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ARTICLE INFO ABSTRACT

Keywords: In this work, we offer an easy approach to develop a novel injectable, pH sensitive and in situ smart drug delivery
NCQDs system for use in cancer treatments. The developed hydrogels containing nitrogen doped carbon quantum dots
Hydroxyapatite

(NCQD), doxorubicin (Dox) and hydroxyapatite (HA) were obtained by in situ self-crosslinking. Characterization
of the synthesized nanomaterials, interactions between NCQD/Dox/HA hydrogel structure were carried out by
TEM, FESEM, EDS, FTIR, XPS, XRD, Zeta potential, DLS, UV-Vis, SEM, gelation time, injectability and DIST
measurements. In addition, antibacterial evaluation which was performed against Staphylococcus aureus realized
that HA compound significantly increased the antibacterial activity of the hybrid hydrogel. The anticancer drug
release to the tumor cell microenvironment with a pH of 5.5 was found to be higher compared to the release in
the normal physiological range of pH 6.5 and 7.4. MTT and live/dead assays were also performed using L929
fibroblastic cell lines to investigate the cytotoxic behavior of NCQDs, and NCQDs/Dox/HA hydrogels. Further-
more, the NCQDs/Dox/HA hydrogel could transport Dox within a MCF-7 cancerous cell at specifically acidic pH.
Additionally, imaging of cell line was observed using NCQDs and their use in imaging applications and multi-
color features in the living cell system were evaluated. The overall study showed that in situ formed NCQDs/
Dox/HA hydrogel represented a novel and multifunctional smart injectable controlled-release drug delivery
system with great potential, which may be considered as an attractive minimal invasive smart material for future
intelligent delivery of chemotherapeutic drug and disease therapy applications.

Smart drug delivery
Stimuli responsive

1. Introduction chemotherapeutics and is a broad spectrum anti-cancer drug, shows

excellent therapeutic efficacy in several types of cancers [3,4]. However,

Cancer is one of the most common causes of human death worldwide
and can cause 13.2 million deaths by 2030 [1,2]. The most common and
widely used clinical treatments include systemic intravenous adminis-
tration of chemotherapeutic agents. However, conventional chemo-
therapy agents have tremendous disadvantages, as they damage normal
cells in addition to tumor cells, because they have side effects and both
short and long term toxic risks. Therefore, chemotherapy often causes an
unsatisfactory healing effect due to the low therapeutic efficacy of drugs
and their side effects on healthy tissues.

Doxorubicin (Dox) is one of the most widely used anticancer
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intravenous chemotherapy of free Dox often causes systemic toxicity and
serious complications such as cardio toxicity, typhlitis, myelosup-
pression, nausea, vomiting and alopecia, which inhibits its clinic ap-
plications [5,6]. Therefore, to minimize toxic side effects and increase
anticancer efficacy, developing various effective delivery systems for
Dox is really a matter of urgency.

In recent years, the development of stimuli-responsive multifunc-
tional smart anti-cancer drug delivery systems (MSDDS) attracted great
attention in biomedicine and this scope will greatly expand [7-9]. The
therapeutic nanostructured MSDDS with many advantages comparing
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with the traditional dosage forms play a significant role in numerous
biomedical applications such as multi-imaging and treatment of
different types of cancers [10]. The creation of stimulating sensitive
controlled-release smart systems for targeted drug delivery is very
important in cancer treatment. In particular, the pH-sensitive smart drug
delivery system is of great interest due to the more acidic microenvi-
ronments of extra- and intra-cancerous cells (pH 4.0-7.0) compared to
normal cells microenvironments (i.e. 7.4) [11]. The smart drug delivery
system should prevent or reduce the side effect caused by the drug
bursting from drug carriers in the design of drug release because the
burst release drug can be absorbed in a short time and accumulate in
both metabolic organs and adjacent tissues. An ideal MSDDS should also
have the following features in addition to the above: excellent biocom-
patibility, tunable properties, facile synthesis of compounds and favor-
able system type such as injectable in-situ gelling hydrogel [12].
However, the need for a system that combines these features remains a
big challenge in this field until now. In this juncture, the current
research demands a next generation drug delivery systems with com-
bined these features for overcoming this challenge.

