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A B S T R A C T

A redox-responsive fluorescent carbon nanogel (FCN) was designed as a bioimaging probe for targeted drug
delivery to cancer cells. FCN was synthesized by the carbonization of disulfide cross-linked hyaluronic acid in the
fluorescence “on” mode, followed by the attachment of manganese oxide (MnO2) nanosheets for fluorescence
quenching (fluorescence “off”). We hypothesized that the fluorescence intensity of paclitaxel (PTX)-MnO2/FCN
would suddenly increase (fluorescence “on”) in the presence of a high level of glutathione (GSH) in cancer cells,
owing to the reduction of MnO2 to Mn2+ and cleavage of the disulfide bond. Consequently, PTX would be
released from the FCN system. Consistent with this hypothesis, the designed system recovered FCN fluorescence
and triggered drug release through the cleavage of the disulfide bond by GSH. Moreover, PTX-MnO2/FCN de-
monstrated stable fluorescence intensity after GSH treatment, serving as a potential biosensor. PTX-MnO2/FCN
exhibited excellent biocompatibility with normal cells and selectively targeted tumor cells, highlighting the
therapeutic capabilities of this system. The developed PTX-MnO2/FCN structure may serve as a smart drug
delivery system with diagnostic and therapeutic properties, good selectivity, and compatibility, and with ex-
cellent potential for biomedical applications.

1. Introduction

Cancer, one of the leading causes of death, is a dangerous disease
that poses a challenge to researchers worldwide to actively develop
relevant approaches for improvement in therapeutic outcomes. Drug
delivery systems (DDSs) have the potential to enhance therapeutic ef-
fectiveness, particularly through their targeting properties, bio-
compatibility, biodegradability, and efficient drug release (Ghaffaro
et al., 2018; Al-Nahain et al., 2013; Wang et al., 2018). The environ-
mental conditions within tumor cells are different from those of normal
cells in terms of pH, enzyme level, and redox potential. This difference
may be exploited for the detection, targeting, or control of drug release
from DDSs.

A stimulus-responsive polymer nanogel based on hyaluronic acid
(HA) has been extensively studied for the development of a targeted
drug delivery matrix. Attributes of the nanogel include suitable particle
size, high drug loading efficiency, good colloidal stability, and excellent
biocompatibility (Ossipov et al., 2010). HA-based derivatives have also
been investigated for their cell imaging capabilities for cancer diagnosis

through the interaction between HA molecules and CD44, conjugated
using quantum dots or organic fluorescent dyes, such as fluorescein, to
optimize tracking properties. Despite these advantages, HA in its pure
form lacks fluorescence activity, has poor biomechanical properties,
and is easily degraded, thereby limiting its application as a controlled
DDS (Choh et al., 2011; Huang et al., 2014; Pedrosa et al., 2014).
However, in 2015, Park et al. successfully synthesized in situ lumines-
cence carbon nanoparticles by carbonization of the pure form of HA as a
tumor-targeting bioimaging matrix (Sharker et al., 2015). Fluorescent
carbon dots have now emerged as the first-choice luminescence nano-
materials, given their ease of preparation, low toxicity, high quantum
yield, excellent biocompatibility, and good photostability, and have
been widely used for bioimaging and as biosensors, catalysts, and opto-
electronic devices (An et al., 2002; Ding et al., 2014). Carbon dots may
be used for visual detection based on the surrounding environmental
conditions. All these properties make carbon dots suitable biosensors,
owing to the convenience of the fluorescence “off/on” system (Sun and
Lei, 2017). Moreover, the hydrophobic properties of carbon dots facil-
itate the loading of drugs via hydrophobic interactions (Chowdhuri
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et al., 2015). Despite these advantages, further modifications of carbon
dots are warranted, particularly to improve their selectivity and ther-
apeutic abilities. Manganese oxide (MnO2) nanosheets display excellent
drug delivery capabilities by acting as a quencher by Förster resonance
energy transfer (FRET) and as a redox potential sensor, owing to the
reduction of MnO2 to Mn2+ (Wang et al., 2015). Cancer cells contain
glutathione (GSH) in intracellular compartments at a concentration of
approximately 2–10mM, which is about four times higher than that in
normal cells. GSH reduces MnO2, which serves as a marker of the tar-
geting properties of the MnO2 nanosheet (Meng et al., 2009; Chen et al.,
2017). As it is difficult to use HA for in situ fluorescence bioimaging due
to the inability to control the loading and release of the drug, we hy-
pothesized that the modified fluorescent nanogel based on the disulfide-
crosslinked HA and labeled with a MnO2 nanosheet for fluorescence
quenching may serve as a selective bioimaging material and drug car-
rier.

