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Abstract: Although conventional fluorescence intensity imaging can be used to qualitatively study
the drug toxicity of nanodrug carrier systems at the single-cell level, it has limitations for studying
nanodrug transport across membranes. Fluorescence correlation spectroscopy (FCS) can provide
quantitative information on nanodrug concentration and diffusion in a small area of the cell mem-
brane; thus, it is an ideal tool for studying drug transport across the membrane. In this paper, the
FCS method was used to measure the diffusion coefficients and concentrations of carbon dots (CDs),
doxorubicin (DOX) and CDs-DOX composites in living cells (COS7 and U2OS) for the first time.
The drug concentration and diffusion coefficient in living cells determined by FCS measurements
indicated that the CDs-DOX composite distinctively improved the transmembrane efficiency and
rate of drug molecules, in accordance with the conclusions drawn from the fluorescence imaging
results. Furthermore, the effects of pH values and ATP concentrations on drug transport across the
membrane were also studied. Compared with free DOX under acidic conditions, the CDs-DOX
complex has higher cellular uptake and better transmembrane efficacy in U2OS cells. Additionally,
high concentrations of ATP will cause negative changes in cell membrane permeability, which will
hinder the transmembrane transport of CDs and DOX and delay the rapid diffusion of CDs-DOX.
The results of this study show that the FCS method can be utilized as a powerful tool for studying
the expansion and transport of nanodrugs in living cells, and might provide a new drug exploitation
strategy for cancer treatment in vivo.

Keywords: carbon dots; fluorescence correlation spectroscopy; doxorubicin; transmembrane
transport

1. Introduction

Cancer is a very serious disease threatening human health, with ever-increasing mor-
bidity and mortality year by year. At present, chemotherapy with molecular drugs such
as DOX is considered one of the most important methods for the treatment of malignant
tumors. However, unmodified molecular drugs generally have poor tumor-targeting ability
and short retention time, which may cause severe side effects and reduce their efficacy [1–3].
To address these issues, drug nanocarrier systems with the ability of improving the ther-
apeutic efficiency and reducing side effects have been designed and applied for tumor
theranostic studies [4–6]. Recently, CDs emerged as a class of promising nanocarriers
owing to their small size, high bio-compatibility, hydrophilicity and responsive surface
functionalities [7–10]. By cooperating with CDs to form nanocomposites, molecular drugs
may gain higher transmembrane trafficking efficiency specifically in the tumor regions and
hence, achieving improved treatment efficacy and causing less adverse effects.
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To date, researchers have made some progress in the research of CD-loaded DOX
drug delivery systems. For example, the CDs-DOX complex prepared by Yuan et al.
exhibited pH-dependent DOX release behavior, and showed low toxicity in cell and in vivo
experiments [11]. Dan et al. studied a pH-responsive fluorescent therapeutic drug delivery
system, and found that carbon dots (CDs) loaded with DOX can be used for intracellular
drug delivery and tracking of human gastric cancer cells, but quantitative results from this
system are lacking [12]. Wang et al. developed a CDs-DOX drug carrier system and imaging
probes targeting the nucleus, which have excellent targeting and imaging properties [13].
Zhang et al. conceived a luminescent and pH-sensitive nanocarrier by combining CDs with
DOX lipid-coated calcium phosphate (LCP) nanoparticles for the delivery of antitumor
drugs, which improved the efficacy of the drugs in the tumor microenvironment with
lower pH values [14]. Despite the rapid development in the material design, in-depth
studies on the transmembrane delivery process of these CDs-DOX drug carrier systems
remained a daunting challenge. This is partially due to the lack of competent biophotonic
tools in relative studies: so far, the delivery of CDs-DOX systems has only been studied
by fluorescence intensity imaging methods [15,16], which failed to provide quantitative
results on the real-time specific drug concentrations in living cells, let alone the kinetic
character of transmembrane drug delivery under different conditions.

FCS was first introduced by Magde et al. in 1972 [17]. FCS is an extremely sensitive
analysis tool for the measurement of fluorescence fluctuations of a very small number
of molecules in a small volume (~1 femtoliter). These fluctuations act as carriers of in-
formation and are decoded during the autocorrelation measurement to obtain various
physicochemical information of interest, such as the diffusion coefficient and concentration.
As a result, FCS can be applied for the non-invasive imaging study of mass transporta-
tion across cellular membranes with high sensitivity, high precision, high spatiotemporal
resolutions [18,19].

In this article, we report, for the first time, the study of CDs-DOX transmembrane
delivery with FCS methods. A nanosized CDs material was first prepared by one-pot
hydrothermal synthesis (Figure 1A) and incorporated with DOX to form the CDs-DOX
composite (Figure 1B). Followingly, a kinetic model of mass transportation was set up and
calibrated with FCS imaging method to describe the transmembrane delivery of drug in
living cells. The transmembrane processes of bare DOX, CDs, and CDs-DOX composites
were studied quantitatively to determine their different diffusion character with auto-
correlation function (Figure 1C) and compared with the intensity information. On that
basis, the plausible mechanism of transmembrane trafficking efficiency improvement was
discussed. Finally, we used FCS to study the effects of ATP concentration and pH value
on drug transport across the membrane, further showing the potential of applying this
method for studying drug uptake in complex tumor microenvironments.
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Figure 1. Schematic illustration of the preparation of CDs (A) and CDs-DOX (B) and the FCS methods to study for nanodrug
transmembrane transport (C).

2. Materials and Methods
2.1. Materials and Characterization

Doxorubicin hydrochloride (DOX), RMPI 1640 and McCoy’s 5A were purchased from
Shenzhen Ruixin Biological Technology Co., Ltd. (Hyclone, Shenzhen, China). HCl, 2,4-
difluorobenzoic acid and glycine were obtained from Sigma-Aldrich Co., Ltd. (MACKLIN,
Shenzhen, China). Human bone osteosarcoma epithelial cells (U2OS) and mammalian
cells (COS7) were provided by Shenzhen Ruixin Biological Technology Co., Ltd. (Hyclone,
Shenzhen, China). Dialysis bags (500 Da and 500 Da–1000 Da) were purchased from
Shenzhen Maibeilai Technology Co., Ltd. (ACMEC, Shanghai, China). Ultra-pure water
was produced in our laboratory. HCl was used to adjust the pH value of samples.

