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Purpose: Nanotechnology-based drug delivery systems (nano-DDS) have been developed to be a promising strategy to improve the
efficacy, safety, physicochemical and pharmacokinetic/pharmacodynamics properties of drugs. It is very necessary to elucidate the
delivery process in vivo or in cells for the rational design and accurate preparation of nano-DDS. The aim of this study was to
construct a nano-DDS to visualize and quantify the intracellular behavior of the loaded cargo and carrier in such a system.
Methods: A carboxyl-terminal end of poly(lactic-co-glycolic acid) polymer was fluorescently labeled with rhodamine B by conjuga-
tion of ethylenediamine. Dual-fluorescent nanoparticles (DFPs) were prepared from this fluorescently labeled polymer to encapsulate
a fluorescent cargo, coumarin 6. The carrier and cargo of DFPs were monitored by confocal fluorescence microscopy during cellular
uptake. Furthermore, the transcellular transportation of DFPs was evaluated quantitatively by measuring the fluorescence intensity.
Results: The obtained fluorescent polymer showed stable and quantifiable characteristics. DFPs could be customized in terms of
coumarin 6 content (97.7+1.0%), size (367.3+1.7 nm) and dual-emission fluorescence (green cargo and red carrier). DFPs did not
significantly affect cell viability, the integrity of cell monolayers and the microscopic morphology at concentrations below 0.7 mg/mL
within 3 h of co-incubation with Caco-2 cells. Multichannel fluorescence monitoring revealed that the fluorescence intensity of the
carrier and cargo increased with time, but not synchronously. By calculating the residual, intracellular, and transport amounts of DFPs,
the material balance between the total amount of cellular transport and the dose administered was obtained.

Conclusion: Based on the advantages of dual fluorescent labeling, the differential behavior of cell trafficking can be visualized and
quantitatively analyzed for the cargo and carrier of DFPs. These results provide insights into the cellular transport process of holistic
nanoparticles and complement our understanding of the biological behaviors of nano-DDS.
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Introduction

Over the past few decades, nanotechnology-based drug delivery systems (nano-DDS) have attracted great attention, and
many efforts have been made for the development and commercial application of nano-based pharmaceutical products in
both academic and industrial institutions. In 1995, Doxil® was approved for commercialization as a pegylated liposomal
formulation of doxorubicin, which was considered the best example of how nano-DDS can advance patient care.’
Currently, many novel nano-DDS are being developed to improve the efficacy, safety, physicochemical or pharmacoki-
netic/pharmacodynamics properties. In particular, multifunctional nano-DDS offered numerous advantages
simultaneously,” * and they have been developed for the detection, diagnosis and treatment of diseases.’

With the rapid increase in research and products of nano-DDS, it is essential to provide a comprehensive biological
behaviors characterization. Many studies have focused on elucidating the delivery process of nano-DDS in vivo or in
cells, including pharmacokinetics, drug distribution, excretion and cellular transport, endocytosis as well as intercellular
trafficking.*® The method to analyze behavior in vivo is to quantify a transported substance using liquid chromato-
graphy-mass spectrometry (LC-MS) or other quantitative instruments. For example, plasma pharmacokinetics and brain
tissue distribution of zolmitriptan loaded chitosan nanoparticles in rats were presented by establishing an LC-MS assay to
determine the content of zolmitriptan.'” A common method to study cellular transport is to investigate temporal trends of
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the transported substance with the help of a recognized device, Transwell. In one study, photosensitizer loaded mucus-
penetrating nanoparticles were prepared for photodynamic therapy, and the uptake and transport characteristics of cells
were analyzed using high-performance liquid chromatography with fluorescence detection to quantify photosensitizers in
Transwell model.'" In another Transwell model study, Alexa Fluor 647 labeled salmon calcitonin was synthesized and
encapsulated into penetratin-conjugated liposomes for cell permeation imaging studies.'” These studies have clearly
demonstrated the in vitro or in vivo behavior of loaded substances in nano-DDS. However, the in vitro and in vivo
behavior of the carrier (another important component of nano-DDS) has been reported rarely. It is a pending problem at
what time the behavior of carrier is consistent with the behavior of loaded substance or at what time the load is released
from the carrier. A deeper understanding of the transport process and behavior of holistic nano-DDS is strongly
recommended.