To explore this hypothesis, we synthesized a paclitaxel (PTX)-loaded
redox-responsive fluorescent carbon nanogel (FCN) based on disulfide
cross-linked HA encapsulated by MnO2 nanosheets with a redox-re-
sponsive fluorescence “off/on” system and evaluated its application for
tumor bioimaging and therapy. The incorporation of a disulfide bond in
the carbonized cross-linked HA nanogel may impart controllable re-
lease behavior and redox-responsive properties, which would activate
the fluorescence “off/on” system and allow the controlled release of
PTX in the GSH-rich tumor environment. The attachment of MnO2 to
FCN may further increase the system sensitivity due to fluorescence
quenching and enhance the response to GSH. The GSH-mediated re-
duction may remove MnO2 from the FCN surface while simultaneously
cleaving the disulfide bond to release PTX from FCN. As a consequence,
this process may increase the detection selectivity and drug release
efficiency and maintain biodegradability for efficient targeting and
bioimaging.

2. Experimental section

2.1. Materials and characterization

We obtained HA (molecular weight [MW]=230 kDa) from
LifeCore. Cysteamine dihydrochloride, potassium permanganate
(KMnO4) solution, 2-(N-morpholino)ethanesulfonic acid (MES) buffer,
PTX, GSH, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), concentrated sulfuric
acid (H2SO4), and ethanol were purchased from Sigma–Aldrich, Korea.
Phosphate-buffered saline (PBS) was supplied by Bioneer Corp., Korea.
Roswell Park Memorial Institute (RPMI)-1640 medium, fetal bovine
serum (FBS), trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA,
0.03% w/v), and penicillin–streptomycin were procured from Gibco
BRL. Fluorescein isothiocyanate (FITC) Annexin-V, propidium iodide
(PI), LysoTracker Green DND-26, and MitoTracker Red CMXRos were
obtained from Life Technologies.

1H nuclear magnetic resonance (NMR) characterization was per-
formed using the Bruker Avance 400MHz spectrometer with deuterium
oxide (D2O). The ultraviolet-visible (UV–vis) data were obtained using
and Optizen 2020UV spectrometer (Mecasys Co.) and fluorescence
emission spectra were recorded using a model L550B luminescence
spectrometer (PerkinElmer). The hydrodynamic diameter was recorded
using a Zetasizer Nano device (Malvern). X-ray photoelectron spectro-
scopy (XPS) spectra were obtained with an Omicrometer ESCALAB
apparatus (Taunusstein). The 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphe-
nyltetrazolium bromide (MTT) viability assay was performed using a
FilterMax F3 microplate reader (Molecular Devices). Flow cytometry
was conducted using an Attune NxT Acoustic Focusing Cytometer (Life
Technologies). Transmission electron microscopy (TEM) imaging was
carried out using a JEM-2100F microscope (JEOL). Confocal micro-
scopy images were recorded with an LSM510 confocal microscope (Carl
Zeiss).

2.2. Carbonization of a redox-responsive FCN from disulfide-crosslinked
HA (HA-S-S-HA)

FCN was synthesized with the following protocol. First, 1 g HA was
dissolved in 50mL of 2× PBS (pH 3.05) solution, followed by the ad-
dition of molar excess of EDC, NHS, and cysteamine dihydrochloride.
The reaction was allowed to proceed for 24 h at 24 °C, and the solution
was dialyzed against water overnight using a membrane with a MW cut-
off of 1 kDa. The solution was freeze-dried and designated as HA-S-S-
HA.

HA-S-S-HA (0.25 g) was dissolved in 5mL deionized water and
stirred at 300 rpm. After complete solubilization, the solution was
treated with the slow addition of 10mL of H2SO4 and stirred for 1min.
The mixture was poured into deionized water and purified by dialysis
(MW 1 kDa) against water. The final solution was freeze-dried and
designated as FCN.

