from intracellular PI were gradually increased compared to the cervical cancer cell with no cavitation. We applied an exponential growth fitting to fit the increase of fluorescence signals from intracellular PI, and a growing temporal constant was 327.2194 s for the entire region of the cell and 191.188 s for the region of interest corresponding to the membrane in contact with the microbubble. The fitting curve of the fluorescence intensity of intracellular PI for the entire cell region did not have a meaningful R-square value because the average of the overall fluorescence intensity was too small. The result indicates that PI, which cannot be normally permeated into the cancer cell, entered the cell by the ultrasound-induced microbubble cavitation. PI reacts interchangeably between bases with no sequence preference and binds to DNA (deoxyribonucleic acid) in cells. Due to its inability to pass through the membrane of living cells, PI is commonly employed as a fluorescent marker for dead cells [14,26,27]. When detecting dead cells using PI, the fluorescence intensity of PI in the dead cell is 103 to 104 times higher than the background due to binding to DNA. In this assay, although the fluorescence of intracellular PI was increased after the ultrasound-microbubble cavitation as described in Figure 4b,c, the increase of fluorescence intensity was lower than that of PI in dead cells because the viability of the cervical cancer cell was not varied by the cavitation. The results from calcium flux and intracellular PI fluorescence images mean that the sonoporation did not cause irreversible damage to the cervical cancer cells, but only provided a temporary opening that can be recovered after a short period of time. It can serve the purpose of minimally invasive drug delivery, which does not cause permanent changes to cells and biological tissue while delivering chemicals.




3.3. Discussion


In this work, we established the optical imaging platform integrated with the ultrasound application system for in vitro assays of ultrasound-mediated drug delivery. Effective observations of changes in intracellular calcium concentration and fluorescent signal changes of intracellular PI over time indicate that the platform can be used efficiently for validation of ultrasound-mediated drug delivery techniques. Using the optical imaging platform integrated with the ultrasound application system, we derived the ultrasound-based cavitation of a microbubble attached to a membrane of a cervical cancer cell, and obtained longitudinal fluorescence images of calcium flux and intracellular PI uptake to explore the feasibility of effective and noninvasive drug or gene delivery in cervical cancer by microbubble-mediated sonoporation. Also, it is confirmed that chemicals such as anticancer drugs can be introduced into the cervical cancer cell by the ultrasound-microbubble cavitation by observing the gradual increase of fluorescence signals from intracellular PI after the induction of the ultrasound-microbubble cavitation. As the result indicates, we confirmed that there is a significant difference between the decaying temporal constant of calcium flux (=67.8918 s.) and the growing temporal constant of fluorescence from intracellular PI (=191.188 s.), which implies a temporal mismatch between a membrane recovery for calcium ion channels and a closure of pores for drug delivery. (In this study, the time mismatch was about 2 min (=123.296 s.) for the region of interest corresponding to the neighboring region in contact with the microbubble.) It is correlated to the result of temporal mismatches in prior studies [14] related to drug delivery using ultrasonic cavitation, and to derive meaningful biophysical information, it is important to obtain standardized temporal constants in a specific cell line through measurements on a large number of cells. In addition, the temporal constants of intracellular PI differed scientifically in the entire region of the cell and the region of interest corresponding to the membrane region approached by the microbubble. Further studies in membrane recovery dynamics based on the temporal mismatch are expected to provide important information on drug delivery and cell therapy by ultrasound-microbubble cavitation. In particular, comparative studies are needed of important parameters from each cancer cell to apply ultrasound-microbubble cavitation to other carcinomas, since the cellular dynamics of carcinoma in various regions are different, and the established platform is a useful tool in the comparative studies.