Poly-(lactic-co-glycolic acid) polymers (PLGA) are a well-researched class of polymers with good biocompatibility
and high encapsulation capacity for hydrophobic drugs.'® Therefore, they are “ideal” carrier for nano-DDS preparation to
deliver drugs and tracers. Rhodamine B is a typical fluorescent organic dye with high fluorescence efficiency and
photostability, and can be readily detected in cell experiments. In order to visualize and quantify the carrier of nano-DDS,
rhodamine B-modified PLGA was designed and synthesized in this study. Based on the hydrophobic core of PLGA,
coumarin 6 was loaded into PLGA nanoparticles for visualization and quantization of nano-DDS payload. Thus, dual-
fluorescent nanoparticles (DFPs) were constructed, and their transcellular transport processes were elucidated compre-
hensively using fluorescence imaging and quantitative analysis techniques, which contributes to a clearer understanding
of the cellular behavior of nano-DDS.

Materials and Methods

Materials
Detailed information on materials was provided in the Supplementary Material.

Fluorescent Polymer Preparation and Characterization
Detailed methods for the synthesis and characterization of Rhodamine B modified PLGA were described in the
Supplementary Material.

Preparation and Characterization of DFPs

DFPs were prepared according to a method described previously.'* Briefly, B-PLGA (60 mg) in 2.0 mL of dichlor-
omethane containing 1.0 mg of coumarin 6 was added dropwise to 1% (w/v) aqueous PVA solution (20.0 mL) and
emulsified using an ultrasonic cell crusher (JY 92-II, Ningbo Scienta Biotechnology CO. LTD. China). The emulsion was
stirred overnight, and DFPs were collected by centrifugation at 12,000 r/min under 4°C for 15 min, washed with double
distilled water and lyophilized for 24 h. The supernatant was recycled for quantification of payload.

The aliquot supernatant was condensed and dissolved in methanol. The fluorescence intensity of coumarin 6 in the
supernatant was measured using a fluorescence spectrophotometer (FTIR-8400s, Shimadzu, Japan) at an excitation
wavelength of 450 nm and an emission wavelength of 493 nm. The content was calculated using a calibration curve
constructed from different concentrations of coumarin-6 prepared in methanol. The encapsulation efficiency was
calculated as the difference between the added content of coumarin-6 and the content in the supernatant.'”

Coumarin 6 release from DFPs was determined by suspending DFPs in Hank’s balanced salt solution (HBSS, 2.0 mL)
at pH 7.2. The suspension was placed in a dialysis bag (molecular weight cutoff=5000 Da), followed by immersion in
another 20.0 mL HBSS at 37°C with agitation at a constant speed of 100 r/min. At predetermined time intervals, the
release medium (2.0 mL) was withdrawn and an equal volume of fresh HBSS was added. The coumarin-6 released was
quantified by the fluorescence assay described above.

The mean diameter and polydispersity of DFPs were measured by dynamic light scattering (HYL-1080, DanDong
Hylology Instruments Co., Ltd., China). The morphology of DFPs was examined by Transmission Electron Microscopy
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(TEM, JEM-2100F, Electronics Corporation of Japan).'® The fluorescence characteristics of DFPs were investigated
using a fluorescence spectrophotometer and fluorescence microscope (ECLIPSE Ti-U, Niko, Tokyo, Japan).

Exposure Experiments of DFPs to Caco-2 Cells

Effects on Cell Viability

The in vitro cytotoxicity of DFPs was assessed by measuring the inhibition of cell growth using
3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide (MTT) assay.'” Caco-2 cells were obtained from
the CHI Scientific Ltd. (Jiangsu, China). Cells (5x10° cells/well) were incubated with prepared concentrations of
DFPs (0~0.8 mg/mL) for 4 h and 24 h. At the end of the incubation period, 20 pL of MTT (5.0 mg/mL) solution
was added to each well and cells were incubated for an additional 4 h. Cell viability was calculated using the
equation: Cell viability(%) = (ODieament group — ODpiank group) / (ODcontrot group — ODpiank group) % 100.