Transmission electron microscopy (TEM) images of the CDs, DOX and CDs-DOX
were recorded by a tungsten filament transmission electron microscope (HITACH HT7700
A5-110, Tokyo, Japan). The particle sizes were measured with Nano Measurer software. A
UV-visible spectrophotometer (Lambda 35, PerkinElmer, Waltham, MA, USA) was used
to collect the UV-visible absorption spectra, and fluorescent spectra were obtained by
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a fluorescence spectrophotometer (F-4500, HITACH, Tokyo, Japan). Cell imaging was
performed using a fluorescence lifetime imaging system (DCS-120, Becker & Hickl, GmbH,
Berlin, Germany) with a supercontinuum laser (WhiteLase, Fianium, UK). In this study,
all the images were obtained with an excitation wavelength of 488 nm, an oil immersion
objective (100×, NA 1.40) and a bandpass filter (LP 495) to improve the signal-to-noise ratio.

2.2. CDs and CDs-DOX Preparation

One gram of 2,4-difluorobenzoic acid and 1.25 g of glycine were first dissolved in
25 mL ultrapure water. Then, the mixture was placed into a stainless-steel autoclave and
carbonized at 200 ◦C for 48 h. After cooling to room temperature, the resultant solution
was filtered with deionized water in a 500 Da dialysis bag to remove impurities [20,21].

DOX was bound to CDs through noncovalent interactions [22,23]. Briefly, 1 mL of
DOX·HCl (0.4 mg/mL) was added to 1 mL of CDs (4 mg/mL) and then stirred for 24 h at
28 ◦C in the dark. Then the solution was dialyzed with a dialysis bag (MWCO = 500–1000 Da)
for 6 h to obtain CDs-DOX. Finally, the CDs-DOX were stored at 4 ◦C for further processing.

2.3. Quantum Yield Measurement

Quantum yield (QY) measurements were performed according to the slope method [24,25].
Rohdmaine 6G dispersed in ethanol (QY 95%) was employed as a standard. The absorbance
of the solution for green-emitting CDs and rhodamine 6G was kept below 0.06. The QY of
the prepared green-emitting CDs was calculated according to the following Equation (1).

ϕx = ϕst × (Kx/Kst) (η2
x/η2

st), (1)

where ϕ is the quantum yield, K is the slope of the fitted line and η is the refractive
index of the solvent. The subscript “x” refers to the testing sample and “st” refers to the
standards (rhodamine 6G). The refractive index values are 1.33 and 1.36 for water and
ethanol, respectively.

2.4. Cell Imaging

For CDs staining, 20 µL of CDs (4 µg/mL) was added to the cell culture plate (1 mL of
the cell culture medium, the number of the U2OS and COS7 cells reached 60% confluence).
The cell culture dish was shaken gently to spread the CDs evenly (less than 1 min), and
the cells were immediately monitored by a fluorescence lifetime imaging system. DOX
and CDs-DOX were stained under the same conditions as the CDs. Five minutes later, the
drug was added to the cell culture plate; the images were collected at a rate of one frame
per minute for the first 20 min, then at a rate of one frame per five minutes, thereafter. All
image collection times were set to 15 s, and all experiments lasted for 1 h.

2.5. FCS Setup

U2OS and COS7 cells were seeded into cell dishes two days before the experiment, and
grown to more than 50% confluency on cell culture dishes. Cells were exposed to 4 µg/mL
CDs, DOX and CDs-DOX before starting the experiment. Then, FCS measurements were
performed on a fluorescence lifetime imaging system based on an inverted confocal mi-
croscope (Eclipse, Nikon) with an objective lens (100×, NA 1.40) at room temperature
and the laser power was 0.5 µW. We first studied the influence of the distance from the
cover slip to the objective lens on the FCS data, such as the number of molecules in the
micro-area, the diffusion time and the brightness of the molecules (Figures S1A and 1B,C).
It can be concluded that there is little change in the number of molecules in microdomain
and the diffusion time when the distance is from −15 µm to 30 µm. When the distance
is below −15 µm, the effective measurement volume will be mismatched. We ensured
that the distance between the cover glass and the objective lens was within −15 µm to
30 µm to make accurate measurements. In this way, the FCS measurement volume was
calibrated using a 200 nM rhodamine 6G (Figure S2) before each measurement, and the
ratios r0 (0.28 µm) and z0 (1.34 µm) of the volume element were determined.
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The data recording times were varied from 40 s to 60 s for both the rhodamine 6G
solution and live cell samples. To perform the pH experiment, the HCl was added to adjust
the pH value of the cell medium, and the pH value was measured with pH test paper and
then samples were incubated for 10 min prior to the FCS experiment. In ATP experiments,
cells were preincubated with ATP at different concentrations for 5 min prior to CDs, DOX
and CDs-DOX addition. In all FCS measurement processes, the laser was always focused
on the cell membrane to measure the drug transmembrane process.

The autocorrelation function G(τ) = 〈δF(t)δF(τ + t)〉/〈F(t)〉2 was used to analyze
the time-varying fluorescence intensity fluctuation caused by the diffusion of the fluorescent
substance through the confocal observation volume. The fitting of the autocorrelation
function of all experiments was performed with Burst Analyzer software (Becker & Hickl,
GmbH, Berlin, Germany).

It was assumed that the focal volume is a three-dimensional Gaussian distribution,
the analytical expression for the autocorrelation function of fluorescent species has the
following form:

G(τ) =
1
N
(1 +

Te−τ/τtriplet

1− T
)(

1
1 + τ

τD

)
1√

1 + (ω0
z0
)

2 τ
τD

, (2)

where N is the average number of fluorescent particles in the excitation volume, and the
concentration C can be obtained with the following equation:

C =
N

Ve f f
(3)

T is the fraction of triplet fluorescent molecules with lifetime τtriplet, τD is the charac-
teristic diffusion time of fluorescent molecules, and the characteristic diffusion time τD is
defined as:

τD =
ω2

0
4D

(4)

both the diffusion coefficient D and τD and the effective volume Ve f f (the spatial resolution
of a confocal fluorescence microscope is usually described by the effective volume, that is
the excitation volume folded with the detection volume) can be obtained by calibrating
with a standard substance (such as rhodamine 6G).

The transmembrane diffusion was defined by the following equation:

Dtransport =
τRh6g

τtransport
∗ DRh6g, (5)

where τRh6g and DRh6g are the diffusion time and diffusion coefficient in water, respectively.
τtransport and Dtransport are the diffusion time and diffusion coefficient across the membrane,
respectively.

