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covalently linked carbon dots conjugates
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Tumor microenvironment responsive drug delivery systems are potential approaches to reduce the acute

toxicity caused by high-dose cancer chemotherapy. Notwithstanding the conventional nano-drug deliv-

ery systems, the redox and pH stimuli drug delivery systems are currently gaining attention. Therefore, the

current study was designed to compare three different covalent carbon dots (C-dots) systems based on

doxorubicin (dox) release profiles and cancer cell viability efficacy under acidic and physiological con-

ditions. The C-dots nanosystems that were examined in this study are directly conjugated (C-dots-dox),

pH triggered (C-dots-HBA-dox), and the redox stimuli (C-dots-S–S-dox) conjugates. The drug loading

content (DLC%) of the C-dots-S–S-dox, C-dots-HBA-dox, and C-dots-dox was 34.2 ± 0.4, 60.0 ± 0.3,

and 70.0 ± 0.2%, respectively, that examined by UV-vis spectral analysis. The dox release paradigms were

emphasized that all three conjugates were promisingly released the dox from C-dots faster in acidic pH

than in physiological pH. The displayed highest dox released percentage in the acidic medium was 74.6 ±

0.8% obtained by the pH stimuli, C-dots-HBA-dox conjugate. When introducing the redox inducer,

dithiothreitol (DTT), preferentially, the redox stimuli C-dot-S–S-dox conjugate demonstrated a faster dox

release at acidic pH than in the pH 7.4. The SJGBM2 cell viability experiments revealed that the pH stimuli,

C-dots-HBA-dox conjugate, displayed a significant cell viability drop in the artificially acidified pH

6.4 medium. However, in the physiological pH, the redox stimuli, C-dots-S–S-dox conjugate, was prom-

ising over the pH stimuli C-dots-HBA-dox, exhibiting cell viability of 60%, though its’ efficacy dropped

slightly in the artificially acidified pH 6.4 medium. Moreover, the current study illustrates the stimuli conju-

gates’ remarkable efficacy on sustain drug release than direct amide linkage.

1. Introduction

The development of drug delivery systems for cancer pathology
has been gradually implemented using various nano-moieties.
Over the past few decades, the targeted nano-drug delivery
platforms have been recognized as promising treatment
methods to overcome conventional chemotherapy obstacles.1–3

To avoid the severe side effects of nano-motifs, the use of bio-
compatible and biodegradable materials is predominantly
essential.4 Thus, the carbon dots (C-dots) are superior candi-
dates for the nontoxic drug delivery systems. Carbon dots are
multifunctional nanomaterials that enable bioimaging, tar-
geted drug delivery, and multiple drug loading facility. The
characteristically unique features that made C-dot a rising star

in nanomedicine are excellent biocompatibility, non-toxicity,
smaller size (less than 10 nm), and wavelength-dependent/
independent emission.5–8 However, C-dots’ potential use in
pH or redox triggered systems are limitedly reported up to
date. Thus, in this study, we engineered to optimize the sus-
tained drug release by three different nanosystems that are co-
valently linked to carbon dots.

Targeted drug delivery systems enhance drug carriers’ cellu-
lar internalization through a specific interaction between tar-
geting ligands and corresponding receptors on the tumor
surface. However, the targeted drug delivery approaches have
two main disavantages: (1) The targeting ligands can be recog-
nized by endothelial cells directly or through opsonins, which
induces the clearance of nanoparticle systems by the blood
circulation.9,10 (2) The corresponding receptors for the target-
ing ligands are not expressed only by tumor cells but also by
the healthy cells, which ultimately can cause side-effects to
healthy cells.11 Therefore, parallel to the targeted drug delivery
systems, the researchers tend to explore new nano-therapeutic
strategies to minimize acute toxicity. The drug delivery systems
could be designed to acquire sustained drug release by
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responding to a particular stimulus such as temperature, ultra-
sound intensity, magnetism, redox, and pH.12–14 Among all
the incentives, the pH or redox-sensitive drug release systems
have significant potential to enhance the therapeutic efficacy
due to the existing pH differences between normal physiologi-
cal pH and acidic tumor microenvironment as well as the con-
centration differences of the reducing agent glutathione
(GSH).15