Nitrogen doped into carbon quantum dots (CQDs) provide improved
efficiency, create additional functionalities on the surface of CQDs
outside the carbon core such as more active additional linking groups to
easily conjugate with molecules, showed much better performance than
CQDs and thus nitrogen doped carbon quantum dots (NCQDs) continues
to draw increasing attention in recent years by many research groups
around the world as the next generation of multifunctional nano-
medicine research area [13,14] . NCQDs is still at its infant stage, sci-
entists have been inspired to exert more efforts to endow them with the
innovative design, more functions, unprecedented possibilities, broaden
their uses [15,16].
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Hydroxyapatite, [HA, Cajo(PO4)s(OH)2] has recently attracted a
great deal interest in design of drug delivery systems due to its excellent
properties such as nontoxicity to biosystems, ability to carry drugs by
conjugating interactions, containing —-OH groups, having numerous
different binding sites (i.e. negatively charged P regions and positively
charged Ca regions on its surface) capacity to penetrate the cell mem-
branes [17,18]. Further, HA is pH sensitive and under moderate acidic
conditions (like during the resorption by osteoclasts or inside a cell in a
lysosome), phosphorous and calcium elements can decompose from the
HA surface [19,20]. These ions can be excreted or metabolized by the
cell without any side effects [21]. In order to achieve prolonged the drug
releasing time, pH sensitive smart drug delivery system without the
leakage of drug, we suggest that HA can be used as component in effi-
cient in situ gelling hydrogel type drug delivery systems which may
represent a novel approach, formed with appropriate interactions.

In this study, we aimed to develop pH sensitive and injectable
NCQDs/HA/Dox multifunctional intelligent hydrogel, can be created in
situ, with innovative design with externally activated release of Dox for
cancer treatment. NCQDs simply reacted with HA and Dox via Schiff
base, hydrogen bonding and ionic interactions, yielding multiple op-
portunities to easily produce this multicomponent hydrogel (Scheme 1).
Both dynamic chemical and physical interactions under physiological
conditions are used to form stable hydrogel via self-crosslinking without
harmful release by products and use of extra cross-linking agents.

To the best of our knowledge, this smart drug delivery system (in situ
gelling NCQDs/Dox/HA) with multi-functional features is presented in
first time. Furthermore, the information of dynamic Schiff Base chemical
bonding between NCQDs and Dox molecules is an important feature for
pH sensitivity, in-situ forming smart NCQDs based hydrogel.

Tumor cell

Scheme 1. Schematic illustration for the multifunctional NCQDs/Dox/HA hybrid hydrogel formed in-situ with the possible self-crosslinking chemical interactions,

and the tumor cell triggered release mechanism.
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2. Experimental section

Experimental details about the preparation processes and charac-
terization techniques used in this study can be found in the supporting
information.

2.1. Statistical analysis

The means and standard deviations of data were calculated. Data
were presented as the mean + standard deviation (SD). Differences be-
tween groups were analyzed by one-way analysis of variance (ANOVA,
Tukey test). The level of the statistical significance is given by p-values
(*p < 0.05, **p < 0.01 and *** p < 0.001) calculated by using Origin
software (Origin Lab Corporations). p values less than 0.05 were
considered statistically significant.

3. Results and discussion

3.1. Characterization and properties of synthesized powders and prepared
hydrogels

The morphology and size of the synthesized NCQDs were examined
using Transmission Electron Microscope (TEM). The results were given
in the supporting information as Fig. S1, demonstrate that the NCQDs
regularly formed with spherical shaped morphology and well dispersed
in aqueous solutions with a lateral size of less than 10 nm which can be
clearly distinguishable. Fig. Sla also indicated that no agglomeration
occurred during the synthesis of the NCQDs. Fig. S1b was a represen-
tative the size distribution (the histogram), which was obtained from
TEM images by statistical analysis obeying a Gaussian distribution. It
can be claimed that the diameters of synthesized NCQDs in the picture
was in the range of 4-6 nm with an average diameter of ~4.89 nm as
calculated from the size distribution, which confirms the homogeneous
and relatively narrow size distribution of monodispersed as-prepared
NCQDs on TEM grid. The calculated results similar to that fabricated
from Glucose [22] and Citric acid [23] but much smaller than that of
fabricated from Silk (ca. 62 nm) [24]. Since the Dynamic Light Scat-
tering (DLS) analysis measures the total hydrodynamic size of the par-
ticles, this value was also consistent with the size obtained from the DLS
analysis. The morphology and elemental analysis of HA nanoparticles
were characterized by Field Emission Scanning Electron Microscope
(FESEM) and Energy Dispersive Spectroscopy (EDS), which were
depicted in Fig. Slc and d, respectively. FESEM images of pure HA
nanoparticles depicted that uniform irregular or spherical shaped HA
nanoparticles were successfully yielded and the average size of Nano-HA
was found to be about in range of 60-100 nm which was also consistent
with the DLS results. Elemental composition analysis of HA nano-
particles showed that HA consisted of only calcium (Ca), phosphorus
(P), oxygen (O) elements and the ratio of Ca/P was found to be 1.59
(Fig. S1d). These results concluded that the HA nanoparticles were
successfully synthesized.