2.6. Statistical Analysis

The results of all of the experiments are given as the mean values± standard deviation
(SD) obtained from multiple samples. FCS measurements were performed with triplicate
samples in three independent experiments. For each sample, three to six measurements
were taken. Data sets were considered significant when p < 0.05 with Student’s t-test [26].

3. Results
3.1. Synthesis and Characterization of CDs, DOX and CDs-DOX

The CDs were successfully synthesized by a one-step hydrothermal method and
the morphology was analyzed by TEM measurements (Figure 2A). We can see that the
CDs particles are spherical and well dispersed with a diameter of approximately 2–3 nm
(Figure 2D); the DOX particles are smaller than the CDs with an average size of approxi-
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mately 1.5–2 nm (Figure 2B,E), and the CDs-DOX complexes have the largest size of the
three particles with a diameter of approximately 3–3.5 nm (Figure 2C,F). The size differ-
ence between these particles provides evidence for the attachment of DOX to the CDs.
The quantum yield (14.48%, Figure S3) of CDs was determined in deionized water under
420 nm excitation using rhodamine 6G (quantum yield 95%) solution as a reference. The
optical properties of these particles are important for biological applications, especially
biological imaging, and drug delivery. Therefore, we studied the fluorescence properties of
the three particles via their fluorescence spectra. As shown in Figure 2G, as the excitation
wavelength increases from 340 nm to 420 nm, the fluorescence intensity gradually increases
at an emission wavelength of 500 nm, indicating excitation-independent emission, which
can be useful in multicolor biological imaging applications [26]. As shown in Figure 2H,
CDs and CDs-DOX had single emission peaks at 504 nm and 505 nm, but DOX exhib-
ited two emission peaks at 553 nm and 590 nm. Additionally, the intensities of CDs and
DOX are higher than that of CDs-DOX, indicating that DOX molecules may quench the
fluorescence of CDs to a certain extent [27]. The decrease in peak intensity proves that
DOX was successfully loaded onto the CDs. In addition, the excitation spectra of CDs, free
DOX and CDs-DOX solutions were also collected (Figure 2I). The absorption spectrum
of the DOX solution exhibited a peak at 480 nm, and those of CDs and CDs-DOX were
located at 458 nm and 475 nm, respectively. The similar absorption wavelengths of DOX
and CDs-DOX indicate that CDs were successfully attached to DOX.
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Figure 2. Morphology and characterization of CDs, DOX and CDs-DOX. (A–C) The TEM images of
CDs, DOX and CDs-DOX. (D–F) The height distribution of CDs, DOX and CDs-DOX. The average
heights of CDs, DOX, and CDs-DOX were approximately 2.5 nm, 1.5 nm and 3.5 nm, respectively.
Additionally, one hundred particles were analyzed to prepare the size of each distribution histogram.
(G) Emission wavelength (460–640 nm) spectra of CDs under different excitation wavelengths
(340–420 nm). (H) The emission wavelengths of CDs and CDs-DOX were located at 504 nm and
505 nm, while DOX had two emission peaks: 553 nm and 590 nm. (I) The absorption peaks of CDs,
DOX and CDs-DOX were located at 454 nm, 480 nm and 475 nm, respectively.
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3.2. Investigating Nanodrug Transmembrane Transport

To demonstrate that the FCS method can be used to monitor the transmembrane
processes of CDs, DOX and CDs-DOX, we measured the diffusion times and the concen-
trations of the three particles in U2OS and COS7 cells at different time points. Figure 3A
shows that CDs, DOX and CDs-DOX exhibit almost the same transmembrane diffusion
curve under neutral conditions in U2OS cells. CDs, DOX and CDs-DOX exhibit a faster
diffusion mode across the cell membrane during the first few minutes, which we call the
free diffusion stage. CDs, DOX and CDs-DOX all exhibit hindered diffusion after 13, 15
and 19 min, respectively. For CDs, the free transmembrane diffusion mode occurred at
5 min with a diffusion coefficient of 9.32 ± 0.32 × 10−6 cm2 s−1 (p < 0.005) (Figure S4A,B).
Compared with CDs at 5 min, DOX diffused faster (1.72 ± 0.1 × 10−5 cm2 s−1, p < 0.001,
Figure S5A,B), and the free transmembrane stage lasted a longer time (Figure S6A). The
main reason why the free transmembrane diffusion coefficient of DOX is larger than that of
CDs is the smaller particle size of DOX. It is not surprising that CDs-DOX has the smallest
diffusion coefficient at 5 min (3.89 ± 0.14 × 10−6 cm2 s−1, p < 0.001, Figure S7A,B) as it has
largest particle size. To quantify the performance of the nanodrugs in cells, we measured
the mean particle number N (Figure 2B), in which we obtained the concentrations of the
nanodrugs in cells according to Equation (3). As shown in Figure 3B, the concentrations
of CDs and CDs-DOX were low during the first 14 min, then increased and remained
stable, while that of DOX increased, then remained stable, and finally decreased. It is
worth to mentioning that the concentration of CDs-DOX (188.35 ± 13.42 nM) is higher than
that of CDs and DOX after 30 min (Figure 3B), indicating that the drug delivery system
of CDs-DOX is more stable and effective than DOX alone. The different concentrations
of CDs and DOX can be ascribed to different cellular uptake mechanisms: cells absorb
DOX through passive diffusion, while CDs enter cells through endocytosis and passive
diffusion [28]. The combination of the two pathways may explain the high concentration
and longer free diffusion time of CDs-DOX in cells [29].

To verify whether the drug delivery system has similar transmembrane transport
characteristics with regard to other cells, we performed the same experiment with COS7
cells (Figure 3C,D). As shown in Figure 3C, CDs and CDs-DOX exhibited transmembrane
curves similar to those with U2OS cells. The free diffusion processes for CDs and CDs-DOX
lasted 12 min and 20 min, respectively, (Figure S6B). Moreover, the diffusion coefficient
of CDs-DOX (5.94 ± 0.9 × 10−6 cm2 s−1, p < 0.005, Figure S8A,B) was higher than that of
CDs (4.03 ± 0.3 × 10−6 cm2 s−1, p < 0.001, Figure S9A,B). Surprisingly, DOX did not show
a free diffusion process in COS7 cells, and the transmembrane process was hindered at
the beginning (Figure S10A,B). This may because U2OS are cancer cells that express more
carrier proteins on the cell membrane surface than COS7 cells [30]. In addition, the highest
concentrations (201.94 ± 11.65 nM at 30 min, p < 0.05) of CDs-DOX in COS7 cells after
30 min were also observed compared with CDs and DOX (Figure 3D).