The propensity of tumors to invade acidic microenviron-
ments is due to the fast cell proliferation. The higher prolifer-
ation rate tends to increase glucose uptake and metabolism,
leading to enhanced lactate and H+ production.16 The high
production and export of H+ ions in tumors result in an acidic
extracellular microenvironment in malignant tumors com-
pared to healthy cells.17 During the tumor progression, the
highly produced H+ ions flow through a concentration gradient
from tumor tissues into healthy tissues resulting in a tumor
remodeling in the tumor-stroma interface.18 As a result, the
toxic acidic environment causes the degradation of the healthy
extracellular matrix by proteinases and ultimately inhibits the
immune response to tumor antigens.19,20 Consequently, when
a healthy cell dies, the extracellular matrix will deteriorate,
resulting in tumor cells’ occupation and proliferation in this
open space. Finally, the enhanced evolutionary capacity and
adaptive nature of the tumor cells dominate while enhancing
the survival and proliferation within the acidic environment.21

Glutathione (GSH) is a reducing agent and an antioxidant
found in the cytosol and a tripeptide made up of glutamate,
cysteine, and glycine. GSH is more prominent in acting as a
reducing agent than an antioxidant, and 1–15 mM concen-
tration can be found in cells. GSH prevents the cellular
damage caused by reactive oxygen species (ROS) such as free
radicals and peroxides.22 Glutathione involves many physio-
logical actions, including cancer cell death via apoptosis,
necrosis, and autophagy.23 As a result, elevated levels of GSH
concentration can be found in tumor cells.24,25 However, as a
constraint of the elevated levels of GSH, the cancer cell
becomes resistant to chemotherapeutic agents such as doxo-
rubicin and platinum compounds. Despite all the physiologi-
cal roles of GSH, it is also known to be involved in disulfide
bond reduction of native proteins and non-native proteins
resulting from oxidative stress.26,27

Among the most popular hydrolytically labile bonds, such
as imine, oxime, acetal, or orthoester, the hydrazone bond was
specific due to its’ responsive acuteness and the facile conju-
gation ability on C-dots.28,29 According to the previous studies,
the faster drug release rate with the hydrazone linkage was
observed in the pH range of 5–6.30 Even though the hydrazone
bond is widely used in nanoparticles and polymeric pH-
responsive systems, C-dots nanoplatforms are minimal.31–34

Yang et al. have used the hydrazone bond to fasten the dox on
amine-functionalized C-dots and reported promising results
on low pH dox release rates.34 Yang et al. reported that the
hydrazone bond linked dox was released from the C-dots faster
at pH 5.5 than at 7.4. However, the study was not considered
the effect of redox conditions on the hydrazone bond cleavage.

Thus, in the current study, we examined the effect of redox
conditions on pH stimuli conjugate. Even though the redox
stimuli, drug release systems are widely popular in polymer
nanosystems, pointedly low in C-dots.27,35,36 Chen et al. was
reported a redox responsive dox delivery system of a nanopor-
ous silica system.37 They illustrated the higher efficacy of the
disulfide cleavage and dox release rates under the conditions
of 10 mM GSH at pH 5.0.37 Hence, we introduce the redox
stimuli system for the nontoxic C-dots and investigate the
efficacy under DTT mediated acidic and physiological con-
ditions as well as in cell media.

Over the past few years, we have reported the black C-dot as
a promising drug delivery nanomotif, which can undergo
covalent attachments.6,8 The current study focuses on the com-
parative analysis of drug release profiles, of three different co-
valently bonded C-dots conjugates, under the stimuli con-
ditions (pH and redox). Subsequently, the efficacy in the glio-
blastoma brain tumor cell-line, SJGBM2, was analyzed. Dox
was covalently conjugated onto C-dots via an acid-labile hydra-
zone linkage and a redox stimuli disulfide linkage (Fig. 1). The
pH stimuli C-dots nanosystem was synthesized by covalently
conjugating dox onto C-dots via acid-sensitive hydrazone
linkage using hydrazinobenzoic acid (HBA). The redox stimuli
carbon dots system was synthesized by conjugating dox on
C-dots through S–S bond using 3-[(2-aminoethyl)dithio]propio-
nic acid. HCl (AEDP). pH and redox stimuli conjugates were
compared to the direct conjugated C-dots-dox conjugate.