Improvements that can provide higher performance in the optical imaging platform with the ultrasound application system are as follows. Currently, the optical imaging platform obtains fluorescence images to measure intracellular calcium flux and to confirm intracellular PI uptake. The system can adopt an additional fluorescent indicator to measure other cellular properties such as cell viability [28,29]. In particular, we believe that it is necessary to observe cell growth by adding additional fluorescent channels to this platform for verification of changes in long-term cell growth during and after ultrasound-microbubble cavitation. Although the temporal resolution of measuring each image sequence was slightly reduced, we are convinced that the additional implementation provides valuable information to understand cellular properties and dynamics of drug delivery. Currently, one image sequence is measured in approximately 1.8 s since two filter sets to measure three fluorescence images are operated using electrically operated turrets, so there is a time loss caused by switching. When only calcium imaging or PI imaging is performed individually, the overall measurement time can be further improved. In addition, each image sequence acquisition time can be improved by pixel-to-pixel binning, a use of objective lenses with higher numerical aperture, an installation of a multiband fluorescence filter set for eliminating time consumption by changing filter sets, and an application of a high-speed camera designed for voltage potential measurements in an animal brain.



In this study, DEFINITY®, which is most widely employed as an ultrasound imaging contrast agent, was applied to the induction of the ultrasound-microbubble cavitation, and the use of functionalized microbubbles is believed to open a possibility of high-performance drug delivery. For instance, several studies of target binders designed for nanoparticles for the attachment of specific, targeted cancer cells have been actively progressed [30,31], and an implementation of these target binders to the microbubble can further improve selectivity as the functionalized microbubble induces the cavitation and drug delivery to selected cancer cells.



Also, it is expected that parametric studies exploring conditions appropriate for ultrasound-microbubble cavitation by applying different conditions of ultrasonic probes will provide meaningful information for the practical use of sonoporation-based drug/gene delivery. The established platform has the appropriate conditions to conduct these comparative studies.





4. Conclusions


In this study, we established the optical imaging platform integrated with the ultrasound application system to verify the ultrasound-induced microbubble cavitation for drug delivery to the cultured cervical cancer cell in the microfluidic cell culture flow chamber. Using the optical imaging platform, we obtained fluorescence images of both Fura-2 AM and PI to measure intracellular calcium flux changes and intracellular PI delivery during and after the ultrasound-induced microbubble cavitation. Calcium flux increased immediately after the ultrasound irradiation and recovered to normal levels with a decaying temporal constant of 67.8918 s for the region of interest corresponding to the neighboring region in contact with the microbubble. Unlike the trend of changing calcium flux, fluorescence signals from intracellular PI increased gradually with a growing temporal constant of 191.188 s for the region of interest. Through this in vitro study of ultrasound-induced microbubble cavitation, we are convinced that the optical imaging platform integrated with the ultrasound application system has adequate performance to understand drug delivery in cultured cells. Also, a possibility that the cavitation can be utilized as a technique for drug delivery without compromising the cell membrane was secured.
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Figure 1. (a) Schematic of the optical imaging platform integrated with an ultrasound application system for obtaining fluorescence images of calcium flux changes and propidium iodide (PI) in a cervical cancer cell treated by ultrasound-microbubble cavitation. The meaning of each abbreviation in this figure is as follows. UST: an ultrasound transducer; S: a specimen that consists of a microfluidic cell culture flow chamber and a water tank; Obj.: an objective lens; DM: a dichroic mirror; Ex.: an excitation filter; Em.: an emission filter; LS: a light source for fluorescence excitation; EMCCD: an electron multiplying charge-coupled device camera. (b) Acoustic pressure fields (xy and yz-axis) at an input voltage of 50 mVp-p and a graph of peak negative acoustic pressures via input voltages of a focused ultrasound transducer. 
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Figure 2. Brightfield images of a cavitation of microbubbles attached to a membrane of a cervical cancer cell. When comparing brightfield images before (t = −1.8 s.) and immediately after (t = 0.0 s.) ultrasound exposures, it was observed that the size of the microbubble (indicated by a yellow arrow) was reduced due to the ultrasound-microbubble cavitation. 
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Figure 3. (a) Time-elapsed images of a ratio (Iλ = 340 nm/Iλ = 380 nm) between fluorescence images of Fura-2 AM excited at a wavelength of 340 and 380 nm. Background signals were corrected in each excitation wavelength. A criterion of 0.0 s is when ultrasound was irradiated. An inlet yellow box indicates a region of interest to determine quantitative ratios that mean calcium flux of the cervical cancer cell with the ultrasound-microbubble cavitation. (b,c) Plots of quantitative ratios between fluorescence of Fura-2 AM in the cervical cancer cell with the ultrasound-microbubble cavitation and the cell without the cavitation. Figure 3b means the ratio for the entire region of cells, and Figure 3c indicates the ratio for a region of interest, which is represented as a yellow box, of the neighboring region in contact with the microbubble. 
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Figure 4. (a) Time-varying fluorescence images of intracellular PI in a cervical cancer cell with an ultrasound-microbubble cavitation. Background fluorescence signals were corrected. An inlet yellow box indicates a region of interest to determine intracellular PI fluorescence of the cervical cancer cell with the ultrasound-microbubble cavitation. (b,c) Plots of quantitative intensities of fluorescence from intracellular PI in the cervical cancer cell with the ultrasound-microbubble cavitation and the cell without the cavitation. Figure 3b indicates the quantitative intensities of intracellular PI for the entire region of cells, and Figure 3c means the intracellular PI intensities for a region of interest, which is represented as a yellow box, of the neighboring region in contact with the microbubble. 