Fourier Transform Infrared (FTIR) spectra were performed to verify
the surface functional groups of NCQDs, NCQDs/Dox, NCQDs/Dox/HA,
HA and the results were presented in Fig. S2a. The wt/vol ratios of the
components in the all experimental sample groups were listed in Sup-
plementary information (Table S1). Significant peaks of pure HA
nanoparticles were observed at 890-1180 and 490-610 cm™! which
were associated with the phosphate (PO4) group internal vibrations.
These vibrations belong to the asymmetric stretching, bending mode
and antisymmetric stretching vibrations of tetrahedral POg4. For the
NCQD spectrum, the broad absorption peak at around 3405 cm ™! was
assigned to the O-H and N-H asymmetric stretching modes. The peaks at
about 2800-2900 cm ™! were attributed to ~CH groups. The peaks at
1720 cm ™! and 1640 cm ™! corresponded to G=0 and C=C stretching
vibrations, respectively. Specifically, the small broad bands at 1456
em ™, 1152 em ™! and 1097 em ™! indicated the vibrations of C-N groups
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in NCQDs [22]. These results showed that there are various nitrogen and
oxygen containing functional groups including -NH,, -OH and ~-COOH
on the surface of the NCQDs. In the FTIR spectrum of NCQDs/Dox
sample, the observed peak at 1230 cm™! were attributed to C—O
(epoxide). The reason why this peak is smaller than that of NCQDs/Dox/
HA is thought to be due to ionic interactions between Ca?* and epoxide
and entanglement of epoxide groups with HA due to Ca®" in HA. FTIR
spectrum of NCQDs/Dox showed an absorption band at 1680 cm—1
corresponding to the C=N group, which indicates occurrence of the
Schiff’s base reaction. A small symmetrical vibration band for the
NCQDs aldehyde group at around 1720 cm™! disappeared due to for-
mation of covalent bonding to form a Schiff base, which was existed as
an absorption band at around 1680 cm ! [25].

The crystal structures and phase compositions of HA, NCQDs,
NCQDs/Dox and NCQDs/Dox/HA were analyzed by X-ray Diffraction
(XRD) and presented in Fig. S2b. As it can be seen from Fig. S2b, the
peaks at 20 = 10.91°, 25.86°, 28.41°, 31.77°, 32.91°, 34.11°, 39.79°,
46.66°, 49.45°, 64.09° and 77.08° indicated characteristic peak posi-
tions of HA, which were related to the diffracting plane (101), (002),
(210), (211), (300), (202), (301), (222), (213), (304) and (513) of HA,
respectively. It can be claimed that all the diffraction peaks of synthe-
sized HA were well indexed to the lattice plane of standard HA (JCPDS
No. 009-0432) [26]. None of the peaks belonging to CaCO3 or Ca3(PO4)2
can be found, which showed that the synthesized HA was single phase.
Additionally, the XRD pattern of the as-prepared NCQDs showed an
obvious broad diffraction peak centered at around 20.14°, which dem-
onstrates the existence of the amorphous phase of NCQDs have the 0.44
nm lattice spacing of the (002) diffraction peak belonging to NCQDs
[27]. This wide peak due to highly disordered carbon atoms was
attributed to the introduction of nitrogen- and oxygen- containing
groups or surface defects on the NCQD structure. There was no statis-
tically significant difference in the diffraction peaks between NCQDs
and NCQDs/Dox. The absence of the sharp peaks in NCQDs/Dox pattern
indicated that Dox was well distributed and encapsulated in amorphous
forms in NCQDs/Dox successfully. The XRD pattern of NCQDs/Dox/HA
was similar to that of synthesized HA except a peak at 21.67° due to the
characteristic peak of NCQDs. The XRD pattern of HA had a small shift to
higher angles probably because of the slightly reduced d-spacing and
accumulation of NCQDs on the HA nanoparticles. The lattice spacing
also changed from 0.44 to 0.43 and 0.41 nm for NCQDs/Dox and
NCQDs/Dox/HA, respectively. Lattice narrowing in this range was
common for nanoscale materials, which was probably expanded rich
active sites on the surface of NCQDs by the possible covalent bonds
between NCQDs/Dox and NCQDs/HA. The diffraction peaks of HA in
conjugated NCQDs/Dox/HA become weaker than those of pure HA,
which indicates that the crystallinity of the HA was impaired by the
NCQDs and Dox on the nano-HA surface.

To investigate the surface functional groups of the NCQDs, NCQDs/
Dox and NCQDs/Dox/HA, X-ray Photoelectron Spectroscopy (XPS) an-
alyzes were carried out and the results of core level spectra (high reso-
lution XPS spectra of the C 1s, N 1s, O 1s, Ca 2p and P 2p region) were
depicted in Fig. S3a—j. The mixture of Gauss and Lorentzian peaks were
utilized to fit core levels and least square iterative program was used for
fitting. The survey spectrum in Fig. S3a showed peaks of C1s at 284.8 eV,
N1s at 399.2 eV and Ols at 531.2 eV demonstrating NCQDs consist of
the elements C, N and O. Quantitative determination by XPS showed
that the surface atomic concentration of C, N and O was found as
67.97%, 16.39% and 15.68%, respectively, and this demonstrated the
successful introduction of nitrogen. High resolution scanning of the C 1s,
N 1s and O 1s regions were demonstrated in Fig. S3b-d. The C 1 s
spectrum of NCQDs indicated three main components and these corre-
spond to C=C or C-C at ca. 284.88 eV, C-N at ca. 286.00 eV, and C=0 or
C=N at ca. 288.2 eV [28]. This result showed that the synthesized N-
doped CQDs were rich in hydroxyl and carboxyl groups on the surface,
which was compatible with the FT-IR spectrum.