Effects on the Integrity of Cell Monolayer

Caco-2 cells (1x10° cells/cm?) were seeded on polycarbonate 24-well Transwell® inserts (mean pore size=3.0 pm,
surface area=0.3 cmz, Millipore, Bedford, MA, USA) and differentiated to a monolayer of polarized cells. Trans-
epithelial electric resistance (TEER) value was monitored by a Millicell® ERS-2 voltmeter (Millipore, USA). The
monolayer was confluent when TEER value reached a plateau with a reading above 300 Qecm? and was then used for
experiments.'* Freshly prepared DFPs were dispersed in HBSS (pH 7.2) at a concentration of 0.5 mg/mL and added to
the apical side of Transwell® inserts. Then, cells were incubated at 37°C on a thermostatic shaker at 50 r/min. TEER
value was recorded after 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0 h. Cells incubated with blank HBSS were used as the control.

Effects on Cell Morphology

DFPs dispersion (0.5 mg/mL) was added to Caco-2 cells on cover slips and incubated for 3 h. Cells incubated with blank
HBSS were used as the control. At the end of the incubation period, cells were preserved in glutaraldehyde solution at
4°C overnight. Followed by dehydrated through a series of increasing concentrations of ethanol solutions, cells were
dried and coated with gold. Cell layers were examined by scanning electron microscope (SEM, TM-1000, Hitachi High-
tech Ltd., Japan).

Cell Imaging

Cellular internalization of DFPs was confirmed by confocal laser scanning microscopy. Caco-2 cells were cultured on
cover slips up to confluence and then incubated with 0.2 mg/mL of DFPs dispersion. At predetermined times, treated
cells were washed thrice with phosphate buffer solution, fixed with 4.0% paraformaldehyde for 20 min at 4°C and stained
with Hoechst 33258 for 15 min at room temperature. Cells were imaged with a confocal laser scanning microscope (C2,
Nikon Ltd., Japan). For multi-channel fluorescence co-localization, cell nuclei stained by Hoechst were excited at 405 nm
and the emission was recorded around 440 nm. The cargo of DFPs (coumarin 6) was excited at 460 nm, and the emission
was recorded around 500 nm. The carrier of DFPs (B-PLGA) was excited at 525 nm, and the emission was recorded
around 580 nm.

DFPs Transport in Caco-2 Cell Monolayers

Caco-2 cells were seeded on 24-well Transwell® inserts and cultured until TEER > 300 Qecm?. After rinsing of cells,
DFPs dispersion (0.5 mg/mL) was added to apical side (AP) of inserts and 1.0 mL of HBSS was added to basolateral side
(BL). Cells were maintained at 37°C on a thermostatic shaker at 50 r/min. At pre-determined intervals, samples were
collected and processed as follows: (1) AP solution was collected and cells were washed gently twice with fresh HBSS.
Then washing solution was incorporated into the AP solution as the residual sample. (2) 0.3 mL of RIPA lysate was
added to the cell layer of inserts, and cells were lysed on an ice bath for 30 min. The lysate mixture was divided evenly
into three parts. One part was used to determine the total protein amount of each specimen using the bicinchoninic-acid
method. One portion was added to methanol (2.0 mL) to dissolve the released coumarin 6 and used as the released-drug
sample. The third portion was used as the intracellular sample to determine the total amount of coumarin 6 and B-PLGA
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in cells. (3) HBSS from the BL was collected as a transport sample. The collected residual, intracellular and transport
samples were concentrated to dryness by a vacuum concentrator. DFPs in concentrates were depolymerized by ultra-
sound with dichloromethane (2.0 mL) for 3 min. After dichloromethane was recycled, 2.0 mL of methanol was added to
re-dissolve coumarin 6 and B-PLGA. The content of coumarin 6 in the released-drug sample as well as the content of
coumarin 6 and B-PLGA in the residual, intracellular and transport samples were analyzed quantitatively by fluorescence
assay. All contents were calculated using the following equation:

G XDxXV

Q W

where Q is the release amount, residual amount, intracellular amount or transport amount (ug/mg protein, abbreviation:
ug/mg pro); c, is the content of coumarin 6 or B-PLGA (pug/mL) in each sample; D is the dilution ratio of each sample;
V is the volume of each sample (mL); W is total protein amount in each sample (mg).

Statistical Analysis
Data were presented as the mean + standard deviation (SD). Statistical analysis was performed by the Student’s #-test for
two groups and one-way ANOVA for three or more groups. P<0.05 was considered statistically significant.