2.3. MnO2 loading into FCN

Approximately 10mg of FCN was added to 1mL of deionized water
and treated with 10mL of 0.1M MES buffer (pH 6.0) followed by so-
nication for 30min. To load MnO2, 5mM KMnO4 was added and the
mixture was centrifuged at 4000 rpm for 15min. The pellet was re-
peatedly washed with double-distilled water and the collected sample
was freeze-dried and designated as MnO2/FCN.

2.4. PTX loading into MnO2/FCN and release kinetics of PTX from PTX-
MnO2/FCN

PTX loading was achieved by mixing approximately 5mg/mL of
PTX dissolved in ethanol and 100mg of MnO2/FCN in PBS (pH 7.4),
followed by vigorous stirring for 24 h in the dark. To remove unloaded
PTX, the solution was centrifuged at 4000 rpm for 10min. The solvent
was completely removed, and the solution was freeze-dried and de-
signated as PTX-MnO2/FCN. PTX loading (%LC) and encapsulation ef-
ficiency (%EE) were calculated based on UV–vis absorbance. The ab-
sorbance peak at 480 nm wavelength was detected with a UV
spectrophotometer using the following equations (Hu et al., 2015a;
Cabeza et al., 2017):

= ×%LC (mass of drug loaded in nanoparticles 100)

/mass of drug loaded nanoparticles

= ×%EE (weight of PTX in nanoparticles 100)/weight of PTX in Feed

The release profile of PTX from PTX-MnO2/FCN was analyzed at
different concentrations of GSH (0, 3, 6, and 10mM) inside the dialysis
chamber immersed in a release solution (PBS 7.4, approximately
30mL). The treated samples were placed inside a shaking incubator at
37 °C and the absorbance of the surrounding solution was analyzed
using UV–vis spectrophotometry to determine the amount of released
PTX.

2.5. Cytotoxicity assay

To analyze cell viability, MDCK and MDA-MB-231 cells at a density
of 2×105 cells/mL were cultured overnight in 96-well plates (200 μL/
well) in a 37 °C incubator with a humidified 5% CO2 atmosphere. The
stock solution of PTX-MnO2/FCN was prepared in RPMI-1640 medium
(1mg/mL) and serially diluted to 0.001mg/mL. The cells media was
taken out, replaced with stocked solution, and incubated further. After
24 h incubation, the medium was removed, MTT solution was added,
and the plate was incubated for 4 h. The MTT solubilization solution
(200 μL) was added after removal of the medium and shaken for
15min. Absorbance was measured using a microplate reader at a wa-
velength of 570 nm. The relative viability of treated cells was calculated
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and compared with that of the control cells.

2.6. Flow cytometry

MDCK and MDA-MB-231 cells were cultured in six-well plates at a
density of 1×106 cells/mL per well in a humidified incubator with an
atmosphere of 5% CO2 for 24 h at 37 °C. After incubation, the medium
was replaced with a solution of PTX-MnO2/FCN dissolved in the
medium and the cells were incubated for the designated time. After
incubation, the cells were treated with 1% FBS in PBS (pH 7.4) and
analyzed using an Attune NxT Acoustic Focusing Cytometer at an ex-
citation wavelength of 405 nm and emission wavelength of 440/50 nm.
For the analysis of apoptosis, the cells were immediately analyzed after
staining with Annexin-V and PI using an excitation wavelength of
488 nm and an emission wavelength of 530/30 nm and 574/26 nm,
respectively.

2.7. Confocal imaging

The cellular uptake of the particles was analyzed using confocal
imaging. MDCK and MDA-MB-231 cells were cultured in eight-well
plates (1×105 cells/mL per well) in an incubator with a humidified

5% CO2 atmosphere at 37 °C for 24 h. The cells were then treated with
PTX-MnO2/FCN (1mg/mL) dissolved in medium for 30min, 1 h, 2 h,
4 h, or 6 h. The medium was then removed, and the cells were washed
several times with PBS (pH 7.4) to remove any unbound PTX-MnO2/
FCN and stained with 50 nM LysoTracker Green (acidic compartment)
for 30min. The cells were washed again with PBS and 50 nM SYTO 61
was added to stain nucleic acid for 15min. The cells were washed with
PBS and cell medium was added. The time-dependent internalization
was observed with a model LSM510 confocal laser-scanning microscope
(magnification 20×) using appropriate filters for FCN (excitation
340 nm, emission 360 nm), LysoTracker Green (excitation 504 nm,
emission 511 nm), and SYTO 61 (excitation 628 nm, emission 645 nm)
(Cabeza et al., 2017; Liaskoni et al., 2018).