2. Materials

Carbon nanopowder (<100 nm), 4-hydrazinobenzoic acid
(HBA), N-hydroxy succinimide (NHS), 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide hydrochloride (EDC), dithiothrei-
tol (DTT), and lactic acid were bought from Sigma Aldrich
(St Louis, MO). ACS grade sulfuric acid (98%) and nitric acid
(68–70%) were obtained by ARISTAR (distributed by VWR,
Radnor, PA). ThermoFisher Scientific (Waltham, MA, USA) pro-
vided the dialysis tubing with molecular weight cutoff
(MWCO) 3500 Da, and the (3-[(2-aminomethyl) dithiolpropio-
nic acid) (AEDP). Doxorubicin hydrochloride was bought from
TCI chemicals (Portland, OR, USA). The de-ionized (DI) water
purification system, MilliQ3 was purchased from
MilliporeSigma (Burlington, MA) which has a resistivity of 18
MΩ·cm and surface tension of 72.6 mN m−1 at 20.0 ± 0.5 °C.
The pediatric brain tumor cell line, SJGBM2, was procured
from Childrens’ Oncology Group (COG, Lubbock, TX). Cell
lines were cultured in RPMI-1640 (ThermoFisher Scientific,
Waltham, MA, USA) and supplemented with 10% heat-inacti-
vated fetal bovine serum and 1% penicillin–streptomycin,
which were purchased from Gemini Biosciences (West
Sacramento, CA). LookOut mycoplasma PCR detection kit
from Sigma Aldrich (St Louis, MO) was used to routinely test
all the cell lines per the manufacturers’ instructions and main-
tained at 37 °C in a humidified 5% CO2 incubator.
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3. Methodology
3.1. Synthesis of carbon dots

Carboxylic acid-functionalized C-dots were synthesized by fol-
lowing Li et al. via the acidic oxidation.38 In brief, carbon
nanopowder, 1 g was mixed with sulfuric acid (36 mL) and
nitric acid (12 mL) in a round bottom flask. The mixture was
refluxed for 15 h at 110 °C in an oil bath. After the reflux, the
mixture was cooled down to room temperature, and the
unreacted acids were neutralized by using a saturated sodium
hydroxide solution (pH 14). The neutralization was carried out
in an ice bath. The mixture was vacuum filtered to remove the
unreacted carbon powder, and the supernatant was kept in an
ice bath to precipitate the unwanted salts. A piece of sodium
sulfate was added to avoid the super-saturation. The step of
unwanted salt filtration was repeated twice. The mixture was
followed by washing with chloroform (60 mL) three times to
remove organic wastes. The purified solution was centrifuged
at 3000 rpm for 30 minutes. The centrifuged solution was
transferred to a 3500 Da molecular weight cut off (MWCO)
dialysis membrane and dialyzed against 4 L of de-ionized
water for 5 days while replacing the water for every 4–10 h.
Finally, the purified C-dots solution was placed in the rotovap
to evaporate off the water and acquire the powdered C-dots.

3.2. Synthesis of pH stimuli, C-dots-HBA-dox

The covalent conjugation of acid-sensitive HBA and C-dots was
initiated by dissolving 8 mg of C-dots in 2 mL of PBS. Then

4 mL of HBA/DMSO solution (9.5 mg mL−1) was added into
the C-dots solution. A drop of glacial acetic acid was added to
acidify the reaction medium. The reaction mixture was stirred
at room temperature for 72 h. The solution was then trans-
ferred into a 3500 Da MWCO dialysis membrane and dialyzed
for three days against de-ionized water. The purified C-dots-
HBA solution was transferred into a round bottom flask for
the conjugation of dox. The 1 mL of EDC/PBS solution
(17.7 mg mL−1) was added into the purified C-dots-HBA solu-
tion, and after 30 min, 1 mL of NHS/PBS solution (10.68 mg
mL−1) solution was followed. Later in 30 min, the dox/DMSO
(4.72 mg mL−1) solution was added to the mixture. The
mixture was stirred overnight and followed by the dialysis for
three days using the 3500 Da MWCO dialysis membrane. After
the purification, the solution was frozen at −80 °C and lyophi-
lized to obtain the powdered C-dots-HBA-dox conjugate.

3.3. Synthesis of redox stimuli, C-dots-S–S-dox

An 8.0 mg of C-dots was dissolved in 2 mL of PBS. The EDC/
PBS solution (17.7 mg mL−1) was added to the C-dot solution,
and 30 min later, 1 mL of NHS/PBS solution (10.68 mg mL−1)
was introduced. The 1 mL of AEDP/DMSO solution (6 mg
mL−1) was added after 30 min. The mixture was stirred over-
night and purified for 3 days by using the 3500 Da MWCO
dialysis membrane. After the purification, the C-dots-AEDP
conjugate was reacted with dox via the EDC/NHS coupling con-
jugation method. The same amount of EDC and NHS was
added, as described in section 3.1. The dox/DMSO solution

Fig. 1 Schematic illustration of the bond anatomy of each conjugate. The diagram represents only the 1 : 1 : 1 ratio of the C-dot: stimuli linkage:
dox.
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(4.72 mg mL−1) was introduced to the mixture after 30 min of
NHS addition. The mixture was stirred overnight and purified
with de-ionized water by using the 3500 Da MWCO dialysis
membrane. The purified solution was frozen at −80 °C and
then lyophilized to obtain the powdered redox stimuli, C-dots-
S–S-dox conjugate.