Results and Discussion

Conjugation of Rhodamine B and PLGA Formation Fluorescent Polymer

Considering the molecular structural characteristics of the terminal carboxyl group in PLGA and the free carboxyl group
in rthodamine B, ethylenediamine was selected as the intermediate linking molecule. As shown in the schematic
representation of rhodamine B modified PLGA (Figure 1), the carboxyl terminal end of PLGA was first activated with
N-hydroxysuccinimide (NHS) and N-Ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI) to form
aminated PLGA by conjugating ethylenediamine (Figure S1). The aminated PLGA was functionalized by conjugating
a free-amine terminal group to the carboxylic group of rhodamine B. Thus, a polymer with fluorescence properties was
obtained.

Figure 2A FS exhibited fluorescence spectra of thodamine B, PLGA, PLGA-NH, and B-PLGA. Rhodamine B and
B-PLGA showed strong fluorescence properties in the range of 550—600 nm at the excitation wavelength of rhodamine
B (525 nm), suggesting that the m-conjugation of rigid chromophore had not been destroyed.'® However, PLGA and
PLGA-NHj; did not exhibit fluorescence emission spectra in the same wavelength range.

The differential scanning calorimetry (DSC) thermograms of PLGA, rhodamine B, PLGA-NH, and B-PLGA are
presented in Figure 2B DSC. The endothermic peak from PLGA at 48.73°C corresponded to the glass transition
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Figure | Scheme of the assembly of the dual-fluorescent nanoparticles encapsulated coumarin 6 via the conjugation of Rhodamine B and PLGA to form fluorescent polymer.
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Figure 2 Characteristics of B-PLGA, PLGA-NH, and PLGA. (A) Fluorescence spectra (FS). (B) Fourier-transform infrared spectra (FTIR). (C) Differential scanning
calorimetric curve (DSC). (D) X-ray photoelectron spectra (XPS).

temperature of PLGA, which was consistent with previous research.'” The peak for rhodamine B at 198.06°C
corresponded to the melting point peak, which was consistent with the data obtained by the melting point tester. In
the case of the physical mixture of PLGA and rhodamine B, peaks at both 48.02°C and 197.34°C were found on the DSC
thermogram. However, these two peaks disappeared on the DSC thermogram of B-PLGA and a wide endothermic peak
appeared at 319.92°C instead, suggesting that PLGA had chemical interactions with rhodamine B.

The possibilities of covalent binding between PLGA and rhodamine B were further investigated by Fourier-transform
infrared (FTIR), X-ray Photoelectron Spectroscopy (XPS) and Nuclear Magnetic Resonance Spectroscopy ('H-NMR).
The FTIR spectrum of PLGA showed characteristic peaks at 1750 cm™ ' corresponding to —C=0 stretching vibrations,
2850 cm ! and 3000 cm™" corresponding to —CH—, ~CH2— and ~CH3 stretching vibrations,”® 1188 cm ' and 1094 cm™"
related to —C—O—C- stretching vibrations. The spectrum of PLGA-NH, had the characteristic peaks stated above for
PLGA, but also absorption peaks at 1674 cm ' (amide I, -C=O stretching vibrations) and 1542 ¢cm™' (amide II, CN—-H
bending vibration), which suggested an interaction between the amino groups of ethylenediamine and the terminal
carboxyl group in PLGA.?' For B-PLGA, the characteristic peaks of PLGA, the amide I band at 1674 cm™ ' and the
amide IT band at 1550 cm ' were visible in the FTIR spectrum. Moreover, B-PLGA showed characteristic peaks
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corresponding to the vibration of benzene ring skeleton at 1596 cm ™' and 1519 cm ™', and the peak at 2260 cm™ ! related
to the stretching vibration of the =C—H on the benzene ring, which was ascribed to the combination of rhodamine B and
PLGA. XPS spectra of PLGA-NH, and B-PLGA showed peaks attributable to carbon Cls, oxygen Ols and nitrogen
N1s, whereas the spectra of PLGA only appeared oxygen and carbon peaks. The N1s characteristic peak at the binding
energy near 397-398 eV in PLGA-NH, and B-PLGA spectra was related to the nitrogen from ethylenediamine and
rhodamine B.