For live/dead cell analysis, cell imaging was performed using cal-
cein-AM and PI staining. MDCK and MDA-MB-231 cells were incubated
in eight-well plates at 37 °C in the presence of PTX-MnO2/FCN (0.2mg/
mL) for 3 h. The prepared cells were stained with calcein-AM and PI and
imaged with a LSM510 confocal laser-scanning microscope (magnifi-
cation, 10×) to quantify the stained cells (live or dead).

Scheme 1. Schematic diagram of the PTX-loaded redox-controlled luminescence “off/on” system based on MnO2-loaded fluorescent carbon nanogel for tumor-
targeted delivery.
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2.8. Power analysis

Statistical analysis for cell viability was performed by G*Power 3
software using t-tests Post-hoc power analysis with the following inputs:
Tail(s)= Two; Effect size d= 3.149519; α error probability= 0.05;
sample size group 1= 3, sample size group 2= 3.

3. Results

3.1. Synthesis and characterization of redox-controlled fluorescent “off-on”
PTX-MnO2/FCN

HA is a polymer with excellent biocompatibility, and around 50% of
the total HA content of the body is present in the skin. However, HA is
difficult to use for in situ fluorescence bioimaging and may not allow
control of drug loading and release. We hypothesized that the modified
fluorescent nanogel based on the disulfide-crosslinked HA may have
desirable properties for bioimaging and drug delivery. With the cou-
pling of the MnO2 nanosheet, FRET may make the system more selec-
tive and allow control over the fluorescence “off/on” system upon ex-
posure to high concentrations of GSH. To develop a smart drug delivery
matrix for the creation of a redox-responsive DDS with therapeutic
capabilities, HA was modified using a disulfide bond and carbonized to
obtain HA-based FCN. The disulfide bond acted as a crosslinker and
maintained the stability of the structure to facilitate drug loading and
imparted a redox-responsive property. To enhance the redox-responsive
capabilities and selectivity, MnO2 was loaded onto the cross-linked FCN
to fabricate a fluorescence “off/on” nanogel system (Wang et al., 2015;
Meng et al., 2009; Chen et al., 2017; Li et al., 2011). The fluorescence is
turned “off” after the loading of MnO2 nanosheets and is turned “on” in
response to high GSH concentrations. Thus, this system functions as a
potential redox-responsive sensor by reducing MnO2 to Mn2+ (Chen
et al., 2014). The crosslinking site in this nanocarrier may, therefore,
regulate the selectivity to GSH to deliver PTX specifically to tumor sites.
The detailed synthesis process of the redox-responsive FCN for ther-
agnosis applications as a targeted DDS with enhanced drug delivery
efficiency and cancer bioimaging properties is illustrated in Scheme 1.

The structure of the DDS was confirmed by 1H NMR spectroscopy as
shown in Fig. 1(a). The data demonstrated the difference in PTX profile
before and after treatment with 10mM GSH. Aromatic peaks at
7.5–8 ppm were present after the loading of PTX but disappeared after
GSH treatment, indicative of the release of the drug (Kim et al., 2018).
The peak at 3.5–4.5 ppm, representing HA, was sharper in the absence
of the drug but was lower in the presence of PTX, demonstrating the
successful loading and unloading of PTX (Kim et al., 2017). For further
investigation, UV–vis spectroscopy was used to characterize absorption
properties. As shown in Fig. 1(b), the broad UV–vis absorption spectra
of MnO2 nanosheets could be recognized at approximately
360–550 nm. After PTX loading, a new absorbance peak was observed
at 250 nm, which suggested PTX attachment. The overall absorbance
increased after drug loading, indicating that PTX was attached to the
DDS but had no influence on the MnO2 absorbance peak (Kim et al.,
2017; Ou et al., 2017). In addition, the fluorescence properties were
investigated using photoluminescence spectroscopy. FCN was con-
firmed as a luminescence material, as evident from the high photo-
luminescence (PL) intensity peak in Fig. 1(c). However, the fluores-
cence intensity suddenly dropped due to the quenching effect from
MnO2 FRET, which set the overall system into the fluorescence “off”
state (Wang et al., 2015). The PL spectrum of PTX-MnO2/FCN remained
low, indicating that PTX had no influence on the fluorescence of the
material. After GSH treatment, the fluorescence of the system was
turned “on” owing to GSH reactivity that reduced MnO2 to Mn2+.
Hence, the MnO2 quenching effect vanished while simultaneously
breaking down the disulfide bond to increase the signal intensity, re-
flective of the opening of the FCN structure (Meng et al., 2009). The
increase in the fluorescence signal after GSH treatment indicated the