3.4. Synthesis of directly conjugated, C-dots-dox

The C-dot-dox conjugate synthesis was initiated by dissolving
8.0 mg of C-dots in 2 mL of PBS solution. As mentioned in 3.1,
the EDC and NHS were added in the same amounts at the
same time intervals. The 4.72 mg of doxorubicin (pre-dis-
solved in 1 mL of DMSO) was introduced into the mixture
30 min later of the NHS’s addition. The solution was stirred
overnight and dialyzed by using the 3500 Da MWCO dialysis
membrane. The powdered C-dots-dox conjugate was obtained
by the freeze-drying technique.

3.5. In vitro drug release

3.5.1 pH effect. The dialysis technique was used to analyze
the release profile of doxorubicin from C-dots conjugates at
pH 7.4 and 5.5, respectively. The nano-complexes (2 mg) were
dispersed in 2 mL PBS and then were sealed in a dialysis mem-
brane. Each dialysis membrane was immersed in 30 mL of PBS
solutions at each pH. Subsequently, the dialysis membranes
were continuously stirred at 37 °C. A 1 mL of the PBS was with-
drawn from the bulk solution at specific time intervals while
replacing it with 1 mL of fresh PBS from the relevant pH. The
released doxorubicin concentration was quantified by the UV-
vis spectroscopic absorptions at 480 nm.

3.5.2 Redox effect. Cumulative doxorubicin release percen-
tages were quantified using the dialysis technique at each pH
in the presence of DTT, which mimics the glutathione in bio-
logical systems. As mentioned in section 3.4.1, the nano-com-
plexes (2 mg) were dispersed in 2 mL PBS and then were
sealed in a dialysis membrane. Each dialysis membrane was
immersed in 30 mL of PBS solutions at each pH. Each PBS
solution at each pH was mixed with DTT at a final concen-
tration of 5 mM. Afterward, the dialysis membranes were con-
tinuously stirred at 37 °C, at specific time intervals, 1 mL of
the PBS was withdrawn from the bulk solution while replacing
it with the same amount of fresh PBS from the relevant pH.
The released doxorubicin concentration was quantified by the
UV-vis spectroscopic absorptions at 480 nm.

3.6. Cell viability

The pediatric brain tumor cell line, SJGBM2, was plated in 96
well plate with 1 × 104 cells per well, 24 h prior to the drug
treatment. Subsequently, the cells were treated with 0.1 µg
mL−1 of conjugates at physiological pH 7.4 and acidic pH
6.4 media. The cell medium was artificially acidified to obtain
pH 6.4 by introducing 6 µL of lactic acid (0.5 M) into each well.
Cells were treated with drug conjugates for 6, 24, or 72 h, and
viability determined by the MTS method. For the 6 and 24 h
periods, media/drug conjugate was removed and replaced with
fresh media, and viability was determined at 72 h from the

start of the experiment. Additionally, the cells were treated for
6 h under acidic conditions, and the media was replaced with
fresh pH 7.4 buffer solution. Subsequently, the viability was
determined after 72 h, using CellTiter 96® Aqueous One
Solution Cell Proliferation Assay (Promega) based on the man-
ufacturer’s instructions. Absorbance was measured at 490 nm
using a BioTek Synergy HT Plate reader. The represented data
is an average of three consecutive sets of experiments, and the
viability was calculated as the percent of non-treated cells.
Significance was determined using the Students T-test.
Different batches of C-dots-conjugates confirmed the consist-
ency of the data.

4. Characterization

The synthesized conjugates (20 µg mL−1) were analyzed in a
1 cm quartz cell using a UV-vis spectrometer of Shimadzu
UV-2600. The fluorescent emission spectra of the conjugates
were recorded by Horiba Jobin Yvon Fluorolog-3 using a slit
width of 5 nm for excitation and emission. The FTIR analysis
was performed on a PerkinElmer FTIR (Frontier) spectrometer
using the attenuated total reflection (ATR) technique. Each
characterization technique was repeated with three different
batches of C-dots-conjugates to verify the consistency of the
data and the stability of the conjugates.

