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Abstract
Purpose: Transport across the plasma membrane is a critical step of drug delivery for weakly
permeable compounds with intracellular mode of action. The purpose of this study is to
demonstrate real-time monitoring of ultrasound (US)-mediated cell-impermeable model drug
uptake with fibered confocal fluorescence microscopy (FCFM).
Procedures: An in vitro setup was designed to combine a mono-element US transducer, a cell
chamber with a monolayer of tumor cells together with SonoVue microbubbles, and a FCFM system.
The cell-impermeable intercalating dye, SYTOX Green, was used to monitor US-mediated uptake.
Results: The majority of the cell population showed fluorescence signal enhancement 10 s after US
onset. The mean rate constant k of signal enhancement was calculated to be 0.23±0.04 min−1.
Conclusions: Feasibility of real-time monitoring of US-mediated intracellular delivery by FCFM
has been demonstrated. The method allowed quantitative assessment of model drug uptake,
holding great promise for further local drug delivery studies.
Key Words: Drug delivery, Biological barrier, Plasma membrane permeabilization, Ultrasound
bioeffects, Fibered confocal fluorescence microscopy, Pharmacokinetic parameters, SYTOX
Green, US-mediated drug delivery

Introduction

D

elivery to the target site at high concentration, while

minimizing accumulation in healthy organs, is a crucial
factor in determining the efﬁcacy of a drug [1]. It is of a
particular interest when treatment involves compounds with
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toxic side effects, for example chemotherapy agents [2].
Efﬁcient delivery requires the therapeutic agent to cross
biological barriers such as the endothelium for intravenously
injected molecules, gastrointestinal barriers for orally administered drugs, or the plasma membrane for drugs that
need to reach the intracellular compartment in order to exert
their action. The permeability of biological barriers to a drug
is inﬂuenced by the physico–chemical properties of the drug
such as molecular weight, solubility, lipophilicity, and
ionization [3].
It has been demonstrated in vitro [4-6] and in vivo [4, 6]
that ultrasound (US) can enhance both vascular and plasma
membrane permeability, thus locally facilitating compound
delivery. However, the recent literature indicates that the
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debate about underlying mechanisms of plasma membrane
sonoporation is still ongoing [7-9]. In vitro imaging
techniques such as scanning electron microscopy [10, 11]
and ﬂuorescence microscopy [12] play an increasingly
important role in the investigation of different aspects of
US-mediated drug delivery. In vivo imaging modalities, such
as magnetic resonance imaging [13] and optical imaging [14,
15], are also being applied to US-mediated drug delivery
monitoring and evaluation. Although these techniques allow
the observation of US-induced bioeffects, currently they are
not able to provide real-time follow-up of sonoporation and
kinetic assessment on the cellular level.
On the other hand, light microscopy of US-mediated
intracellular drug delivery has been achieved with the highspeed Brandaris camera [16] that allows real-time imaging
of events on nanosecond scale, such as the interaction
between cells and microbubbles subjected to ultrasound [17,
18]. However, the short time range of acquisition, high cost,
as well as difﬁculties with adaptation to in vivo use and
ﬂuorescence imaging limit the potential applications of this
technique.
Fibered confocal ﬂuorescence microscopy (FCFM) was
designed for real-time in situ and in vivo cellular imaging in
small animals and humans [19-21]. With up to eight frames
per second and small size, this device could also be well
suited for studying dynamic processes involved in the local
drug delivery, such as real-time monitoring of the drug
uptake by cells and assessing its kinetic parameters. In this
context, recent studies [15, 22] have shown the use of cellimpermeable intercalating dyes as smart probes to demonstrate US-induced membrane permeabilization with epiﬂuorescence microscopy; these chromophores (for example,
SYTOX Green, TO-PRO-3) exhibit 100–1,000-fold ﬂuorescence signal enhancement upon binding to nucleic acids.
Due to the novelty of the approach and lack of the
quantiﬁcation assessment with FCFM or other modalities,
we have ﬁrst chosen to work with an in vitro model.
In this paper, we demonstrate the feasibility of monitoring of the US-mediated live cell uptake of a “smart probe”
(model drug) with FCFM in vitro. For this purpose, a setup
allowing FCFM real-time acquisitions during US exposure
was designed, consisting of the combination of a monoelement transducer, an optical imaging and ultrasound
compatible cell chamber, and a FCFM system. The resulting
SYTOX Green ﬂuorescence enhancement entailed by DNA
intercalation in the cell nuclei was assessed and ﬁtted to a
two-compartment model, to study uptake kinetics.