The binding energy detected at peak of 286.00 eV implied the
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existence of amide groups which was in agreement with the results of
FTIR. In addition, the XPS N 1 s spectrum of the NCQDs in Fig. S3c
exhibited two deconvoluted peaks at about 399.1 eV and 400.8 eV
confirming the presence of the nitrogen atoms of pyridinic-like, and
pyrrolic-like [28], respectively. This result implied that nitrogen was
bounded to carbon through the covalent binding.

The high-resolution O 1s spectrum of NCQDs (Fig. S3d) suggested
three bonding peaks at a binding energy of 530.8 eV, 531.9 eV and
533.1 eV, indicating the existence of O—H, C—0O and C=0 [29],
respectively. These XPS results indicated that NCQDs were rich in oxy-
gen and nitrogen atoms. The XPS data of survey and Cls, N1s core level
spectra obtained for NCQDs/Dox were presented in Fig. S3e-g. In
NCQDs/Dox system, the peaks at 284.72 eV and 286.6 eV referred to the
-C=C/C-C and -C-N or —-C-O-C-bonds of Dox [30] with slight shift,
respectively. N 1 s peaks appearing at 399.3, 397.7 and 395.3, corre-
sponded to pyridinic-like, pyrrolic-like and the formation of —N=N—
bond, respectively, and it demonstrated the presence of various nitro-
gen. Due to the binding of Dox to NCQDs by transfer of electron density,
it can be expected that the peak position of N 1s decreased by several
eVs. The C 1s of NCQDs/Dox was also deconvoluted with three peaks.
Compared with NCQDs (Fig. S3b), the intensity of C—C/C=C and C—N/
C—O—C of NCQDs/Dox significantly increased, which is due to rich
carbon-carbon bonds and carbon-oxygen-carbon of the Dox molecule. It
should be noted that the elemental analysis of NCQDs/Dox reveals the
increase of the atomic percentage of carbon and decrease of nitrogen as
compared to that of NCQDs. These results were due to the nitrogen ratio
of NCQDs was higher than Dox molecules. In Fig. S3g, additional peaks
were observed at 134 eV and 347 eV, which corresponded to P 2p, Ca 2p
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binding energy values of HA, respectively. XPS analysis was also per-
formed to determine the ratio of phosphate and calcium ions belonging
to the NCQDs/Dox/HA hybrid surface. The peak corresponding to 2p
calcium and phosphorus orbitals was used to determine Ca/P ratio on
surface of NCQDs/Dox/HA calculated by using the area under the cor-
responding elementary peak in the high resolution XPS spectrum. The
Ca/P ratio was 1.61, which close to the theoretical Ca/P ratio for HA of
1.67. The individual spectra for Ca and P for NCQDs/Dox/HA sample
was presented in Fig. S3 h-i. The high-resolution of Ca 2p spectrum
deconvoluted into two peaks 2p;,» and 2p3/2 at 351.0 and 347.1 eV
[311, respectively, were related to calcium phase on HA. It was under-
stood from the peak seen around 347.3 eV associated with Ca2ps,, that
calcium atoms were bound to phosphate groups (PO3 ). In Fig. $3i, high-
resolution P 2p spectrum can also be deconvoluted into two peaks with a
spin orbit splitting for 2p;,» and 2ps3,» levels with binding energies
134.5eV and 133.3 eV [32], respectively. The peaks in all these Ca and P
spectra were characteristic of the HA oxidation states (Ca*" and P°*). In
addition, zeta potential, DLS and UV-Visible absorption measurements
of the NCQDs and NCQDs/Dox, and NCQDs/Dox/HA conjugates were
made for the characterization and detailed explanations together with
the relevant figure (Fig. S5) were given in the supporting information.
The interior morphology of the lyophilized and vertically cut off
hydrogel was characterized by SEM as shown in Fig. 1. Cross-sectional
morphologies of the hydrogels, prepared through lyophilization of a
self-assembled hybrid hydrogel formed by an in-situ hydrogelation at
37 °C, revealed that the fabricated gels have different surface mor-
phologies. SEM analysis was carried to understand the external porous
structure of the cross-sectional prepared NCQDs (Fig. 1a-b), NCQDs/Dox