5. Results and discussion

Stimuli conjugates were synthesized by two-step reactions,
whereas the C-dots-dox direct conjugation was a one-step reac-
tion. The C-dots-HBA-dox conjugate synthesis was initiated by
linking the carboxylic group (–COOH) of C-dot covalently with
the hydrazine group (–NH–NH2) of HBA. Subsequently, as the
second step, the carboxyl terminus of the HBA was coupled co-
valently to the primary amine of the dox to form the complete
pH stimuli, C-dots-HBA-dox conjugate. The synthesis of redox
stimuli, C-dots-S–S-dox, was initiated by linking the amine
terminal of AEDP to the –COOH group of C-dots, and in the
second step, the dox was conjugated on the –COOH terminal
of the AEDP. Both the ends of the AEDP were linked via the
EDC/NHS amide covalent coupling. The C-dox-dox direct con-
jugation was synthesized by conjugating the primary amine
group of dox on the –COOH group on C-dots via the EDC/NHS
coupling addition reaction. The conjugates were characterized
by UV-vis, fluorescence, and FTIR spectroscopy.

5.1. UV-vis and fluorescence spectroscopic analysis

The conjugates were characterized by the UV-vis and fluo-
rescence spectroscopies to verify the successful conjugation of
each linker and dox on C-dots. The presence of doxorubicin in
the conjugates of C-dots-S–S-dox and C-dots-dox was exhibited
by the characteristic doxorubicin absorption band 480 nm
(Fig. 2b and c), whereas in the C-dots-HBA-dox spectrum, the
doxorubicin peak was blue-shifted to 370 nm (Fig. 2a). The
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successful HBA conjugation on C-dots was exhibited by the
band overlap of free HBA and C-dots-HBA-Dox spectrums at
260 nm (Fig. 2a). The presence of S–S linkage on C-dots was
challenging to convince by the UV-vis spectral analysis due to
the UV inactiveness of AEDP. Hence the successful conjugation
of the S–S linker was confirmed by the FTIR spectral analysis.

The loaded doxorubicin concentration in each C-dot conju-
gate was analyzed by the UV-vis spectroscopy. The prominent
excitation of dox was detected at 480 nm; hence, the dox was
quantitatively assayed according to a calibration curve. The
drug loading content (DLC) was calculated by the following
formula:

DLC % ¼ Amount of dox conjugated on to C‐dots
Total amount of the conjugate

� 100

Triplicate UV-vis absorption measurements were carried out
from three different batches, and the average DLC% of the
C-dots-S–S-dox, C-dots-HBA-dox, and C-dots-dox were 34.2 ±
0.4, 60.0 ± 0.3, 70.0 ± 0.2%, respectively.

The fluorescence spectroscopic analysis was also deter-
mined by the successful conjugation of dox on C-dots. Dox
characterizes a couple of wavelength-independent emissions

peaks at 558 and 591 nm. The successful conjugation of the
dox was revealed by the appearance of typical dox bands in
each conjugates’ emission spectrum (Fig. 3a–c). Despite the
dox bands, the successful conjugation of HBA on C-dots was
also confirmed by the fluorescence spectral analysis. The
characteristic HBA band appeared at 391 nm (Fig. 3a) in the
C-dots-HBA-dox conjugate spectrum, which has 38 nm red-
shifted than the free HBA fluorescence band (Fig. 3d).

5.2. FTIR spectroscopic analysis

The FTIR spectrum of C-dots-HBA-dox exhibited the successful
conjugation of HBA on C-dots by the appearance of CvN
hydrazone vibration at 1692 cm−1 (Fig. 4a). However, according
to the literature, the characteristic CvN band for free HBA
appears at 1662 cm−1. The slight deviation of the HBA band
position in the C-dots-HBA-dox spectrum can be attributed to
the possibility of having new intermolecular interactions than
the free HBA.39 A strong S–S stretching band was observed at
the 546 cm−1 in the C-dots-S–S-dox conjugate (Fig. 4b and c).
Though the S–S band position of the conjugate depicted a
minor deviation from the AEDP S–S band position, the deep
band topology confirmed the successful conjugation of AEDP

Fig. 2 The UV-vis absorption spectral analysis of (a) C-dots-HBA-dox (b) C-dots-S–S-dox and (c) C-dots-dox. The 20 µg mL−1 samples were ana-
lyzed in a 1 cm quartz cell.
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on C-dots. Therefore, the FTIR spectral analyses were promis-
ingly confirmed the successful conjugation of HBA and the
AEDP on C-dots in each conjugate.