Materials and Methods
An in vitro setup was built to allow US-mediated ﬂuorophore
uptake to be monitored by real-time ﬂuorescence imaging.
Figure 1a shows the location of the different elements placed in a
37 °C water bath. A cell culture chamber was positioned
horizontally so that the adherent cell monolayer was attached to
the upper membrane, which made contact with the FCFM Z

microprobe. For all studies, the mono-element US transducer was
placed below the culture chamber at a distance of 8 mm from the
cell monolayer [22]. The water bath served as a coupling medium
for US propagation.

Ultrasound Setup
A 5.8-mm-diameter mono-element (Imasonic, Lyon, France) US
transducer was used. US protocol was the same as the one used in
previous studies [22, 23], which was shown to result in a maximum
delivery area while minimizing cell detachment: main
frequency01.5 MHz, pulse repetition frequency01 kHz, duty
cycle020 %, electrical effective power01.0 W, US triggering010 s
(Fig. 1b), and exposure time030 s. Measured acoustical pressure
was maximal (0.88 MPa peak-to-peak) at 8 mm distance. This set
of ultrasound parameters only generated stable cavitation.

Fluorophores and Microbubbles
Cell-impermeable dye SYTOX Green (Invitrogen Life Technologies,
Saint-Aubin, France) (excitation/emission0504/523 nm) was used in
this study. This ﬂuorophore is a small-molecule (molecular weight
600 Da), high-afﬁnity, intercalating agent that is virtually nonﬂuorescent in aqueous solution and exhibits a 100- to 1,000-fold
increase in ﬂuorescence upon binding to nucleic acids. It is cellimpermeable under normal physiological conditions but easily
penetrates compromised plasma membranes. The ﬁnal concentration
used in the medium was 2 μM. A commercially available ultrasound
contrast agent (Sonovue, Bracco, Milan, Italy) served for the creation
of the cavitation effect. The microbubbles contain sulfur hexaﬂuoride
and are delivered as a lyophilized phospholipids/poly(ethylene
glycol)/palmitic acid powder, stored under SF6 gas. Upon addition of
a saline solution, a suspension of microbubbles (2×108 microbubbles/
ml, mean diameter 2.5 μm, range 0.7 to 10 μm) stabilized by a lipidic
monolayer is produced [24]. During sonication experiments, the ﬁnal
concentration of microbubbles in the culture chamber was 3×107
microbubbles/ml.

Cell Culture
ATCC C6 rat glioma cells were seeded into OptiCellTM culture
chambers (Thermo Fischer Scientiﬁc, Rochester, NY) supplemented
with 10 ml of complete medium as described previously [22]. The
culture chamber has two parallel membranes of 50 cm2 attached to a
rectangular frame with two access ports. The membranes of the culture
chamber are 75 μm thick, 2 mm apart, and allow free gas exchange and
optical imaging. The membranes show neither energy loss nor
standing waves during US application [23].

Fibered Confocal Fluorescence Microscopy
For real-time ﬂuorescence imaging, a ﬁbered confocal ﬂuorescence
microscopy system was used (CellVizio Lab, Mauna Kea Technologies, Paris, France). The FCFM system with a 488-nm laser excitation
wavelength was well-adapted to SYTOX Green ﬂuorophore
excitation, spectral emission was ﬁltered (505 nm to 700 nm),
and images were acquired at an 8.5-Hz frame rate.