cleavage of the disulfide bond of FCN, consistent with the decrease in
the particle size of FCN. The surface area of FCN was elevated, which
enhanced the emission intensity (Mazrad et al., 2018). PTX-MnO2/FCN
displayed a decay time of 3.3 ns, as evident from the quenching effect
by FRET. However, GSH treatment extended the lifetime of the nanogel
to 13.0 ns, indicative of the fluorescence switch “on” behavior, as de-
monstrated in Fig. 1(d).

Size is an important aspect that determines the theragnostic prop-
erties of a DDS and its behavior in circulation. Successful intravenous
delivery necessitates the use of nanoparticles with sizes below 300 nm
(Gupta, 2016; Danaei et al., 2018). Therefore, dynamic light scattering
(DLS) analysis was used to quantify the hydrodynamic diameter of FCN,
MnO2/FCN, and PTX-MnO2/FCN. The results are shown in Fig. 2(a).
FCN samples exhibited a particle size of approximately 123.1 nm,
which increased to 169.1 nm after the attachment of the MnO2 na-
nosheets to the FCN matrix. After PTX loading, the size further in-
creased to 189 nm because of the aggregation of drug molecules and
matrix via the hydrophobic interaction between PTX and FCN. As
shown in Fig. S1, the zeta potential of FCN in PBS 7.4 was −16.17mV,
which became more negative after the attachment of MnO2 and PTX in
MnO2/FCN and PTX-MnO2/FCN (−20.35 and −23.99mV, respec-
tively). The morphological structures of FCN, MnO2/FCN, and PTX-
MnO2/FCN after GSH treatment were observed by TEM, as shown in
Fig. 2(b). Attachment of MnO2 nanosheets to the FCN structure could be
clearly differentiated. FCN displayed a spherical shape with a 0.25 nm
lattice spacing that changed to a layer-like form after the attachment of
MnO2. The FCN lattice structure was retained, which was attributable
to the encapsulation of FCN by MnO2 Treatment with GSH reduced the
particle size due to the cleavage of the disulfide bonds and opening of
the structure by GSH. The structure of FCN was similar to that of a
graphene lattice, as most of the lattice spacing was 0.33 nm. To explain
the redox-responsive behavior, XPS was conducted. The XPS wide-scan
spectra of PTX-MnO2/FCN before and after GSH treatment showed
peaks at 285 and 400 eV (Fig. 2(c)), which were specific to C and O
elements, respectively. Furthermore, Mn 2p peaks appeared in un-
treated PTX-MnO2/FCN. The GSH environment affected MnO2 na-
nosheets by reducing MnO2 to Mn2+ via an electron-exchange me-
chanism, as evident from the disappearance of Mn 2p peaks at
630–660 eV, indicative of the release of MnO2 nanosheets from FCN
(Gupta, 2016). Moreover, the S 2p survey indicated that GSH treatment
also cleaved the disulfide bonds, as evident from the decrease in the
binding energy from 164 eV (specific to SeS bond) to 162 eV, which is
specific to SeH bonds (Castner, 1996). In contrast, the C 1s XPS narrow
scan spectra for DDS before and after GSH treatment revealed peaks at
283, 284.3, 284.6, and 288.3 eV, reflecting the C=C, C=N, CeC, and
O-C=O peaks, respectively. C=C was the highest peak, indicating that
most of the FCN structures contained carbon double bonds. Overall,
XPS analysis determined the structure of MnO2/FCN and PTX-MnO2/
FCN species and confirmed MnO2 reduction and disulfide cleavage in
the presence of GSH.