Fig. 1. Morphology of lyophilized hydrogels: SEM images of (a-b) NCQDs (0.6 wt/vol), (c-d) NCQDs/Dox (0.6/0.2 wt/vol) and (e-f) NCQDs/Dox/HA (0.6/0.2/0.2

wt/vol) hydrogels.
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(Fig. 1c-d) and NCQDs/Dox/HA (Fig. le-f) and all hydrogels exhibited
continuous three-dimensional structure interconnected with micron-
sized porosities, where the pores were the result of ice crystal forma-
tion during the lyophilization process. This interconnected highly in-
ternal channel systems are an essential parameter for facilitate cell
adhesion, proliferation; oxygen and nutrient transportation as well as
metabolic waste diffusion [33]. The introduction of physical and
chemical cross-linking which occurred through the electrostatic in-
teractions, hydrogen bindings and Schiff base reactions were owing to
the existence of a large number of oxygen-containing functional groups
and bonding between —NHj; and —CHO, which are believed to be
responsible for producing the 3-D network structure. The NCQDs and
NCQDs/Dox/HA showed spherically shaped pores with mean diameter
in the range of 20—150 pm and 20—50 pm, respectively. On the con-
trary, irregular porous structures with pore size in the range of 1-200
pm were observed in the NCQDs/Dox. The SEM micrograph of the
NCQDs hydrogels (Fig. la-b) showed the uniform distributed and
coherent pores, although the small sized NCQDs were not clearly visible
from the micrographs. The uniform distribution of NCQDs within the
NCQDs/Dox/HA hydrogel network was clearly observed from the
elemental mapping (Fig. S4). SEM images of the NCQDs/Dox hydrogels
exhibited that the pore size increased slightly with addition of Dox in the
NCQDs/Dox hydrogel due to an increase in the number of hydrophilic
moieties in the hydrogels and these images of NCQDs/Dox hydrogel
confirmed Dox binding to NCQDs. The obtained NCQDs/Dox/HA was
superior to other NCQDs based hydrogels previously reported [34] due
to its regular porosity. Stronger binding capacity of Dox to the NCQD
network is important to facilitate sustained release of the drug. After the
addition of HA, good microporous structures without structural deteri-
oration were observed on SEM images (Fig. 1e-f). The average hydrogel
pore size decreased by the addition of HA, which can be induced by the
higher crosslinking density of the hydrogel and it was expected to in-
crease the number of ice crystal nucleation sites. These results also
indicated that the porosity and cross-sectional morphology of the
hydrogel network can be adjusted by changing the amount of HA and
Dox to NCQDs. The homogeneous distribution of HA at nanometer scale
in the hydrogels can also be observed from the high-magnification SEM
image (Fig. 1f) without agglomeration, similar to those reported in
reference [35]. Further observation at high magnification (x100)
demonstrated that there were many HA particles between of pores and it
leaded to enhance the exterior surface roughness which was in contrast
to smooth exterior surface in NCQDs and NCQDs/Dox hydrogels
(Fig. 1a-b and c-d). The incorporation of HA in NCQDs/Dox gels made
the internal structure slightly rougher than NCQDs and NCQDs/Dox
hydrogels. HA was uniformly dispersed within the NCQDs/Dox without
obvious aggregation, in accordance with the results of elemental map-
ping (Fig. S4).

In order to fabricate 3D gel structure, Dox and HA were added to
NCQDs solution. The gelation of hybrid NCQDs solutions occurred at 7.4
pH and 37 °C, human physiological pH condition for practical use of an
injectable hydrogel to the human body, without any external interven-
tion. Changes in the hydrogel solution may alter the gelling time of
NCQDs. To evaluate how Dox and HA change the gelling time of the
NCQD hydrogel, a vial inversion test method was performed [36]. The
gelation time of NCQDs, NCQDs/Dox and NCQDs/Dox/HA solutions
differed according to the introduction of components as shown in Fig. 2.
NCQDs solution without any Dox or HA was gelled after 121 s. However,
it was measured that the gelation time of NCQD solutions was reduced
by adding both Dox and Dox/HA (Fig. 2).

An increase in weight/volume percentage (% wt/vol) of NCQDs
concentrations within groups of NCQDs-1 (0.4% wt/vol), NCQDs-2
(0.6% wt/vol) and NCQDs-3 (0.8% wt/vol) caused a reduction in gela-
tion time. Likewise, the decrease in gelation time observed in NCQDs/
Dox and NCQDs/Dox/HA with increasing concentration of Dox
[NCQDs/Dox-1 (0.6%/0.1% wt/vol), NCQDs/Dox-2 (0.6%/0.2% wt/
vol) and NCQDs/Dox-3 (0.6%/0.4% wt/vol)] or HA [NCQDs/Dox/HA-1
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Fig. 2. Gelation times (via inverting method) and injectability (via commercial
disposable syringes) of NCQDs (0.6 wt/vol), NCQDs/Dox (0.6/0.2 wt/vol) and
NCQDs/Dox/HA (0.6/0.2/0.2 wt/vol) combinations. *p < 0.05 and **p < 0.01,
and indicated significant differences after each addition.