M. Derieppe, et al.: Real-Time Fluorescence Imaging of US-Mediated Drug Delivery

Fig. 1. a In vitro setup for ultrasound (US)-mediated cell uptake monitoring by fibered confocal fluorescence microscopy
(FCFM). The cell monolayer was positioned horizontally so that the adherent cell monolayer was attached to the upper
membrane, which was in direct contact with the FCFM Z microprobe. For all studies, the mono-element US transducer was
placed below the culture chamber at a distance from the cell monolayer equal to the maximal measured acoustical pressure (8
mm) of the transducer. b Time line of the experiments. SYTOX Green and microbubbles were injected immediately before the
imaging. The first video was acquired continuously during 9 min and started 10 s before US exposure. US exposure lasted 30 s.
After the first 9-min video, 5-s videos were acquired every minute to limit photobleaching effect.

The FCFM device consists of a laser-based optoelectronics unit,
a Z microprobe (Z1800, Mauna Kea Technologies, Paris, France)
composed of a bundle of 12,000 optical ﬁbers that is the link
between the laser scanning unit and a distal micro-objective. The
two-dimensional bundle is scanned by the laser with a 4-kHz
oscillating mirror and a galvanometric mirror. Each ﬁber has an
illumination–emission cycle, and the same path is followed for
excitation light and ﬂuorescence emission; the latter is diverted by a
dichroic ﬁlter to a photodetector. The Z probe used has a 100-μm
working distance, which allows placing the optical section beyond
the 75-μm-thick culture chamber membrane, at the cell monolayer.
The Z probe provides 70 μm axial resolution, 3.9 μm lateral
resolution, and 600×500 μm ﬁeld of view, allowing observation of
a large number of cells, and, thus, the computation of statistics over
a cell population.

70 μM were obtained by serial dilution. Then, for each concentration, the tip of the FCFM microprobe was immersed for 5 s to
measure ﬂuorescence intensity. The system response was considered linear when Pearson’s correlation coefﬁcient r² was greater
than 0.99.

Live Cell Microscopic Imaging
To compare nuclei detection with FCFM to epiﬂuorescence
microscopy, live cell imaging was performed using an epiﬂuorescence microscope (Leica DMR, Leica Microsystems, Wetzlar,
Germany) equipped with a×10 objective (HC PL Fluotar 10X dry
0.3 NA) and a set of ﬁlters appropriate for SYTOX Green. Images
were acquired with a CoolSnapHQ camera (Roper Scientiﬁc, Evry,
France), using a 5-ms exposure time.

FCFM System Linearity
Experimental Protocol
Signal linearity of the FCFM system was studied in a dilution series
of SYTOX Green in salmon sperm DNA solution (dilution 1 mg/
ml, Invitrogen Life Technologies, Saint-Aubin, France): 11
Eppendorf tubes containing SYTOX Green concentrations of 0 to

The regions with US-exposed cells were identiﬁed by drawing
circles on the membrane of the culture chamber [22]. The tip of the
FCFM microprobe was placed in the center in line with the
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ultrasound transducer (Fig. 1a). Fresh complete medium containing
3×107 perﬂuorocarbon microbubbles together with SYTOX Green
dye was injected into the culture chamber prior to experiments. The
US transducer, the culture chamber, and the tip of the FCFM
microprobe were then immersed in a water bath at 37 °C (nondegassed water).
FCFM imaging lasted for 20 min in total. The ﬁrst video was
acquired during 9 min without interruptions and started 10 s before
the sonication to observe signal enhancement due to US-mediated
permeabilization (Fig. 1b). Cells were exposed to US for 30 s. After
the ﬁrst 9-min video, 5-s videos were acquired every minute to
limit the photobleaching effect. The experiment was repeated three
times, independently, using the same exposure and data acquisition
protocol on a different region in the cell culture chamber.