3.2. PTX loading into MnO2/FCN and release kinetics of PTX from PTX-
MnO2/FCN

For a better understanding of redox sensitivity, FL spectra and DLS
histograms of FCN, MnO2/FCN, and PTX-MnO2/FCN at different GSH
concentrations and time points were analyzed. As shown in Fig. S2, the
FCN size reduced, and its fluorescent intensity slightly increased after
the addition of GSH, indicative of the cleavage of disulfide bonds in the
FCN system. In contrast, MnO2/FCN showed distinguished phenomena
in the presence of different concentrations of GSH, as displayed in
Fig. 3(a). After treatment with 10mM GSH, the size of MnO2/FCN
decreased from 170 to 100 nm during the first 2 h and remained stable
until 24 h because of the complete cleavage of the disulfide bond and
reduction of MnO2 nanosheets. The size of PTX-MnO2/FCN was simi-
larly reduced from 200 to 100 nm in 2 h and was maintained for 24 h.
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MnO2/FCN detection properties indicated a remarkable performance
(Fig. 3(c)). At 0mM GSH, the fluorescence was completely “off”, even
at 24 h, which explains the structural stability of the molecule. How-
ever, the fluorescence intensity started to increase after treatment with
GSH because of the release of MnO2 and cleavage of disulfide bonds,
especially within the first 5 h. The intensity slightly increased after 5 h
until 24 h, which indicated the stability of the fluorescence. Despite
PTX loading, PTX-MnO2/FCN showed good detection behavior, given
that the fluorescence of the system was completely quenched in the
absence of GSH and was eventually switched “on” in the presence of
GSH and remained stable until 24 h.

To investigate the response to stimuli, the drug release profile was
monitored using UV–vis spectroscopy by examining the change in ab-
sorbance over time (Kang et al., 2017). The PTX-MnO2/FCN loading (%
LC) and encapsulation efficiency (%EE) were 2.9731% and 94.0350%,
respectively. The release of PTX from the PTX-MnO2/FCN matrix in the
presence of different concentrations of GSH was investigated (Fig. 4(a)).
PTX was entrapped and failed to be released from the MnO2/FCN
system in the absence of GSH due to the lack of the reduction-oxidation
reaction between MnO2 and GSH, as well as the cleavage of disulfide
bonds. However, the increase in the concentration of GSH resulted in a
gradual increase in drug release. Approximately 80% of the drug was
delivered within 5 h after treatment with 10mM of GSH. This result
indicated the opening of MnO2 layers and the cleavage of the disulfide
bond of PTX-MnO2/FCN (Hu et al., 2015b). Most DDSs rely on the use
of dyes, such as fluorescent dyes (either conjugated or loaded into the

matrices), for breast cancer cell diagnosis. However, the PTX-MnO2/
FCN system exhibited the fluorescence “off/on” behavior without the
use of dyes and showed excellent redox-responsive fluorescence emis-
sion after exposure to the GSH level reported in breast cancer cells. In
addition, the system had a higher encapsulation efficiency than the
reported micelle or polymeric drug carriers and also had excellent
sensitivity toward GSH (Tripodo et al., 2015; Zhang and Feng, 2006;
Peng et al., 2016). To determine the uptake behavior, flow cytometry
analysis was performed. MDCK and MDA-MB-231 cells were first
evaluated without treatment, as shown in Fig. 4. Among the several cell
types available, three kinds of cells are frequently used for breast cancer
cells research—MCF7, T47D, and MDA-MB-231 (Dai et al., 2017). Of
these three, MDA-MB-231 cells displayed better internalization of HA-
based nanoparticles due to the overexpression of CD44, which is a
surface marker and transmembrane hyaluronan receptor (Yang et al.,
2015; Youm et al., 2014). Moreover, to confirm the HA system beha-
vior, validation using one normal cell line and one cancer cell line has
been previously reported (Youm et al., 2014; Kong et al., 2018; Zhang
et al., 2018). Based on this information, MDCK and MDA-MB-231 cells
were chosen for an in vitro analysis (Smith and Cai, 2012). At 0mM
GSH, PTX-MnO2/FCN treatment of MDCK cells displayed no shift in
signal intensity, which explained the material quenching state in
normal cells (Fig. 4(b)). However, MDA-MB-31 cells treated with PTX-
MnO2/FCN demonstrated an increase in fluorescence intensity, as
presented in Fig. 4(c), indicating that the nanomaterials were bound to
MDA-MB-31 cells. The FCN derived from the disulfide-crosslinked HA