(0.6%/0.2%/0.1% wt/vol), NCQDs/Dox/HA-2 (0.6%/0.2%/0.2% wt/
vol) and NCQDs/Dox/HA-3 (0.6%/0.2%/0.2% wt/vol)] (Fig. 2). In the
case of only presence of NCQDs, self-assembly was conducted by H—
bonding interactions [37]. Abundant carboxylic acid and amino groups
on the surface of NCQDs could form H-bond interactions between
NCQDs-NCQDs and NCQDs-solvent and gelation may have occurred
when the interactions between the latter two were very weak. Further
stabilization may resulted from other interactions that include bridges
between NCQDs—NCQDs, such as dense H— bonds, and also increased
the concentration of NCQDs and the number of reactive groups per unit
volume, which supports the importance of H— bonds for gel formation.
The slight decrease in gelation times seen in NCQDs groups (NCQDs-1,
NCQDs-2 and NCQDs-3), NCQDs/Dox groups (NCQDs/Dox-1, NCQDs/
Dox-2 and NCQDs/Dox-3) and NCQDs/Dox/HA groups (NCQDs/Dox/
HA-1, NCQDs/Dox/HA-2 and NCQDs/Dox/HA-3) was not statistically
significant when compared to the reduced gelation time in transition
between NCQDs with NCQDs/Dox. It was obvious that adding Dox into
NCQDs hydrogels significantly reduced the gelation time. In the case of
hybrid hydrogel obtaining, it is important for the NCQDs participating
both the formation of H— bonds and Schiff base reaction. Gelation time
tests confirmed that Dox were responsible for decreasing gelation time
of NCQDs/Dox due to conjugation between NCQDs and Dox, which was
also confirmed by FTIR and XPS results. Similarly, the gelation behavior
of Dox conjugated NCQD gel gelation was close to gelation of Dox and
HA loaded gel, suggesting that Dox interaction was predominant in drug
conjugated NCQD gels.

HA particles in NCQDs/Dox/HA solution may have interacted with
NCQDs and Dox molecules, which led to faster assembly of Dox conju-
gated NCQDs. The gelation time of NCQDs/Dox/HA ranged from 80 s to
76 s and could be easily adjusted by addition of component, which
would be beneficial for further clinical application. HA and NCQDs were
hydrophilic materials with responsible for active groups such as hy-
droxyl and carboxyl groups that can form hydrogen bonds with Dox
conjugated NCQDs. Addition of HA in the hydrogel resulted in a faster
gelation and decreasing porosity (as can be seen from the Fig. 1). These
results were in accordance with those obtained in reference [38]. Such
rapid gelling will lead to greater retention of the drug in the formed
hydrogel and hence a slower drug release pattern. As a result, we sug-
gested that the carboxylic and amino groups present on the NCQDs
surface favor H— bond, Schiff base reaction, which is effective in the
gelling time as reported in reference [39], and cationic—anionic in-
teractions among NCQDs, Dox, and HA. The NCQDs hydrogels prepared
by both physical (H bonds, hydrophilic, and electrostatic interactions)
and chemical in situ crosslinking (Schiff-base reaction between NCQDs
and Dox) without harmful release of by products and using of extra
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cross-linking agents.

Fig. 2 also presented the injectability of NCQDs, NCQDs/Dox and
NCQDs/Dox/HA combinations. The injectability of NCQDs hybrid
hydrogel was only slightly decreased as addition of Dox and HA, similar
to those obtained in reference [38], while injectability increased with
reduced CaP content. In the view of injectability at different gelation
time, there was no remarkable difference between hydrogels and adding
Dox and HA did not affect the high injectability of NCQD hydrogels.
Injectability of all the prepared hydrogel was found between 95% and
90% without any filter pressing, which allowed drug delivery in vivo in a
minimally invasive clinical application with NCQDs/Dox/HA in situ
hydrogel, resulted in less pain and a smaller scar size for patients.

The dynamic interfacial surface tension (DST) curves of the NCQD
solution with different concentrations at pH 6.0 were shown in Fig. 3(a),
where the adsorption kinetics were similar and the difference at the
interface tension values was due to different interface tensions of air/
water. While NCQDs were rapidly adsorbed within 1000 s despite sur-
face hydrophilicity, the adsorption equilibrium time remained almost
constant by increasing concentration of NCQD. Also, long-term DST
decreased with increasing NCQD concentration. The decrease in surface
tension with increasing NCQDs concentration was similar to the
adsorption behavior of NCQDs in graphene oxide solution [40] and
adsorption behavior of 16Ser/8-8Ser surfactant used for Dox delivery
[41].

The effects of Dox on the DST of NCQDs solution at pH of 6.0 and 4.3
were shown in Fig. 3 (b) and (e). DST curves at both pH 6.0 and 4.3 of
the NCQDs/Dox mixture were found to be similar to those of the pure
NCQD solution after adding a small amount of Dox. Moreover, the Schiff
base reaction was favorable for the formation of NCQDs/Dox complex
and also addition of Dox to NCQDs would reduce the charge repulsion
between NCQDs. As can be seen from the results, Dox in its low con-
centration caused a decrease in DST and therefore had an important
effect on the adsorption behavior of NCQDs. As a result, the NCQDs/Dox
complex dominated the surface adsorption layer, and the similarity
observed between the two interfaces both at pH 6.0 and 4.3 which
means to be similar to the adsorption phenomenon. The kinetics of
adsorption, which is time to achieve meso-equilibrium tension,
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decreased with the addition of Dox. It can be acclaimed that, increasing
time was thought to be the reason for the increase in volume due to the
fact that Dox was surrounded by NCQDs, thus the diffusion coefficient of
hybrid was reducing, which was directly affected by the size and
consistent with the results of hydrodynamic diameter (Fig. S5b.).