Data Analysis
Data post-processing was done with ImageJ software (NIH,
Bethesda, MD, USA) using standard routines, and custom scripts
written in IDL 8.0 (Exelis Visual Information Solutions). First, the
proprietary .mkt ﬁles (Mauna Kea Technologies) were converted to
TIFF images. Then, the individual videos were combined for
analysis of the whole imaging session. Analyses were performed
after resampling at 1-s intervals, from the 8.5-Hz acquisition frame
rate set by default by the system software. In order to remove the
background signal corresponding to ﬁber bundle auto-ﬂuorescence,
a pixel-by-pixel baseline correction was performed on the basis of
the ﬁve ﬁrst resampled images in the ﬁrst acquisition. The ﬁnal
image of the imaging session served as a reference to delineate cell
nuclei that were clearly noticeable; a minimum intensity threshold
was manually performed with ImageJ software for this delineation.
This delineation resulted in the labeling of disjoint, independent
regions, one per cell. Then, for analyses pertaining to the
population of cells in an experiment, these regional maxima were
averaged to reﬂect the enhancement behavior of the whole sample.
For analysis of the ﬂuorescence enhancement over time, a twocompartment model was used consisting of an extracellular space
and the cellular compartment, separated by a plasma membrane.
Then, the signal intensity (I) depends on time as:

h
i
IðtÞ ¼ A 1  ek ðtT Þ

ð1Þ

Here A is the asymptotic signal enhancement, T the time of
ﬂuorescence onset, and k the rate constant. These three parameters were
obtained from a Levenberg–Marquardt least-squares ﬁt to the ﬁrst 9-min
temporal evolution of signal maximum in each region. This ﬁt was
restricted to the ﬁrst 9-min video to limit the inﬂuence of photobleaching.
The signal maximum was chosen because it is robust to errors in
determination of the cell outlines and to cell motion.
For each experiment, the number of enhanced nuclei over time
was counted. To this end, for each enhancing region, the mean and
standard deviation (SD) from 0 to 8 s were calculated, based on the
signal maximum in the region. When the signal maximum
exceeded the baseline by 5 SD, the cell was considered as
permeabilized. Total number of permeabilized cells and the time
point of ﬁrst enhancement were recorded.
The goodness of ﬁt of the model for describing the signal
evolution was estimated by means of squared Pearson’s correlation
coefﬁcient (r²). When r²90.95, the model was considered sufﬁcient

to accurately describe the data. Values are reported as mean±
standard deviation.

Results
A novel in vitro setup was designed to study kinetics of
model drug uptake by live cells before, during, and after
sonoporation in continuous mode.

System Linearity
The linearity of the system was assessed with serial dilutions of
SYTOX Green in Eppendorf tubes at three laser powers
(Fig. 2). At 2.86 mW, a clear linearity was observed (ﬁt of the 7
points from 0 to 13.8 μM, yielding r²00.992) until the signal
was clipped by the analog-to-digital conversion (i.e., 98,191
intensity arbitrary units) at 21 μM, so that only a narrow
concentration range could be exploited due to signal clipping.
We also observed linearity at the two other laser powers, for
concentrations up to 31 and 47 μM at 1.22 and 0.82 mW,
respectively. Thus, we chose a 0.82-mW laser power so that, in
the uptake experiments, the signal intensity depended linearly
on concentration and intensities were in the dynamic range of
the detector, even for the highest concentrations expected.

Comparison of Epiﬂuorescence Microscopy
and Fibered Confocal Fluorescence Microscopy
Images acquired with epiﬂuorescence microscopy using a×10
magniﬁcation and FCFM are shown in Fig. 3. Comparison of
the two snapshots (Fig. 3b, e) and their zoomed in (Fig. 3c, f)
showed that FCFM spatial resolution was sufﬁcient to clearly
distinguish individual cell nuclei similar to an epiﬂuorescence
microscope with a×10 objective.
In all cases, as long as US exposure was not triggered, no
activation of the signal could be observed (left column),
apart from occasional dead cells whose membrane is
damaged (Fig. 3a, d). Similarly, no signal intensity enhancement was noticeable in the absence of microbubbles with
cells subjected to ultrasound. Conversely, the combination
of US exposure and microbubbles resulted in a characteristic
nuclear staining registered with both techniques (Fig. 3b, e),
demonstrating US-mediated SYTOX Green uptake.