Fig. 1. (a) 1H NMR spectra (400MHz, DMSO‑d6) of MnO2/FCN (upper panel), PTX-MnO2/FCN (middle panel), and PTX-MnO2/FCN after GSH (10mM) treatment
(lower panel). (b) UV–vis absorption spectra and (c) PL spectra of FCN, MnO2/FCN, and PTX-MnO2/FCN, as well as PTX-MnO2/FCN after treatment with 10mM GSH
(Ex 340 nm, Em 360 nm). (d) Fluorescence lifetime curve of the synthesized drug delivery system at a wavelength of 350 nm (n=3).

C.A. Choi, et al. European Journal of Pharmaceutical Sciences 134 (2019) 256–265

260



demonstrated specific targeting to CD44 receptors and showed high
fluorescence intensity, which was quenched at a wavelength of
360–600 nm owing to the attachment of MnO2 nanosheets. The uptake
of PTX-MnO2/FCN depended on HA mobility and attachment to the
CD44 receptor, which in this case was hindered by the MnO2 nanosheet.
Treatment with 10mM GSH resulted in the reduction of the MnO2

nanosheet to Mn2+, and this exposed the FCN inside the PTX-MnO2/
FCN. The mobility of FCN was recovered, evident by the increased
cellular uptake of MDCK and MDA-MB-231 (Fig. 4(d) and (e)) (Shu
et al., 2018). A stronger fluorescence intensity was observed in MDA-
MB-231 treated cells (Fig. 4(e)), A stronger fluorescence intensity was
observed in MDA-MB-231 treated cells (Fig. 4(e)), which was due to the
selective targeting of HA and the overexpressed CD44 receptor on
cancer cells, as compared to MDCK cells (Fig. 4(d)) (Yang et al., 2015;
Zhang et al., 2018).

3.3. Cytotoxicity assay and confocal imaging of PTX-MnO2/FCN

To investigate the biocompatibility and toxicity of the particles, the
MTT cell viability assay was performed with MDCK and MDA-MB-231
cells. MnO2/FCN showed good biocompatibility with both cells at
concentrations ranging from 0.001 to 1mg/mL in the absence or pre-
sence of GSH (Fig. 5(a)). After the loading of PTX, MDA-MB-231 cell
viability was reduced to 20% in the presence of 1mg/mL PTX-MnO2/
FCN and 0mM GSH, while MDCK cells retained good viability. How-
ever, the treatment of both cell types with 10mM GSH resulted in de-
creased viability due to the release of PTX, which was toxic to both
normal cells and tumor cells. To further confirm these effects, the live/
dead cell analysis was conducted after the treatment of cells with 1mg/
mL PTX-MnO2/FCN, as was used for the MTT assay. MDCK and MDA-
MB-231 cells survived (green color) after the treatment with MnO2/
FCN in the presence of 0 and 10mM GSH (Fig. 5(b)), indicative of the

Fig. 2. (a) Dynamic light scattering measurement of FCN, MnO2/FCN, and PTX-MnO2/FCN (concentration of 1mg/mL). (b) Transmission electron microscopy of
FCN (left), PTX-MnO2/FCN (middle), and 10mM GSH-treated PTX-MnO2/FCN (right). (c) X-ray photoelectron spectroscopy survey scan of Mn 2p, S 2p, C 1s, spectra
before and after GSH treatment.
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Fig. 3. Dynamic light scattering histograms of (a) MnO2/FCN and (b) PTX-MnO2/FCN at different concentrations of GSH. Time-dependent fluorescence emission
intensities of (c) MnO2/FCN and (d) PTX-MnO2/FCN at different GSH concentrations (n=3).