To further interpret the FCS data, we performed confocal imaging on U2OS and COS7
cells. Figure S11 shows the fluorescence imaging of the CDs, DOX and CDs-DOX in the
U2OS cells. The free CDs were mainly distributed in the cytoplasm between 5 min and
12 min, and most of the CDs are gathered in the nucleus. DOX accumulates on the cell
membrane surface within 5–14 min, and then DOX gathers in the nucleus. Surprisingly,
CDs-DOX was observed in the cytoplasm and nucleus for the first time, which may be
ascribed to the fact that DOX-CDs enter cells through endocytosis and passive diffusion,
which is also consistent with the FCS results that indicate CDs-DOX has a longer free
diffusion stage, and ultimately achieves a higher concentration in U2OS cells. In COS7 cells
(Figure S12), DOX gathered in the cell membrane for the first few minutes (5–15 min), and
was then observed in the cytoplasm and nucleus. However, CDs and CDs-DOX accumulate
in the nucleus at 5 min, demonstrating that CDs can promote the rapid entry of DOX into
the cell membrane.
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The low-speed diffusion of CDs (Figures S5C and S10C) and the increase in the number
of molecules microdomains may be caused by the following reasons: First, CDs enter cells
through free diffusion and passive diffusion. The diffusion speed is related not only to the
concentration of CDs, but also to the number of carrier proteins on the cell membrane. In
the low diffusion period of CDs, the decrease in CDs concentration leads to a decrease in
diffusion speed; additionally, CDs are bound by a large number of carrier proteins, which
increases the number of CDs molecules detected in the micro-domain [31]. Second, CDs
enter the cell through endocytosis, and an endocytic cycle may occur in the cell: part of the
CDs enters the lysosome for degradation; part is sent to the plasma membrane through
the recycling mechanism, and; part is finally sent to the nucleus. In the slow diffusion
fraction, the recovery mechanism may be dominant, and most of the CDs are delivered to
the plasma membrane, which increases the number of CDs in the microdomain [32]. Third,
in some cases, nanoparticles may create nanosized pores in the membrane to pass through
it. The endocytosed nanoparticles are confined in the endosomes and may not be able to
leave the endosomes and reach the cytoplasm. This may cause the accumulation of CDs on
the cell membrane and limit the spread of CDs across the membrane [33].

The transport of nanoparticles across the membrane is related to the interaction
between the charged particles and the cell membrane, hydrophobicity of the nanoparticles,
and the endocytosis of the cell membrane. In our experiments, the nucleus was stained
with CDs after 30 min. In addition, the nucleus mainly contains DNA and RNA, indicating
that CDs have an affinity for DNA and RNA. Since DNA and RNA are negatively charged,
it can be assumed that CDs are positively charged [34]. For the same reason, the CDs-
DOX are also positively charged. The cell membrane is negatively charged, so it is not



Membranes 2021, 11, 891 9 of 14

surprising that CDs and CDs-DOX diffuse faster than DOX. DOX binds to nucleic acids,
presumably by specific intercalation of the planar anthracycline nucleus with the DNA
double helix [35]. The anthracycline ring is amphoteric, which indicates that DOX can
quickly bind to and pass through the cell membrane. Meanwhile, nanomaterials can pass
through cell membranes through endocytosis, and the shape of nanoparticles greatly affects
their cellular uptake [36]. As shown in Figure 1A–C, our material is similar to spherical
particles and thus has a fast diffusion coefficient.

FCS and cell-imaging data quantitatively and quantitatively illustrate that CDs-DOX
is an effective drug delivery system in cells, and the high concentration of DOX drugs
delivered into cancer cells may improve the therapeutic ability of DOX toward tumor cells.

3.3. Investigating Nanodrug Transmembrane Transport under Different Conditions

The pH value plays a role in controlling DNA synthesis, cell proliferation, the protein
synthesis rate, cellular proliferation, and cell volume regulation [37]. In addition, ATP is an
energy currency that is ubiquitous in all living organisms, and the high phosphate transfer
potential of ATP can be used in many biological processes, including muscle contraction,
biomolecule synthesis and membrane transport [38]. Therefore, it is necessary to study the
influence of pH value and ATP concentration on drug transport across the membrane. The
pH value of a tumor cell (pH 6.5–7.2) is slightly lower than that of normal tissues and blood
(pH 7.4). Meanwhile, the pH values in endosomes (pH 5.5–6.0) and lysosomes (pH 4.5–5.0)
are even lower [39], so we chose different pH values (pH = 5, 6, 7) to study their influence
on the process of drug transmembrane transport. Because a higher ATP concentration (over
100 µM) will affect cell membrane permeability [40], two APT concentrations of 50 µM and
500 µM were selected to study the impact on transmembrane transport in U2OS cells.

Figure 4A shows the diffusion times of CDs, DOX and CDs-DOX at pH = 6. Under
this condition, it seems that the free diffusion times and the diffusion coefficients at this
stage of CDs, DOX and CDs-DOX are almost the same (Figure S13A). Meanwhile, DOX
has the highest diffusion coefficient, and CDs-DOX diffuses the most slowly after 20 min,
which may provide a clue regarding the higher cellular uptake of CDs-DOX (Figure 4B). It
is worth mentioning that the diffusion coefficient of CDs-DOX is almost 5 times larger than
that of CDs and DOX from 5 to 8 min, indicating that CDs-DOX diffuses faster under acidic
conditions (Figures S13B and S14, and Table 1). In addition to these factors influencing
the transmembrane processes of CDs, DOX and CDs-DOX, it is worth mentioning that
the data in Table 1 was measured under acidic conditions (pH = 5). It has been reported
that lowering the extracellular pH of cells stimulates the formation of intima and vesicles
while increasing the absorption of macromolecules [41], which can further explain the
quick diffusion of CDs, DOX and CDs-DOX. In addition, the obstructed transmembrane
transport of DOX gradually increases from 14 to 40 min and then begins to weaken,
while the hindered diffusion transport of CDs remains almost stable and that of CDs-
DOX increases first and then is almost stable. Even under acidic conditions, CDs-DOX
showed the highest concentration (195.839 ± 8.88 nM, p < 0.001) in U2OS cells after 30 min
(Figure 4D).