Real-Time Imaging of Model Drug Uptake
The real-time US-mediated SYTOX Green delivery was
registered with FCFM (Fig. 4). In accordance with the
observations mentioned above, signal intensity enhancement
onset was not observable before US application, apart from
occasional dead cells whose signal was stable (Fig. 4a). US
application at 10 s of imaging was followed by the
appearance of circular areas of increasing ﬂuorescence signal
intensity, corresponding to cell nuclei. The diameter of
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exposure or microbubbles (Fig. 5a and b). The number of
ﬂuorescent nuclei increased rapidly until reaching the total
number of permeabilized cells 1 min and 50 s after US onset
(Fig. 5a). In the early stage of cell uptake activation, a
correlation is noticeable between the onset of US and the time
when the ﬁrst cells in the ﬁeld of view show signal activation,
as deﬁned by the mean baseline+5 SD criterion (Fig. 5b). In
addition, the majority of permeabilized cells reach this
threshold between 2.0 and 3.0 s after US onset (Fig. 5c–e):
the distributions 1 (Fig. 5c), 2 (Fig. 5d), and 3 (Fig. 5e)
indicated a median of 2.0 s (1.0–5.5 s), 2.5 s (1.0–8.0 s), and
3.0 s (1.0–7.0 s), respectively. Lower and upper quartile values
are given in brackets.

Determination of the Rate Constant k and Accuracy
of the Two-Compartment Model
Fig. 2. Fluorescence signal intensity as a function of
fluorophore concentration at three laser powers, and the
corresponding linear fits: 0.82 mW (crosses and solid line),
1.22 mW (diagonal crosses and dashed dotted line), and
2.86 mW (asterisks and dashed line). Fluorophore concentrations up to 47, 31, and 14 µM were considered for the
linear fits for the 0.82, 1.22, and 2.86 mW laser powers,
respectively. The 0.82-mW laser power was chosen so that
the signal intensity used in the uptake experiments, in the
expected concentration range, was linear without saturation.

circular areas increased during the ﬁrst seconds of signal
intensity enhancement, stabilizing at 5–10 μm (see Online
supplementary video).
The evolution of the number of enhanced nuclei over the
ﬁrst 2 min of acquisition in the three independent experiments
is reported in Fig. 5. No nuclear ﬂuorescence enhancement
could be noticed in any of the control experiments, lacking US

The temporal evolution of the signal maximum in two
representative cell nuclei, as well as that of the mean signal
intensity of the maxima, is reported in Fig. 6a and c,
respectively. The Levenberg–Marquardt least-squares method
was applied to ﬁt a two-compartment model, resulting in an
exponential pattern (Eq. 1). To limit the inﬂuence of photobleaching effect, we chose to ﬁt only the ﬁrst 9-min acquisition.
With regard to the individual cell nuclei (Fig. 6a), 0.15 min−1
(r²00.998) and 0.18 min−1 (r²00.998) time constants were
found. In addition, three independent experiments allowed the
labeling of 553 regions in total. Of these cells, 87 % (483 out of
553 regions) showed enhancement behavior consistent with the
two-compartment model (r²90.95). As a population (Fig. 6c),
these cells showed a characteristic mean rate constant k for
SYTOX Green uptake of 0.23±0.04 min−1 (n03).
Moreover, a clear correlation between US onset and early
stage of ﬂuorescence signal enhancement in these two cell

Fig. 3. Comparison between epifluorescence microscopy at×10 (a, b, and c) and FCFM images (d, e, and f). For each of the
two magnifications, the left column shows images acquired without US, the middle column shows resulting images with the cell
monolayer subjected to ultrasound (bar0100 μm). The right column displays the zoomed in images in the middle column (white
rectangles) (bar050 μm). FCFM spatial resolution was sufficient to clearly distinguish individual cell nuclei.
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Fig. 4. Snapshots of a representative 20-min imaging session. Images acquired at the onset of US exposure (10 s) (a), during
(25 and 40 s) (b, c), and after US exposure (from 2 to 20 min) (d–i). Bar050 μm.

nuclei (Fig. 6b), as well as for the mean signal enhancement
(Fig. 6d), was noticeable, suggesting that most of the cells in
the sample are permeabilized as soon as the US is triggered.
The signal maximum, as well as the mean signal enhancement, continued to increase after US exposure and suggested
that the membranes remain permeable at least at the scale of
minutes assessed during the current experiment.