Fig. 4. (a) In vitro release profile of PTX from PTX-MnO2/FCN at different concentrations of GSH in PBS (pH 7.4). Flow cytometry analysis of the cellular uptake of
PTX-MnO2/FCN in MDCK and MDA-MB-231 cells before (b and c) and after treatment with 10mM glutathione (d and e).
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good biocompatibility of the system. The therapeutic effect of PTX-
MnO2/FCN in MDA-MB-231 cells is displayed in Fig. 5(b). Most of the
cancer cells were dead (red color) in the absence and presence of
10mM GSH. The results were confirmed by flow cytometry detection of
cell apoptosis using Annexin-V/PI staining (Lien et al., 2013). As shown
in Fig. 5(c), PTX-loaded into the drug delivery matrix increased the
population of cells in the early and late stages of apoptosis. The uptake
of PTX-MnO2/FCN by cells resulted in an increase in the number of
MDCK cells in early and late apoptosis from 0.167% and 0.214% to
28.023% and 2.486%, respectively, reflecting the toxicity of PTX. MDA-
MB-231 cancer cell populations displayed higher numbers of cells in
early and late apoptosis stage (from 0.149% and 0.224% to 48.207%
and 9.456%, respectively) than did MDCK cell populations. In addition,
the percentage of necrotic cells increased from 0% to 3.4%, indicating
that our DDS had excellent selectivity and is suitable for anticancer
therapy.

Due to MDA-MB-231intracellular GSH concentration, the cells in-
cubated with PTX-MnO2/FCN emitted fluorescence whether in the
presence and absence of environment GSH as shown in Fig. S3. MDA-

MB-231 breast cancer cells, which contain higher concentrations of
GSH than MDCK cells, only emitted fluorescence after treatment with
10mM GSH. Confocal imaging showed that the cellular internalization
and imaging properties of PTX-MnO2/FCN were different over time in
MDA-MB-231 cells (Fig. 6). The internalization of PTX-MnO2/FCN was
investigated using LysoTracker Green (lysosomal compartment) and
SYTO 61 (nucleus) staining by the merged signal between the marker
and the carbon nanogel (Zhitomirsky et al., 2018; Wlodkowic et al.,
2008; Fan et al., 2012). In the first 30min, PTX-MnO2/FCN displayed a
weak fluorescence signal because of the limited uptake of PTX-MnO2/
FCN by MDA-MB-231 cells. The fluorescence intensity continuously
increased thereafter in association with the high concentration of GSH
in cancer cells, indicating that the nanomaterial had already accumu-
lated inside the cells. However, the internalization was reduced due to
the escape of the drug carrier from liposomal vesicles into the cyto-
plasm, which gradually diminished the fluorescence signal between 4 h
and 6 h (Choi et al., 2018; Thompson et al., 2012).

Fig. 5. (a) MTT assay of in vitro viability of MDCK and MDA-MB-231 cells treated with PTX-MnO2/FCN in the presence of GSH. (b) Live and dead cell imaging. (c)
Flow cytometry of cell apoptosis after PTX-MnO2/FCN uptake (control: cells in PBS solution without PTX-MnO2/FCN, n=3).
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4. Conclusion

In this study, we demonstrate the successful synthesis of a PTX-
loaded redox-responsive FCN based on in situ carbonized HA as a breast
cancer cell-targeting and bioimaging system. The DDS matrix avoids
issues of premature drug release after entering the human bloodstream
under normal conditions, reflecting the presence of disulfide bonds and
MnO2 attachment that respond only to high redox potential. PTX-
MnO2/FCN selectively delivers the drug to cancer cells and initiates the
therapeutic process by opening the structure and releasing the drug in
response to a high GSH level. The fluorescence nanogel shows excellent
biocompatibility and specific targeting properties to tumor cells
without any significant impact on normal cells. PTX-MnO2/FCN ex-
hibits stable fluorescence intensity after GSH treatment, indicative of its
potential as a biosensor. Despite the advantages for bioimaging, this
system will more suitable for trigger-induced use if it can differentiate
between tumor and normal cells due to the change in the fluorescence
color in response to GSH. Additional electrochemical characterization is
needed to improve the detection properties of the system, along with a
preferable limit of detection value. Finally, the newly developed PTX-
MnO2/FCN as a smart DDS is a potentially valuable redox-responsive
bioimaging material with simultaneous therapeutic properties for
medical applications.
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