To understand the relationship between the transmembrane transport of CDs, DOX
and CDs-DOX and pH, we drew the diffusion time diagrams of CDs, DOX and CDs-DOX at
different pH values (Figure S15). The diffusion coefficient of CDs generally increases with
increasing pH value, but the length of the free diffusion phase is reversed (Figure S15A).
However, the diffusion coefficient at pH = 7 is twice times that at pH = 5 and pH = 6, which
may explain why the free diffusion time is shortened. The free diffusion time of DOX
has no significant response to pH values, and faster diffusion of DOX occurred at neutral
condition (Figure S15B), because uncharged DOX penetrates through cell membranes faster
than its protonated cationic form (DOX+) [40]. Meanwhile, the length of the free diffusion
stage of CDs-DOX decreased as the pH increased, and CDs-DOX tended to diffuse faster
under acidic conditions (Figure S15C).
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Figure 4. The diffusion time and the number of particles of CDs, DOX and CDs-DOX
diffusing across the U2OS cell membrane at pH 6 (A,B) and pH 5 (C,D). HCl was added
to adjust the pH value of the cell medium, and the pH value was measured with pH test
paper, followed by incubation for 10 min prior to FCS experiments. Error bars represent
the standard deviation of 9 measurements.

Table 1. Summary of the mean diffusion coefficients of CDs, DOX and CDs-DOX with standard errors on the mean at pH 5
from 5 min to 8 min (n = 9). “*” indicates that at the level of p < 0.05, there is no significant difference between the overall
mean and the test mean. “**” indicates that at the level of p < 0.001, there is no significant difference between the overall
mean and the test mean. “***” indicates that at the level of p < 0.001, there is no significant difference between the overall
mean and the test mean.

Time (min) 5 min 6 min 7 min 8 min

Drug Diffusion Coefficient
(×10−6 cm2 s−1)

CDs 5.91 ± 1.29 (*) 6.412 ± 1.25 (*) 7.32 ± 0.81 (**) 6.95 ± 1.89 (*)

DOX 7.90 ± 1.15 (*) 5.5 ± 0.563 (***) 5.94 ± 0.32 (***) 5.94 ± 1.98 (*)

CDs-DOX 69.58 ± 9.48 (**) 65.41 ± 10.9 (**) 46.72 ± 10.5 (*) 32.7 ± 10.9 (*)

Furthermore, the ATP concentrations were also taken into consideration. As shown
in Figure 5A, the CDs, DOX and CDs-DOX transmembrane processes were measured
at an ATP concentration of 50 µM. As predicted, the transmembrane curves of CDs,
DOX and CDs-DOX were similar to those without ATP (Figure 3A). CDs, DOX and
CDs-DOX crossed the membrane slowly during the first 16 min when the ATP concen-
tration was 500 µM (Figure 5B). Moreover, it is interesting that CDs and DOX initially
exhibit hindered transmembrane diffusion, while the CDs-DOX free diffusion process
(5.45 ± 0.908 × 10−6 cm2 s−1, p < 0.005, n = 9) is delayed. When the ATP concentration is
over 100 µM, it binds to the P2X7 receptor on the cell membrane surface to increase mem-
brane permeability [40], which may explain why the three particles suffer from hindered
diffusion. Additionally, DOX accumulates specifically in mitochondria at a concentration
100 times higher than that observed in other tissues [42]. As CDs-DOX has two diffu-
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sion pathways across the membrane, CDs-DOX may rapidly accumulate in mitochondria,
causing mitochondrial fission. Since mitochondria have been destroyed, cells absorb ATP
added to the cell dish, and the ATP concentration may decrease to less than 100 µM; thus,
CDs-DOX starts to diffuse rapidly.

Membranes 2021, 11, x  12 of 15 
 

 

and CDs-DOX were similar to those without ATP (Figure 3A). CDs, DOX and CDs-DOX 

crossed the membrane slowly during the first 16 min when the ATP concentration was 

500 µM (Figure 5B). Moreover, it is interesting that CDs and DOX initially exhibit hin-

dered transmembrane diffusion, while the CDs-DOX free diffusion process (5.45 ± 0.908 × 

10−6 cm2 s−1, p < 0.005, n = 9) is delayed. When the ATP concentration is over 100 µM, it 

binds to the P2X7 receptor on the cell membrane surface to increase membrane permeabil-

ity [40], which may explain why the three particles suffer from hindered diffusion. Addi-

tionally, DOX accumulates specifically in mitochondria at a concentration 100 times 

higher than that observed in other tissues [42]. As CDs-DOX has two diffusion pathways 

across the membrane, CDs-DOX may rapidly accumulate in mitochondria, causing mito-

chondrial fission. Since mitochondria have been destroyed, cells absorb ATP added to the 

cell dish, and the ATP concentration may decrease to less than 100 µM; thus, CDs-DOX 

starts to diffuse rapidly. 

 

Figure 5. The effect of ATP concentration on drug transmembrane transport. The diffusion times 

changed with time when the ATP concentrations were 50 µM (A) and 500 µM (B). Cells were pre-

incubated with 50 μL ATP at different concentrations and for 5 min prior to CDs, DOX and CDs-

DOX addition. Error bars are given as the mean values ± standard deviation (SD) obtained from 

multiple samples (n = 9). 

4. Conclusions 

In both U2OS and COS7 cells, the qualitative confocal imaging results were essen-

tially consistent with the quantitative FCS results, demonstrating the feasibility of the FCS 

Figure 5. The effect of ATP concentration on drug transmembrane transport. The diffusion times
changed with time when the ATP concentrations were 50 µM (A) and 500 µM (B). Cells were
preincubated with 50 µL ATP at different concentrations and for 5 min prior to CDs, DOX and
CDs-DOX addition. Error bars are given as the mean values ± standard deviation (SD) obtained
from multiple samples (n = 9).