5.3. In vitro drug release

The amount of dox loaded onto each C-dots motifs was quanti-
tatively measured by using the UV-vis spectroscopic analysis.
The absorbance at 480 nm was measured in each conjugate
and calculated the percent DLC by a calibration curve. The
average DLC% for C-dots-S–S-dox, C-dots-HBA-dox, and C-dots-
dox was 34.2 ± 0.4, 60.0 ± 0.3, and 70.0 ± 0.2%, respectively.
The Dox release efficacy was investigated at pH 7.4 and 5.5 in
the presence or absence of DTT. The disulfide bond cleavage
induces chemically by DTT, which mimics the GSH in the bio-
logical system.

5.3.1. In vitro drug release (absence of DTT). C-dot conju-
gates were dissolved in PBS and sealed in dialysis membranes.
The sealed samples were dipped in pH 7.4 and 5.5 PBS
mediums at 37 °C for 25 h. At specific time intervals, 1 mL of
solution was withdrawn while replacing it with fresh PBS. The
cumulative dox release paradigms were plotted using the UV-

vis spectroscopic analysis, and each point represents the
average of triplicate measurements (Fig. 5).

Markedly, the dox release rates for all the conjugates were
faster under acidic conditions (pH 5.5) than in pH 7.4.
Compared to the three conjugates’ dox release behaviors in the
acidic medium, obviously, the pH triggered C-dots-HBA-dox
conjugate depicted faster and the highest cumulative dox
release percentages over the 25 h period. The displayed
highest cumulative dox released was 74.6 ± 0.8% by C-dots-
HBA-dox conjugate in the acidic condition, whereas it was 52.4
± 1.1% in the physiological pH 7.4 (Fig. 5). This demonstrates
the significant hydrolysis efficiency of hydrazone bonds in
acidic conditions. Hydrozones bonds tend to release the co-
valently bound payload in lower pH due to the imine nitrogen
protonation. Therefore, preferentially the pH stimuli conjugate
was significantly promising than the other two conjugates in
the acidic medium.

Notably, the second-highest cumulative dox release percen-
tage was displayed by C-dots-S–S-dox under the acidic con-
ditions. A 66.3 ± 1.0% of dox was released from the C-dots-S–S-
dox in the acidic medium, whereas 47.6 ± 1.9% was released in

Fig. 3 The fluorescence emission spectral analysis of (a) C-dots-HBA-dox, (b) C-dots-S–S-dox, (c) C-dots-dox, and (d) free HBA. The samples
(10 µg mL−1) were tested in a 5 nm slit width for excitation and emission.
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the pH 7.4 (Fig. 5). The correlation between pH and disulfide
bond stability explains the likelihood of S–S bond cleavage in
the acidic medium. The stability of the disulfide bond favors
the neutral or basic pH, and conversely, at the acidic pH, the
stability hinders, resulting in the obligation into the thiol for-
mation.40 Thus, not only the pH stimuli conjugate but the
redox stimuli conjugate also comparably significant in the
acidic medium even in the absence of DTT.

The observed lowest cumulative dox release percentage over
25 h period was 31.3 ± 0.9% displayed by the directly conju-

gated C-dots-dox conjugate in the acidic medium, and the
22.6 ± 1.1% was in the neutral pH (Fig. 5). This emphasizes
that the pH and redox stimuli conjugates are highly suscep-
tible to labile under acidic conditions than the direct conju-
gation. Even though the direct amide covalent linkage is more
vital not to cleave under acidic or physiological conditions, the
low percentage of dox release in this study can be explained by
the previously reported pH corresponded amide bond hydro-
lysis. The amide bond is highly stabilized when only forming
the planer resonance structures. The planar structure hinders

Fig. 4 The FTIR spectral analysis comparison of (a) C-dots-HBA-dox, dox, and HBA, (b) C-dots-S–S-dox, AEDP, and dox (c) the enlarged figure of
C-dots-S–S-dox conjugate.
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the free rotation that obstructs nucleophilic or electrophilic
attacks.41 However, the amide bond activation or the cleavage
can occur if it forms the inversely rotated or twisted distortion
susceptible to nucleophilic or electrophilic attacks. The
twisted rotations of the amide bonds have been evidenced
widely in cyclic non-planer bulky molecules.42–44 Thus, in this
study, the doxorubicin is a bulky molecule that contains
phenyl ring attached –NH2 groups that reacted with the
–COOH group of the C-dots. Therefore, while forming the
amide covalent bonds, some bonds might be formed as par-
tially distorted or twisted and non-planer, susceptible to elec-
trophilic attacks, which induces the hydrolysis/cleavage of the
amide bond for dox to release.45

Even though all the three conjugates displayed higher dox
release rates in the acidic medium, the pH and redox stimuli
conjugates markedly promising to use in tumor microenviron-
ments than the directly conjugated C-dots-dox.