Discussion
The study of local drug delivery would beneﬁt from in vitro
and in vivo real-time monitoring of cellular uptake processes. Here, it was demonstrated that ﬁbered confocal ﬂuorescence microscopy can be used in an in vitro setup to monitor
model drug uptake by cells subjected to ultrasound and
microbubbles. US-mediated plasma membrane permeabilization was investigated in C6 rat glioma cells, using a
combination of an ultrasound and FCFM compatible cell
culture chamber, a mono-element US transducer, and a
FCFM system. Cell-impermeable intercalating dye SYTOX
Green was employed as a smart probe to study US-induced
membrane permeabilization [15] and drug model uptake.
Resulting kinetic parameters of the uptake could be assessed
using this approach.

The individual images obtained with the FCFM have a
ﬁeld of view that is comparable to that of a×10 magniﬁcation objective of epiﬂuorescence microscopy. Although, the
image resolution is inferior to that of conventional microscopy, individual nuclei can be clearly observed, in agreement with previous studies [25], which is a big asset for
studies of intracellular drug delivery.
The attractiveness of our FCFM setup is that it allows
continuous recording before, during, and after US application,
as opposed to conventional microscopy [22, 26]. Based on a
ﬁber optic imaging bundle, the FCFM microprobe design lacks
geometrical constraints, which makes this approach suitable for
translation to in vivo experiments that require setups with
access limited by other instrumentation. In addition, the
minimally invasive nature of FCFM makes it an attractive
alternative to the dorsal skinfold window chamber [27, 28] that
is often exploited in the context of local drug delivery [14].
With FCFM, the ability to observe single nuclei in a
rather large ﬁeld of view allows to identify and label them in
the images and monitor the evolution of the ﬂuorescence
signal intensity at the individual cell level. Here, the
temporal evolution of the signal intensity was ﬁtted to a
two-compartment model, allowing the assessment of kinetic
parameters for each nucleus; in particular, the rate constant k
and the saturation signal A.
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Fig. 5. a The fraction of total permeabilized cells as a function of the acquisition time, which is defined as the current number
of permeabilized cells divided by the total number of permeabilized cells at the end of observation. US together with
microbubbles in three separate experiments (bold solid line, bold dotted line, and bold dashed dotted line) and associated
controls: neither US application nor presence of microbubbles (dashed line), US without microbubbles (solid line), and
microbubbles without US application (dashed dotted line). b Twenty-second early stage of the fraction of permeabilized cells
subjected to US (zoom in of the graph presented in a). c–e Corresponding histograms of distribution of the cell
permeabilization. For each experiment, the fraction of permeabilized cells is plotted for 1-s intervals.

The time of ﬂuorescence onset was determined when the
ﬂuorescence signal was greater than 5 SD of the mean
baseline (from 0 to the ﬁrst 8 s of imaging). While this
criterion confounds with the activation time of the cells, the
experiments give insight in the time scale of the internalization process. Most of the cells that took up the model drug
showed evidence of SYTOX Green uptake immediately after
US triggering, with a signal activation between 2 and 3 s
after US onset, with a tail of up to a few seconds, indicating
that the permeabilization and the subsequent uptake occur as
soon as US exposure was triggered. A mean rate constant k

of 0.23±0.04 min−1 was found, which puts the time scale of
the enhancement at several minutes. Previous studies [11,
17] found a resealing time scale signiﬁcantly shorter than
our current results; these contradictory results could be
related to different US regimes used in these experiments or
other yet unknown causes.
In this paper, a two-compartment model was chosen to
describe our system, i.e., an extracellular space and the
cellular compartment separated by a plasma membrane. For
87 % of the individual cells, the uptake curves were
consistent with a two-compartment model, i.e., r²90.95.