4. Conclusions

In both U2OS and COS7 cells, the qualitative confocal imaging results were essentially
consistent with the quantitative FCS results, demonstrating the feasibility of the FCS
method for measuring CDs-DOX drug delivery systems across membranes. Additionally,
compared with free DOX under acidic conditions, the CDs-DOX complex has higher cellular
uptake and better transmembrane efficacy for U2OS cells. Under acidic conditions, DOX
combines with H+ to form DOX+, resulting in low cellular drug uptake, which can provide
different drug dosages for cells at different pH values. At low concentrations (~50 µM) of
ATP, the diffusion coefficients of these three particles did not change significantly. However,
high concentrations of ATP caused changes in cell membrane permeability, and hindered
the transmembrane transport of CDs and DOX, thus delaying the rapid diffusion stage of
CDs-DOX. The results of this study show that the FCS method can be used to study the
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expansion and transport of drugs in living cells and may provide a drug delivery strategy
for the treatment of tumors in vivo.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/membranes11110891/s1, Figure S1: The influence of the distance between the cover glass
and the objective lens on the detection volume of the number of molecules, Figure S2: Rhodamine
6G (SNR = 5 kHZ) diffusion time in aqueous solution, Figure S3: Plots of integrated intensity of
CDs and rhodamine 6G as a function of optical absorbance at 420 nm and relevant data in deionied
water, Figure S4: The information of the FCS measurements of CDs in U2OS Cells, Figure S5:
Transmembrane process of FCS measurements of DOX, Figure S6: Free diffusion stage of CDs, DOX
and CDs-DOX in U2OS, Figure S7: Transmembrane process of FCS measurements of CDs-DOX,
Figure S8: Transmembrane process of FCS measurements of CDs-DOX, Figure S9: Transmembrane
process of FCS measurements of CDs, Figure S10: Transmembrane process of FCS measurements
of DOX, Figure S11: Confocal images of CDs, DOX and CDs-DOX in U2OS cells from 5 to 60 min,
Figure S12: Confocal images of CDs, DOX and CDs-DOX in COS7 cells from 5 to 60 min, Figure S13:
Transmembrane transport of CDs, DOX and CDs-DOX, Figure S14: The diffusion time of CDs,
DOX, CDs-DOX, Figure S15: Transmembrane transport of CDs, DOX and CDs-DOX under different
pH values.

Author Contributions: Conceptualization, X.G. and W.Y.; methodology, X.G.; software, X.G.; valida-
tion, Y.L., J.Z. and L.W.; formal analysis, X.G.; investigation, Y.Z.; resources, J.Z.; data curation, X.G.;
writing—original draft preparation, X.G.; writing—review and editing, Y.Z. and W.Y.; visualization,
Y.G.; supervision, W.Y.; project administration, J.Q.; funding acquisition, W.Y. and Z.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This work has been partially supported by the National Basic Research Program of
China (2017YFA0700500), National Natural Science Foundation of China (61975127/81727804),
Guangdong Natural Science Foundation (2020A1515010679/2019A1515110380), Shenzhen Basic
Research Project (JCYJ20180305125304883/JCYJ20170818100153423), Shenzhen International Cooper-
ation Project (GJHZ20180928161811821).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Xiao Peng for useful contributions and provid-
ing basic chemical materials.

Conflicts of Interest: The authors declare that there is no conflict of interest related to this article.

References
1. Carvalho, C.; Santos, R.X.; Cardoso, S.; Correia, S.; Oliveira, P.J.; Santos, M.S.; Moreira, P.I. Doxorubicin: The good, the bad and

the ugly effect. Curr. Med. Chem. 2009, 16, 3267–3285. [CrossRef] [PubMed]
2. Zhang, S.; Liu, X.B.; Bawa-Khalfe, T.; Lu, L.S.; Lyu, Y.L.; Liu, L.F.; Yeh, E.T.H. Identification of the molecular basis of doxorubicin-

induced cardiotoxicity. Nat. Med. 2012, 18, 1639–1642. [CrossRef]
3. Pugazhendhi, A.; Edison, T.; Velmurugan, B.K.; Jacob, J.A.; Karuppusamy, I. Toxicity of Doxorubicin (Dox) to different experimen-

tal organ systems. Life Sci. 2018, 200, 26–30. [CrossRef] [PubMed]
4. Teng, L.P.; Zheng, H.Z. Hollow luminescent carbon dots for drug delivery. Carbon 2013, 59, 192–199.
5. Wang, B.B.; Wang, S.J.; Wang, Y.F.; Yan, L.; Wu, H.; Ma, X.J.; Tan, M.Q. Highly fluorescent carbon dots for visible sensing of

doxorubicin release based on efficient nanosurface energy transfer. Biotechnol. Lett. 2016, 38, 191–201. [CrossRef]
6. Havanur, S.; Batish, I.; Cheruku, S.P.; Gourishetti, K.; Jagadeeshbabu, P.E.; Kumar, N. Poly(N,N-diethyl acrylamide)/fimctionalized

graphene quantum dots hydrogels loaded with doxorubicin as a nano-drug carrier for metastatic lung cancer in mice. Mater. Sci.
Eng. 2019, 105, 110094. [CrossRef]

7. Demirci, S.; McNally, A.B.; Ayyala, R.S.; Lawson, L.B.; Sahiner, N. Synthesis and characterization of nitrogen-doped carbon
dots as fluorescent nanoprobes with antimicrobial properties and skin permeabilit. J. Drug Deliv. Sci. Technol. 2020, 59, 101889.
[CrossRef]

8. Biswal, M.R.; Garner, I.; Vichare, R.; Paulson, R.; Appavu, R.; Panguluri, S.K.; Tzekov, R.; Sahiner, N.; Ayyala, R.; Biswal, M.R.
Carbon Dots Fabrication: Ocular Imaging and Therapeutic Potential. Front. Bioeng. Biotechnol. 2020, 8, 573470–573484.

https://www.mdpi.com/article/10.3390/membranes11110891/s1
https://www.mdpi.com/article/10.3390/membranes11110891/s1
http://doi.org/10.2174/092986709788803312
http://www.ncbi.nlm.nih.gov/pubmed/19548866
http://doi.org/10.1038/nm.2919
http://doi.org/10.1016/j.lfs.2018.03.023
http://www.ncbi.nlm.nih.gov/pubmed/29534993
http://doi.org/10.1007/s10529-015-1965-3
http://doi.org/10.1016/j.msec.2019.110094
http://doi.org/10.1016/j.jddst.2020.101889


Membranes 2021, 11, 891 13 of 14

9. Zheng, M.; Liu, S.; Li, J.; Qu, D.; Zhao, H.; Guan, X.; Hu, X.; Xie, Z.; Jing, X.; Sun, Z. Integrating oxaliplatin with highly luminescent
carbon dots: An unprecedented theranostic agent for personalized medicine. Adv. Mater. 2014, 26, 3554–3560. [CrossRef]

10. Shao, D.; Wen, Y.; Xu, S.N.; Xu, J.; Zeng, Q.H.; Shan, C.X. Carbon dots as a trackable drug delivery carrier for localized cancer
therapy in vivo. J. Mater. Chem. B 2016, 4, 5119–5126.