The "H-NMR spectrum of B-PLGA was used to further characterize the structure of conjugate (Figure S2). The
characteristic signals appearing between 6.74 ppm and 8.35 ppm were assigned to the aromatic ring of rhodamine B. The
multiplets at 5.24-5.31 ppm, 4.62—4.89 ppm and 1.25-1.55 ppm corresponded to the methine hydrogen of lactide units,
methylene hydrogen of glycolide units and the methyl hydrogen of lactide units, respectively, and these peaks also
appeared in the "H-NMR spectrum of PLGA-NH, and PLGA. In Figure S2 B-PLGA and PLGA-NH,, the peaks at 3.00—
3.30 ppm were contributed by the —CH, of the ethylenediamine unit of PLGA-NH, or B-PLGA. Due to the high
molecular weight of the polymer, 'H signals from the amino protons near 7 ppm were not distinct for PLGA-NH, or
B-PLGA. The peak at 7.29 ppm was attributed to the signal of residual CHCl; from CDCls.

These results indicated the covalent binding of rhodamine and PLGA to form fluorescent polymers. The fluorescence
characteristics of the fluorescent polymer were detailed in the Supplementary Material. Due to the good correlation

between fluorescence intensity and concentration, B-PLGA could be analyzed quantitatively using fluorescence spectro-
photometry (Table S1 and S3). In addition, B-PLGA could maintain stable fluorescence intensity under low temperature
in the dark (Figure S4).

Creation of Customized Dual-Fluorescent Nanoparticles

To track the carrier of nanoparticles independently from its cargo, B-PLGA was used as a carrier material to prepare
DFPs (Figure 1). Coumarin 6 is a lipophilic fluorescent dye that is encapsulated readily in PLGA nanoparticles and can
be used for cargo tracing.>® Thus, a high encapsulation efficiency of 97.7 + 1.0% was obtained for DFPs. The release of
coumarin 6 from DFPs was relatively slow, and the cumulative release rate of 6 h was less than 2%, without a burst
release. DFPs were discrete, spherical or quasi-spherical microstructure with a smooth surface, as shown in Figure 3A.
The mean particle size was 367.3 = 1.7 nm with a span of 0.51, indicating low polydispersity (Figure 3B). Due to dual-
fluorescence labeling of the nanoparticles, the red fluorescence of carrier (B-PLGA) and the green fluorescence of cargo
(coumarin 6) can be observed clearly at different excitation wavelengths by fluorescence microscopy, and yellow or
yellow-green fluorescence was also observed at the overlap part (Figure 3C).

To obtain deeper insight into the fluorescence characteristics of DFPs, the fluorescence spectra of nanoparticles in the
intact and broken states were recorded (Figure 3D). When DFPs were dispersed in methanol, a fluorescence emission
peak was observed at 550—610 nm at an excitation wavelength of 525 nm, which was consistent with the fluorescence
spectrum of B-PLGA. However, the emission peak of coumarin-6 at 480—520 nm was not observed at an excitation
wavelength of 450 nm. When DFPs were dissolved in dichloromethane and then dispersed in methanol, fluorescence
emission peaks at 550-610 nm were observed, but emission peaks at 480-520 nm were also documented at the
corresponding excitation wavelength. These results suggested that a well-organized fluorescent polymer permitted
DFPs preparation.

Maintenance of the Viability and Integrity of Caco-2 Cells
The in vitro toxicity of nanoparticles has been reported to be highly dependent upon cell type and to be controlled by
their shape, size and surface function.”® It is important to evaluate the cytotoxicity of nanoparticles. The effects of DFPs
on the viability of Caco-2 cells are shown in Figure 4A. Survival rate of cells in various concentrations of DFPs was
close to 100% after 4 h of incubation, and there was no significant effect on cell viability. Toxicity was observed after 24
h of incubation at DFPs concentrations of 0.7 and 0.8 mg/mL, and the population of living cell dropped to 80% of the
initial number.