M. Derieppe, et al.: Real-Time Fluorescence Imaging of US-Mediated Drug Delivery

Fig. 6. a Maximum signal intensity of two cell nuclei as a function of time. The 9-min fit yielded: k00.15 min−1 (r2 00.998,
dashed line), k00.18 min−1 (r2 00.998, solid line). b Early phase of the signal enhancement (zoom in of the first 2 min in the graph
in a). The correlation between the US application and the onset of signal intensity in each of these two individual cells is
noticeable. c Fluorescence signal intensity enhancement of the population of cells (mean of the maxima of cell nuclei) as a
function of time. Rate constant determined by the 9-min fit: k00.23 min−1 (solid line), 0.27 min−1 (dashed line), and 0.20 min−1
(dashed dotted line), entailing a mean rate constant of 0.23±0.04 min−1. d Early phase of signal enhancement (first 2 min of the
graph in c). The correlation between the US application and the onset of signal intensity is also noticeable.

Nevertheless, 13 % of the regions in the ﬁeld of view did not
ﬁt with this two-compartment model; this could partially be
explained by a photobleaching effect that limits the
ﬂuorescence intensity towards the end of the ﬁrst 9-min
acquisition (Fig. 6a). Since it is a measurement bias,
photobleaching will decrease the r² value or may confound
the measurement of the time constant k. Alternatively, these
cells could have a truly different kinetic pattern which will
be the subject of further investigation.
Moreover, instead of assessing the transport coefﬁcients
of the cell membrane exclusively, the kinetic parameters
assessed in our study included the following sequential
steps: time required for the plasma membrane to be
permeabilized, time to cross the permeabilized plasma

membrane, time to cross cytosol, time to cross nuclear
pores, and ﬁnally the time for the intercalating dyes to
bind DNA and equilibrate. Consequently, the measured
kinetic parameters result in a sequence of events instead
of only relating to plasma membrane transport coefﬁcients. Nevertheless, there is evidence that the characteristic times of cytosol diffusion [29] and nuclear
membrane crossing [30] are far shorter than these of
plasma membrane crossing. Hence, SYTOX Green
uptake is limited primarily by the permeability of the
plasma membrane. Therefore, it can be argued that the
rate constants obtained in our study to a good approximation describe transportation across the plasma membrane
for this model drug system.
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The observation of single nuclei and their individual
signal intensity enhancement could be of interest for a
statistical approach. Different factors could inﬂuence the
standard deviations of the kinetic parameters in the cell
population, especially the spatial distribution of microbubbles on the microscopic scale, and their proximity to
each of the cells. To assess model drug uptake in relation to
the microbubble density, a cell membrane staining could be
performed with DiD ﬂuorescent dye which allows measuring
the fraction of model drug-positive cells. However, this was
outside the scope of the current study because the FCFM
system was only capable of acquiring in a single spectral
band. In addition, a previous study [17] showed that
microbubbles need to be in close contact with plasma
membranes in order for the cavitation effect to induce a
plasma membrane permeabilization. This vicinity-mediated
permeabilization probably inﬂuences the nature of the
uptake, entailing heterogeneity in the resulting rate constants. Besides, evaluation of cell viability will be the subject
of further studies in order to investigate the effects of US
pressure on the cells [31, 32].

Conclusion
In conclusion, the feasibility of real-time monitoring of USmediated intracellular delivery and its quantitative assessment has been demonstrated with FCFM for the ﬁrst time.
An in vitro setup was designed to allow a continuous
monitoring of US-mediated drug model uptake before,
during, and after US exposure. This study opens road to
further investigation, especially the inﬂuence of acoustic
parameters on the kinetic parameters and the translation to in
vivo experiments. FCFM has great potential for in vivo
minimally invasive applications in the context of local drug
delivery.
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