11. Duan, Q.Q.; Ma, Y.; Che, M.X.; Zhang, B.Y.; Zhang, Y.X.; Li, Y.; Zhang, W.D.; Sang, S.B. Fluorescent carbon dots as carriers for
intracellular doxorubicin delivery and track. Drug Deliv. Sci. Technol. 2019, 49, 527–533. [CrossRef]

12. Yuan, Y.; Guo, B.; Hao, L.; Liu, N.; Lin, Y.; Guo, W.; Li, X.; Gu, B. Doxorubicin-loaded environmentally friendly carbon dots as
a novel, drug delivery system for nucleus targeted cancer therapy. Colloids Surf. B Biointerfaces 2017, 159, 349–359. [CrossRef]
[PubMed]

13. Wang, S.C.; Chen, L.; Wang, J.L.; Du, J.L.; Li, Q.; Gao, Y.D.; Yu, S.P.; Yang, Y.Z. Enhanced-fluorescent imaging and targeted therapy
of liver cancer using highly luminescent carbon dots-conjugated foliate. Mater. Sci. Eng. C 2019, 116, 111233–111246. [CrossRef]
[PubMed]

14. Zhang, J.; Zhang, H.; Jiang, J.; Cui, N.; Wang, D. Doxorubicin-Loaded Carbon Dots Lipid-Coated Calcium Phosphate Nanoparticles
for Visual Targeted Delivery and Therapy of Tumor. Int. J. Nanomed. 2020, 15, 433–444. [CrossRef] [PubMed]

15. Xue, X.; Fang, T.; Yin, L.; Jiang, J.; He, Y.; Dai, Y.; Wang, D. Multistage delivery of CDs-DOX/ICG-loaded liposome for highly
penetration and effective chemo-photothermal combination therapy. Drug Deliv. 2018, 25, 1826–1839. [CrossRef] [PubMed]

16. Yang, X.J.; Wang, Y.Y.; Du, X.F.; Xu, J.J.; Zhao, M.X. Carbon dots-based nanocarrier system with intrinsic tumor targeting ability
for cancer treatment. Nano Express 2020, 1, 3–7. [CrossRef]

17. Douglas, M.; Elliot, E.; Webb, W.W. Thermodynamic Fluctuations in a Reacting System—Measurement by Fluorescence Correla-
tion Spectroscopy. Phys. Rev. Lett. 1972, 29, 705–708.

18. Wonchul, S.; Ge, L.H.; Arpino, G.; Villarreal, S.A.; Hamid, E.; Liu, H.S.; Zhao, W.D.; Wen, P.J.; Chiang, H.C.; Wu, L.G. Visualization
of Membrane Pore in Live Cells Reveals a Dynamic-Pore Theory Governing Fusion and Endocytosis. Cell 2018, 4, 934–945.

19. Malacrida, L.; Hedde, P.N.; Ranjit, S.; Cardarelli, F.; Gratton, E. Visualization of barriers and obstacles to molecular diffusion in
live cells by spatial pair-cross-correlation in two dimensions. Biomed. Opt. Express 2017, 9, 303–321. [CrossRef]

20. Pourreza, N.; Ghomi, M. Green synthesized carbon quantum dots from Prosopis juliflora leaves as a dual off-on fluorescence
probe for sensing mercury (II) and chemet drug. Mater. Sci. Eng. C 2019, 98, 887–896. [CrossRef]

21. Gudimella, K.K.; Appidi, T.; Wu, H.F.; Battula, V.; Jogdand, A.; Rengan, A.K.; Gedda, G. Sand bath assisted green synthesis of
carbon dots from citrus fruit peels for free radical scavenging and cell imaging. Colloids Surf. B Biointerfaces 2021, 197, 111362.
[CrossRef]

22. Kong, T.T.; Hao, L.Y.; Wei, Y.Y.; Cai, X.X.; Zhu, B.F. Doxorubicin conjugated carbon dots as a drug delivery system for human
breast cancer therapy. Cell Prolif. 2018, 51, e12488. [CrossRef] [PubMed]

23. Sun, Y.; Zheng, S.; Liu, L.; Kong, Y.; Zhang, A.W.; Xu, K.; Han, C.P. The Cost-Effective Preparation of Green Fluorescent Carbon
Dots for Bioimaging and Enhanced Intracellular Drug Delivery. Nanoscale Res. Lett. 2020, 15, 55. [CrossRef]

24. Zheng, Y.W.; Yang, D.; Wu, X.; Yan, H.R.; Zhao, Y.C.; Feng, B.; Weng, J.; Wang, J.X. A facile approach for the synthesis of highly
luminescent carbon dots using vitamin-based small organic molecules with benzene ring structure as precursors. RSC Adv. 2015,
5, 90245–90254. [CrossRef]

25. Lan, M.H.; Di, Y.F.; Zhu, X.Y.; Ng, T.W.; Xia, J.; Liu, W.M.; Meng, X.M.; Wang, P.F.; Lee, C.S.; Zhang, W.J. Carbon dot-based
fluorescence turn-on sensor for hydrogen peroxide with a photo-induced electron transfer mechanism. Chem. Commun. 2015, 51,
15574–15577. [CrossRef]

26. Jing, K.; Sun, S.; Zhang, L.; Lu, Y.; Wu, A.G.; Cai, C.Z.; Lin, H.W. Red, green, and blue luminescence by carbon dots: Full-color
emission tuning and multicolor cellular imaging. Angew. Chem. 2015, 54, 5360–5363. [CrossRef] [PubMed]

27. Khalid, M.O.; Matthew, S. Dual-mode colorimetric and fluorometric probe for ferric ion detection using N-doped carbon dots
prepared via hydrothermal synthesis followed by microwave irradiation. Opt. Mater. 2019, 94, 330–336.

28. Zhou, N.; Zhu, A.S.; Maharjan, B.S.; Hao, A.Z.; Song, A.Y. Elucidating the endocytosis, in-tracellular trafficking, and exocytosis of
carbon dots in neural cells. RSC Adv. 2014, 4, 62086–62095.