TEER is an important parameter to evaluate the integrity of Caco-2 cell monolayer.”* TEER was monitored during
incubation of cells with DFPs or HBSS up to 4 h. Results showed that TEER value decreased gradually with incubation
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time and there was no significant difference between DFPs and HBSS groups (Figure 4B). Their TEER values were

reduced simultaneously by ~28% after 4 h of incubation, but within the limits required to conduct the experiment (~250

Qecm?). The decrease in TEER value may be due to the change of culture environment from an incubator at 37°C and

5% CO, to a shaker at 37°C.%°
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SEM images representing the morphology of Caco-2 cells after incubation with DFPs are presented in Figure 4C. In
terms of microscopic morphology, microvilli were observed as strip-shaped on the cell surface in DFPs group. Moreover,
a similar homogeneity in morphology was found on the cell surface between the control group and DFPs group. These
data suggested that there was no significant change in cell surface morphology after incubation with DFPs for 3 h.

Dual Fluorescence Visualization of DFPs Within Cells

Figure 5A shows multi-channel fluorescence co-localization of Caco-2 cells incubated with DFPs over time. The nucleus
(blue fluorescence), coumarin 6 (green fluorescence) and B-PLGA (red fluorescence) can be observed clearly. In the
merged images, the overlap of green fluorescence and red fluorescence was visible. Obviously, these images provided
information about the uptake of DFPs into Caco-2 cells as well as the distribution of DFPs within cytoplasm. In addition,
the brightness of green fluorescence and red fluorescence increased gradually over time, reaching a maximum at 120 min,
and brightness decreased slowly to the end of experimental observation. However, this variation trend was slightly
different for merged images. Although the overlap in fluorescence brightness increased initially and then decreased with
time, more green fluorescence was observed at 150 min and more red fluorescence was observed at 180 min after the
maximum peak of 120 min. These results speculated that coumarin 6 may be released from DFPs, in other words, the
cargo was separated from the carrier. Accordingly, cargo and carrier presented different behaviors within cells. The
images shown in Figure 5B reveal that the fluorescence intensity increased gradually with time at the initial phase. At
120 min, the intensity of green fluorescence and red fluorescence reached a maximum, indicating that DFPs internaliza-
tion reached saturation.

To obtain more spatial information, vertical and three-dimensional views of the intracellular distribution of DFPs
were obtained (Figure 5C and Figure 5). The monolayer of Caco-2 cells was scanned by X-Y-Z tomography from 0 pm at
the top of the cell monolayer to 6 um in the middle of the cell monolayer. In the cross-section image of the top of the cell
monolayer, the cargo’s green fluorescence (coumarin 6) and the carrier’s red fluorescence (B-PLGA) of DFPs, as well as
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their overlapping fluorescence, could be seen clearly (Figure 5C). In the next image, a cross-section in the middle of the
cell monolayer (6 pm in the vertical direction), a representative image of a single cell was captured. It was clearly visible
that the double fluorescence of the cargo and carrier of DFPs overlapped completely in the cytoplasm surrounding the
blue-stained nucleus. In the 3D image of Figure 5D, a stercoscopic distribution of DFPs in the cell monolayer is
presented. The spatial distribution of the fluorescence for the stained nucleus and the double fluorescence of DFPs can be
seen and was consistent with the cross-section results of the intracellular distribution mentioned above.

Quantitative Transport of DFPs in Caco-2 Cells

An important feature of DFPs is that they can simultaneously determine the amount of cargo and carrier. The transport
behavior of DFPs in Caco-2 cells was analyzed quantitatively. Residual, intracellular and transport amounts of DFPs,
depicted together by the amounts of coumarin 6 and B-PLGA, were normalized according to total protein in cells
(Figure 6A). The residual amounts of coumarin 6 and B-PLGA decreased with the incubation duration of DFPs with
cells. Moreover, these amounts decreased rapidly in the first 30 min, and then showed a slow downward trend. DFPs
were taken up by Caco-2 cells from the top of the cell and then discharged from the basal end of the cell, which was
a dynamic process. The intracellular amounts of coumarin 6 and B-PLGA showed an increasing trend over time. The
transport amounts of coumarin 6 and B-PLGA increased gradually over time, but their growth rate was not synchronous.
The growth rate of coumarin 6 was relatively slow, and its transport amount increased from 0.24 pg/mg pro to 0.74 pg/
mg pro within 120 min. Meanwhile, the amount of B-PLGA increased from 12.35 pg/mg pro to 74.20 pg/mg pro during
the same period. It was found that intracellular amount of coumarin 6 was significantly higher than its transport amount
at all time tested and was 5.8- to 13.0-times higher than its transport amount. However, the transport amount of B-PLGA
exceeded its intracellular amount in 90-120 min. To elucidate this phenomenon, the material balance of DFPs transport
process in Caco-2 cells and the coumarin 6 release from intracellular DFPs were investigated.