In Fig. 3 c and f, adding a small amount of HA did not affect NCQDs/
Dox formation, and the adsorption properties of NCQDs/Dox remained
almost unchanged. As the HA content increased further, it was observed
that the surface tension decreased and thus a gradual increase in the
adsorption rate of NCQD/Dox/HA. This result was different from the
effects of HA on the surface tension on Span 80 [42]. The NCQDs/Dox/
HA hybrid has been absorbed at interface more slowly than the other
solutions, the time required to achieve meso-equilibrium and adsorption
kinetics noticeably slowed down from 200 to about 400 s with the
addition of HA. This case was thought to be the reason for the increase in
volume due to the NCQDs/Dox was wrapped around the HA, thus
decreasing the diffusion coefficient of hybrid was observed. The
increased duration was directly affected by the size and consistent with
results in the hydrodynamic diameter [43], which can be attributed to
the interaction of NCQDs with HA. Hence, NCQDs that were smaller
than NCQDs/Dox or NCQDs/Dox/HA diffused faster and reached the
balance earlier. HA had hydrophilic hydroxyl groups on its surface and
NCQDs were adsorbed onto HA nanoparticle surfaces, thus it formed
hydrogen bonds. In addition, hybrid complex formation can be consid-
ered for the interaction mechanism between nanoparticles, since the
probability of collision at a higher HA concentration would increase and
thus the formation of the NCQDs/Dox/HA hybrid complex will be
supported.

As shown in Fig. 3 d, e and f, the effects of Dox and HA on the DST of
NCQDs solution at pH 4.3 differed from the results obtained at pH 6.0.
The mesoequilibrium surface tension of all prepared hybrid solutions
decreased compared with the corresponding results at pH 4.3. NCQD
molecules were positively charged when the pH of the environment
where the surface located was lower than the isoelectric point. Elec-
trostatic attraction between Dox and NCQDs molecules, which are
oppositely charged, affected the dynamic adsorption properties and
supported the formation of the NCQDs/Dox hybrid. The formation of
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Fig. 3. Time-dependent Dynamic interfacial surface tension measurements (via pendant drop method) of (a) and (d) NCQDs solution at pH 6.0 and 4.3, respectively;
(b) and (e) NCQDs/Dox (0.6/0.2 wt/vol) solution at pH 6.0 and 4.3, respectively; (c) and (f) NCQDs/Dox/HA (0.6/0.2/0.2 wt/vol) solution at pH 6.0 and 4.3,

respectively.
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NCQDs/Dox or NCQDs/Dox/HA hybrids maintained electrostatic
repulsion between NCQDs molecules, thereby reducing the barrier of
electrostatic adsorption. As a result, hybrid formation at pH 4.3 slightly
increased the adsorption rate on the interface surface, enhanced surface
activity and reduced DST.

The reduction in interfacial tension for each sample from the initial
value can be attributed to progressive adsorption of hybrids to the
interface. For the additions of NCQDs, Dox and HA at both 6.0 and 4.3
pH, the surface tension of NCQDs solution was slightly higher than that
of the NCQDs/Dox solution, similarly that of the NCQDs/Dox solution
was higher than that of the NCQDs/Dox/HA solution. This showed that
NCQD, Dox and HA have a synergistic effect on reducing surface tension
and that NCQDs interacted with Dox and HA. It was estimated that, as
prepared NCQDs/Dox/HA smart drug delivery system, consisting of
surface-active complex in solution, exploited a self-regulation mecha-
nism arising from noncovalent attraction between NCQDs—NCQDs; and
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dynamic covalent Schiff base reaction between NCQDs—Dox; and ionic
attractions between NCQDs/Dox—HA in order to develop simple but
effective hybrid NCQDs surrounded by Dox and HA component. It was
thought that this NCQDs/Dox/HA nano-sized smart drug carrier system
can increase the effectiveness of drugs, reduce toxicity by increasing
biomembrane permeability (due to the size is appropriate for to pass into
the cell and surrounded by NCQDs to facilitate passage into the cell as
shown in Fig.S5b) and improve bioavailability (due to the binding was
not used and components is biocompatible).