Figure 4. (a) Time-varying fluorescence images of intracellular PI in a cervical cancer cell with an ultrasound-microbubble cavitation. Background fluorescence signals were corrected. An inlet yellow box indicates a region of interest to determine intracellular PI fluorescence of the cervical cancer cell with the ultrasound-microbubble cavitation. (b,c) Plots of quantitative intensities of fluorescence from intracellular PI in the cervical cancer cell with the ultrasound-microbubble cavitation and the cell without the cavitation. Figure 3b indicates the quantitative intensities of intracellular PI for the entire region of cells, and Figure 3c means the intracellular PI intensities for a region of interest, which is represented as a yellow box, of the neighboring region in contact with the microbubble.



[image: Applsci 11 02846 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
-3.6 s. -1.8 s.

0s. (US) 1.8 s. (US)

7

50 um






nav.xhtml


  applsci-11-02846


  
    		
      applsci-11-02846
    


  




  





media/file2.png
-

p—
(=2
N

Y [mm]
.
= 5 2 3
OO M ANON MM ®O

Function
generator

5 10 15 20 25 30 35 40 45 50 55 60

-
=]

Y [mm]

Control PC

Peak negative
pressure [MPa]

0 50 100 150 200 250
Input voltage [mV, ]






media/file5.jpg





media/file3.jpg
1.8s. (US)






media/file1.jpg
(o)






media/file7.jpg
(a)

255, 150,
N

CEE-

—Exp.grown ttot et o s

(b)

. B il
SR e
o wis
s .

Time [s] Time [s]





media/file0.png





media/file8.png
-
)
—_
=
(=
-
MIN
2 8 Cell + US
(b) : (c) el
14 = Exp. growth fit of Cell + US o 5
0 41 "
2 14 .334%expt-x/T)+ 0.82491 2 y =-4.4925exp(-x/T) + 4.00242
< o 27.2194s. < o/ T=191.188s.
= 5 3 ° R2=0.29576 S R?=0.75243
T z [
[T 4 [T 2
34 4]
4]
5 -84
T T T T i T T T T
-200 200 400 600 800 1000 -200 0 200 400 600 800 1000

Time [s] Time [s]





media/file6.png
(a)

(b)

F340/ F380

1.n=
1.00 \
0.95+ y = 0.16101"exp(-x/r) + 0.85748
y 1=726979s
0.90 4 @%:;:98475
0.85- B
0.80
0.754
0.70 ; . ’ y
-200 200 400 600 800 10

Time [s]

00

(c)

F340/ F380

-
=]

o o8¢

N

4/°7%4

1.05
Cell + US
1.00- Cell
= Exp. decay fit of Cell + US
0.95+ y 0.30395"exp(-x/1) + 0.75521
=67.8918s,
0.90 R2 =0. 98862
0.85 4
0.80
0.75 L
0.70 T T T T
-200 200 400 600 800 1000

Time [s]