29. Yang, L.; Wang, Z.; Wang, J.; Jiang, W.H.; Jiang, X.W.; Bai, Z.S.; He, Y.P.; Jiang, J.Q.; Wang, D.K.; Yang, L. Doxorubicin conjugated
function-alizable carbon dots for nucleus targeted delivery and enhanced therapeutic efficacy. Nanoscale 2016, 8, 6801–6809.
[CrossRef]

30. Zhang, Y.; Cheng, H.; Li, W.K.; Hua, W.; Yong, Y. Highly-expressed P2X7 receptor promotes growth and metastasis of human
HOS/MNNG osteosarcoma cells via PI3K/Akt/GSK3β/β-catenin and mTOR/HIF1α/VEGF signaling. Int. J. Cancer 2019, 145,
1068–1082. [CrossRef]

31. Norris, A.; Grant, B.D. Endosomal microdomains: Formation and function—ScienceDirect. Curr. Opin. Cell Biol. 2020, 65, 86–95.
[CrossRef] [PubMed]

32. Weeratunga, S.; Paul, B.; Collins, B.M. Recognising the signals for endosomal trafficking. Curr. Opin. Cell Biol. 2020, 65, 17–27.
[CrossRef] [PubMed]

33. Ding, H.M.; Ma, Y.Q. Theoretical and Computational Investigations of Nanoparticle–Biomembrane Interactions in Cellular
Delivery. Small 2015, 11, 1055–1071. [CrossRef]

http://doi.org/10.1002/adma.201306192
http://doi.org/10.1016/j.jddst.2018.12.015
http://doi.org/10.1016/j.colsurfb.2017.07.030
http://www.ncbi.nlm.nih.gov/pubmed/28806666
http://doi.org/10.1016/j.msec.2020.111233
http://www.ncbi.nlm.nih.gov/pubmed/32806246
http://doi.org/10.2147/IJN.S229154
http://www.ncbi.nlm.nih.gov/pubmed/32021189
http://doi.org/10.1080/10717544.2018.1482975
http://www.ncbi.nlm.nih.gov/pubmed/30458644
http://doi.org/10.1088/2632-959X/abbf3c
http://doi.org/10.1364/BOE.9.000303
http://doi.org/10.1016/j.msec.2018.12.141
http://doi.org/10.1016/j.colsurfb.2020.111362
http://doi.org/10.1111/cpr.12488
http://www.ncbi.nlm.nih.gov/pubmed/30039515
http://doi.org/10.1186/s11671-020-3288-0
http://doi.org/10.1039/C5RA14720D
http://doi.org/10.1039/C5CC05835J
http://doi.org/10.1002/anie.201501193
http://www.ncbi.nlm.nih.gov/pubmed/25832292
http://doi.org/10.1039/C6NR00247A
http://doi.org/10.1002/ijc.32207
http://doi.org/10.1016/j.ceb.2020.02.018
http://www.ncbi.nlm.nih.gov/pubmed/32247230
http://doi.org/10.1016/j.ceb.2020.02.005
http://www.ncbi.nlm.nih.gov/pubmed/32155566
http://doi.org/10.1002/smll.201401943


Membranes 2021, 11, 891 14 of 14

34. Li, H.; Ye, S.; Guo, J.Q.; Wang, H.B.; Yan, W.; Song, J.; Qu, J.L. Biocompatible carbon dots with low-saturation-intensity and
high-photobleaching-resistance for STED nanoscopy imaging of the nucleolus and tunneling nanotubes in living cells. Nano Res.
2019, 12, 3075–3084. [CrossRef]

35. Rehor, A.; Tirelli, N.; Hubbell, J.A. Drug Loading, Release and Bioavailability, 1st ed.; ETH Zurich: Zurich, Switzerland, 2005;
pp. 71–92.

36. Verma, A.; Stallacci, F. Effect of Surface Properties on Nanoparticle-cell Interactions. Small 2009, 6, 12–21. [CrossRef] [PubMed]
37. Humez, S.; Monet, M.; Coppenolle, F.V.; Delcourt, P.; Prevarskaya, N. The role of intracellular pH in cell growth arrest induced by

ATP. Am. J. Physiol. Cell Physiol. 2004, 287, 1733–1746. [CrossRef] [PubMed]
38. Imamura, H.; Nhat, K.P.H.; Togawa, H.; Saito, K.; Lino, R.; Kato-Yamada, Y.; Nagai, T.; Noji, H. Visualization of ATP levels inside

single living cells with fluorescence resonance energy transfer-based genetically encoded indicators. Proc. Natl. Acad. Sci. USA
2009, 106, 15652–15656. [CrossRef]

39. Tao, Y.; Liu, S.; Zhang, Y.; Xu, J. pH-Responsive polymer based on dynamic imine bonds as a drug delivery material with pseudo
target release behavior. Polym. Chem. 2018, 9, 878–884. [CrossRef]

40. Qi, B.; Yu, T.; Wang, C.; Wang, T.; Yao, J.; Zhang, X.; Deng, P.; Xia, Y.; Junger, W.G.; Sun, D. Shock wave-induced ATP release
from osteosarcoma U2OS cells promotes cellular uptake and cytotoxicity of methotrexate. J. Exp. Clin. Cancer Res. 2016, 35, 161.
[CrossRef]

41. Ben-Dov, N.; Korenstein, R. Proton-induced endocytosis is dependent on cell membrane fluidity, lipid-phase order and the
membrane resting potential. Biochim. Biophys. Acta Biomembr. 2013, 1828, 2672–2681. [CrossRef]

42. Trebinska, S.A.; Swiech, O.; Opuchlik, L.J.; Grzybowska, E.A.; Bilewicz, R. Impact of Medium pH on DOX Toxicity toward HeLa
and A498 Cell Lines. ACS Omega 2020, 5, 7979–7986. [CrossRef] [PubMed]

http://doi.org/10.1007/s12274-019-2554-x
http://doi.org/10.1002/smll.200901158
http://www.ncbi.nlm.nih.gov/pubmed/19844908
http://doi.org/10.1152/ajpcell.00578.2003
http://www.ncbi.nlm.nih.gov/pubmed/15355852
http://doi.org/10.1073/pnas.0904764106
http://doi.org/10.1039/C7PY02108A
http://doi.org/10.1186/s13046-016-0437-5
http://doi.org/10.1016/j.bbamem.2013.07.027
http://doi.org/10.1021/acsomega.9b04479
http://www.ncbi.nlm.nih.gov/pubmed/32309708

	Introduction 
	Materials and Methods 
	Materials and Characterization 
	CDs and CDs-DOX Preparation 
	Quantum Yield Measurement 
	Cell Imaging 
	FCS Setup 
	Statistical Analysis 

	Results 
	Synthesis and Characterization of CDs, DOX and CDs-DOX 
	Investigating Nanodrug Transmembrane Transport 
	Investigating Nanodrug Transmembrane Transport under Different Conditions 

	Conclusions 
	References