5.3.2. In vitro drug release (with DTT). As discussed
earlier, the tumor microenvironment does not only low in pH
but also rich in GSH concentration. Therefore, we analyzed the
conjugates’ dox release behavior in the DTT medium. Fig. 6
illustrates the dox release paradigms of each conjugate at two
pHs, 7.4, and 5.5 in the presence of DTT. The DTT concen-

tration was 5 mM in each pHs’ buffer solution, which approxi-
mately mimics the concentration of GSH in healthy human
cells. Unlike the dox release rates in the absence of DTT, only
the C-dots-S–S-dox displayed a higher dox release percentage
in the acidic condition in the presence of DTT. Over the 25 h
period, 65.3 ± 2.2 and 71.2 ± 1.1% of dox were released from
C-dots-S–S-dox conjugate in the pH 7.4 and 5.5, respectively.
The released dox percentages from the redox stimuli, C-dots-S–
S-dox, were not considerably different in the acidic and physio-
logical pH. Thus, in both the pHs, rates of disulfide reductive
cleavages were likely-comparable, which conclusively suggests
that the DTT was stable in both the pHs over the period of
25 h and preferentially, the redox stimuli, C-dots-S–S-dox con-
jugate, favors the GSH rich environments.

5.4. Cell viability/cytotoxicity

The glioblastoma brain tumor cell line, SJGBM2, was treated
with C-dots-HBA-dox, C-dots-S–S-dox, or C-dots-dox under
physiological and acidic pH. The cell viability was measured
after 6, 24, and 72 h in the physiological pH and after 6 h in
the acidic pH 6.4. Fig. 7 elucidates the cell-viability percen-
tages of each conjugate at pH 7.4. The cell viability percentages
were elegantly demonstrated that the cytotoxicity enhancement

Fig. 5 The cumulative dox release paradigms of C-dots-HBA-dox, C-dots-S–S-dox, and C-dots-dox at pH 7.4 and 5.5. Each data point represents
the average of triplicate measurements, and the error bars represent the standard deviation. The data points that do not display the error bars indi-
cate a standard deviation of less than 1.0%.
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occurred with the incubation time increment. Compared to
the redox-stimuli, S–S linkage with the pH-stimuli, HBA
linkage, the redox-stimuli, S–S linkage displayed the lowest cell
viability 60% after 72 h. In terms of DLC% on each conjugate,
the C-dots-S–S-dox conjugate has the lowest DLC% of 34.2.
Hence, the C-dots-S–S-dox conjugate is tremendously efficient
in depleting the cell viability while having a lower drug
amount, which preferentially suggests the possibility of dis-
playing less acute toxicity to healthy cells. GSH/GSSG is the
most abundant redox couple in the cell that determines the
antioxidant capacity. As explained earlier, when the GSH con-
centration is higher than GSSG in the cell, the GSH : GSSG
ratio will be enhanced.27 As a result, the chemically degradable
disulfide materials can be cleaved through GSH by the GSH-di-
sulfide exchange reaction. Literature in vivo experiments
demonstrated that the tumor cells contain 4-fold higher GSH
concentration than the healthy cells.46 In facts, even though
this current experiment conducts only in vitro cell studies, the
higher cytotoxicity of C-dots-S–S-dox conjugate than C-dots-
HBA-dox conjugate demonstrates that the redox stimuli
linkage is better than the pH-stimuli linkage, preferentially
due to the presence of higher GSH concentration in the cytosol
of the SJGBM2 cell line. Moreover, compared to the cell viabi-

Fig. 6 The cumulative doxorubicin release profile of C-dots-S–S-dox, C-dots-HBA-dox, and C-dots-dox in the presence of DTT at pH 7.4 and 5.5.
Each data point represents the average of triplicate measurements, and the error bars represent the standard deviation. The data points that do not
display the error bars indicate a standard deviation of less than 1.0%.