To ensure sample parallelism in the transport experiment, the same dose of DFPs was administered to cells in each
insert. Standardized with total protein, the DFPs dose per milligram of protein fluctuated slightly, but not significantly so.
The values for relative standard deviation of coumarin 6 and B-PLGA were within 5% for parallel inserts at each time
interval. For inter-groups at different times, the mean dose was 23.394+1.21 pg/mg pro for coumarin 6 and 291.81+12.65
pg/mg pro for B-PLGA. The inter-group variation of coumarin 6 and B-PLGA was 5.2% and 4.3%, respectively. The
ratios of the residual amount, intracellular amount, and transport amount to the DFPs dose were calculated separately and
plotted in Figure 6B. The sum of these three ratios ranged from 96.0% to 102.4% for coumarin 6 and from 86.5% to
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Figure 6 Quantification of the transport process of DFPs across Caco-2 cell monolayer. (A) Residual, intracellular, and transport amounts of DFPs depicted together by
coumarin 6 and B-PLGA. (B) Material balance of carrier and cargo during cell transport of DFPs. (C) The amount of coumarin 6 released from DFPs and encapsulated in
DFPs over time. The data represent meant standard deviation (S.D.)of three independently performed experiments.

95.7% for B-PLGA at different times. These data indicated that the dose of coumarin 6 administered and the sum of the
measured amount at the three outlets during transportation were nearly equal, and this was also true for B-PLGA. These
results indicate that the transport process of DFPs in Caco-2 cells was close to material balance.

Studies on DFPs characteristics showed that coumarin 6 encapsulated in DFPs could not be detected directly by
fluorescence spectrophotometry if the nanoparticles remained intact. The coumarin 6 that can be detected in the methanol
solution of cell lysates should be the released coumarin 6 from the DFPs. When DFPs in cell lysates were destroyed by
dichloromethane and then dissolved by methanol, the total amount of intracellular coumarin 6 (released from and
encapsulated in nanoparticles) could be measured. Hence, the difference in value between the total amount and released
amount of coumarin 6 was the amount of coumarin 6 encapsulated in intracellular DFPs (Figure 6C). It was observed that
the amount of coumarin 6 release increased as the number of DFPs entering and remaining in cells increased. Coumarin 6
is a lipophilic, small-molecule compound, which has been reported to be prone to intracellular or membrane
retention.”®?” This feature was consistent with the result that the intracellular amount of coumarin 6 was significantly
higher than the transport amount in this study. B-PLGA is a macromolecular, amphiphilic compound that can undergo
exocytosis more readily than coumarin 6.*® Therefore, its transport amount was gradually higher than its intracellular
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amount. In conclusion, under the premise of material balance, the intracellular amount and transport amount of coumarin
6 showed different trends from those of B-PLGA, which might be related to their physicochemical properties. By virtue
of the dual-indicator characterization of DFPs, we learned that the cellular-transport behavior of coumarin 6 was different
from that of B-PLGA and DFPs when it is released from nanoparticles.

Conclusion

In this work, a fluorescently labeled polymer was synthesized and used as a carrier material to construct DFPs. The
labeled polymer was stable and quantifiable according to its fluorescence intensity. The customized nanoparticles were
acceptable for cell viability, structural integrity, and microscopic morphology upon incubation with Caco-2 cells at
concentrations below 0.7 mg/mL for up to 3 h. Importantly, DFPs can be used to visualize the cellular internalization
process of holistic nanoparticle, not only cargo but also carrier, which is based on the technique of dual fluorescent
labeling. The time course and the quantification data of cargo and carrier were presented during cell internalization.
A material balance is obtained in which the sum of the residual amount, intracellular amount, and transport amount was
close to the DFPs dose administered. Therefore, our work provides a deeper understanding of transcellular transport of
holistic nanoparticles, which will help to facilitate a comprehensive characterization of the behavior of nano-DDS and
guide the design and application of nano-DDS.
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