Fig. 7 The cell viability percentages of the cell line, SJGBM2, after
treated with each C-dot conjugate. Cells were treated with a con-
centration of 0.1 µg mL−1 of each C-dot conjugate for 6, 24, or 72 h. %
cell viability was recorded by comparing to non-treated controls, *p <
0.05.
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lity depletion rates of pH and redox stimuli conjugates, both
the conjugates displayed a slow rate emphasizing both of the
conjugates are superior candidates for sustained drug release.
On the other hand, directly conjugated C-dots-dox conjugate
exhibited a drastic cell viability drop at 72 h than 24 h, poss-
ibly due to the uncontrollable dox release over time. Therefore,
the cell viability experiment at physiological pH indicated that
only the pH and redox stimuli conjugates are promising for
slow, sustained drug release while redox stimuli C-dots-S–S-
dox conjugate capable of displaying the lowest cell viability
than the pH stimuli conjugate over time.

Naturally, the tumor microenvironments are rich in acidic
conditions in the biological systems. However, to proceed with
the in vitro cell experiments in acidic conditions for an
extended period is challenging due to the cell proliferation
retardation enhancement. Thus, we examined the cell viability
differences of SJGBM2 after treating with each conjugate
(0.1 µg mL−1 concentration) only for 6 h at the acidic con-
ditions, at which the drug conjugates were removed and
replaced with fresh pH 7.4 media. The additional acidity was
created in the cell medium by introducing lactic acid, and the
pH of the medium was kept at 6.4. Preferentially, the pH
stimuli, C-dot-HBA-dox conjugate, displayed a significant cell
viability drop, from 18% compared to the pH 7.4 cell viability
percentage (Fig. 8). The C-dots-S–S-dox and C-dots-dox conju-
gates were displayed a 12 and 5% drop, respectively.
Surprisingly, the less cytotoxic behavior of the redox stimuli,
C-dots-S–S-dox conjugate, may be explained with several
reasons. Introducing lactic acid to the medium may enhance
the oxidative stress level in the cells, resulting in a higher ROS
production. GSH plays a pivotal role in the body as a ROS sca-
venger.47 Thus, the present GSH level in the cell could be more
likely to participate in the oxidative stress suppression to main-
tain the cellular redox homeostasis. This process leads to the

oxidation of GSH, resulting in the GSSG. Though the reduced
GSH could be salvage from GSSG by glutathione reductase
(GR), the GR levels are dramatically depleted in the oxidative
stress situations. Hence the GSSG deposition can be elevated
in the cell by limiting the reduced GSH levels.48 As a result,
the participation of the GSH in the disulfide cleavage could be
limited, which leads to the lower anti-cancer activity of the
redox stimuli, C-dot-S–S-dox conjugate. However, glutathione
monoester is a candidate for an artificial intracellular GSH
level enhancer in the in vitro experiments, though we have not
examined it in this research study.26

6. Conclusion

In summary, the dox release behavior of pH and redox stimuli
covalent conjugates were compared to direct conjugated C-dot-
dox. In vitro drug release was illustrated that the pH stimuli,
C-dots-HBA-dox conjugate released the maximum cumulative
dox amount of 74.6 ± 0.8% at acidic pH in the absence of DTT.
In contrast, in the presence of DTT, the redox-stimuli, C-dots-
S–S-dox conjugate was displayed the maximum cumulative dox
release of 71.2 ± 1.1% in the acidic pH 5.5. The cell viability
experiments in the pH 7.4 revealed that the redox and pH
stimuli conjugates were promising candidates for sustained
slow drug release. However, when the cell medium was artifi-
cially acidified to maintain the pH 6.4, only the pH stimuli,
C-dots-HBA-dox conjugate, notably dropped the cell viability.
The low anti-cancer efficacy of the redox stimuli, C-dots-S–S-
dox conjugate might probably be due to the depletion of
reduced GSH levels in the cells that, required for the disulfide
bond elevation. The redox stimuli, C-dots-S–S-dox conjugate,
was exhibited the lowest cell viability of 60% at the physiologi-
cal pH though its’ efficacy dropped slightly in the artificially
acidified medium. In the acidic medium preferentially, the pH
stimuli conjugate displayed the highest cell viability drop from
18% compared to the pH 7.4 cell viability. However, overall,
the use of stimuli controlled ligands in nano-drug delivery
platforms may improve the anti-cancer efficacy even though
the DLC% is low. Moreover, the stimuli triggered nanosystems
may enhance the sustained drug release suggesting the low
acute toxicity to healthy cells.
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