In the in vitro antibacterial experiment, which is important in drug
delivery [44,45], disc diffusion method was used to investigate the
antibacterial activity of HA, NCQDs, NCQDs/Dox and NCQDs/Dox/HA,
which were investigated as a potential new antibacterial drug delivery
system (Fig. 4). The same amount of powdered samples on agar plates
contain HA (Fig. 4a), NCQDs (Fig. 4b), NCQDs/Dox (Fig. 4c) and
NCQDs/Dox/HA (Fig. 4d).
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Fig. 4. Antibacterial activity (via disk diffusion method) of (a) HA, (b) NCQDs, (c) NCQDs/Dox (0.6/0.2 wt.) and (d) NCQDs/Dox/HA (0.6/0.2/0.2 wt) against
S. aureus bacteria on agar plate. (e) Changes in inhibition zone values of HA, NCQDs, NCQDs/Dox (0.6/0.2 wt.) and NCQDs/Dox/HA (0.6/0.2/0.2 wt) versus time.
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In this study, Staphylococcus aureus (S. aureus) was chosen as a model
organism because it is a common Gram positive pathogen that can cause
various diseases such as skin infections, sepsis, bloodstream infections
and pneumonia. Obvious inhibition zones for HA, NCQDs, NCQDs/Dox
and NCQDs/Dox/HA were observed on the agar plates (Fig. 4). The
inhibition zones of HA, NCQDs, NCQDs/Dox and NCQDs/Dox/HA were
7.8, 4.6, 3.8 and 5.3 mm on average, respectively. HA has been found to
have the most antibacterial effect (Fig. 7a, D = 7.8 mm) compared to
other examples. The presence of Ca®" mineral in the synthesized HA
may have results in antibacterial activity as reported in literature [46].
NCQDs showed antibacterial effect against S. aureus and its inhibitions
zone was found to be 4.6 mm as shown in Fig. 4b. Compared to pure
NCQD (Fig. 4b), no increase in the inhibition zone of NCQDs/Dox
(Fig. 4c) hybrid has been found, indicating that equal amounts of sub-
strates have antibacterial effect on S. aureus bacteria, but Dox addition
reduced bacterial activity. This may be attributed to the reduction in the
amount of NCQDs in NCQDs/Dox sample compared to pure NCQDs
sample. The antibacterial properties of the obtained NCQDs were
compatible with several recent studies [22,47]. The increase of the in-
hibition zone from 3.8 to 5.3 mm with the addition of HA (Fig. 4c and d)
showed that introduction of HA into the hydrogels by either chemical
bonding or physical incorporation can result in hydrogels with enhanced
antimicrobial activity. These results also confirmed that the NCQDs/
Dox/HA could be successfully used as good antibacterial to prevent
bacterial infection during the clinical injections.

The variation of the diameter of inhibition zone was determined
according to different materials in S. aureus changes over time, and it
was found that the maximal inhibition zone values of the materials were
obtained at 24 h incubation, and then decreased with time (Fig. 4e).
Nonetheless, the antibacterial activities as measured by the inhibition
zone of NCQDs/Dox/HA exerted on S. aureus lasted 23 days, longer than
the samples without HA added, indicating the NCQDs/Dox/HA hybrid
may have the most potent bactericidal effect, compared with the pure
NCQDs and NCQDs/Dox hybrid samples. Our results were comparable
to the reported data in the literature. Therefore, such low cost NCQDs/
Dox/HA hybrids with strong and prolonged antimicrobial activity are
expected to have great potential in clinical applications.

3.2. pH-sensitive drug delivery, cytotoxicity and multicolor cellular
bioimaging studies

The potential application of NCQDs/Dox and NCQDs/Dox/HA
hydrogels for smart drug delivery was evaluated by examining the drug
releases in vitro from these hydrogel at physiological temperature 37 °C
which was plotted in Fig. 5a and b, respectively. At different pH envi-
ronment, the release behavior varied. Sustained release of the drug in
two hydrogels was observed in the buffer solutions at pH 7.4, 6.5, 5.5
and 4.0 up to 72 h to find out if there is the ability to selectively release
more drugs in the cancer area. Since the early release of Dox will have a
toxic effect for normal cells, it is important that drug release occurs only
when the target area is reached for successful implementation of smart
drug delivery systems [48]. Evaluating the pH-sensitive drug release
behavior of drug delivery systems was essential to minimize the toxicity
of the drug to normal tissues, as it can interact with different cells with
varying pH values in the body. In this study, we adjusted the release
environments with pH of 6.5 and 7.4 to simulate the extracellular pH
(pH = 5.7-7.8) of tumor and normal tissues, respectively. In addition,
we examined the pH-dependent release behavior at lower pH values (at
pH 5.5) since the pH of the intra-tumor endosomal is 5.5—-6.0.

The cumulative drug release behavior of the drug from both hydro-
gels was slow and continues with a two-stage release profile, a first rapid
release, and a relatively slow next release at all values of pH. The release
rate of Dox in NCQDs/Dox was faster than that of Dox in NCQDs/Dox/
HA, and more obviously influenced by the pH of the environment for
both hydrogels. The results confirmed that Dox in the NCQDs/Dox/HA
was well incorporated in the hydrogels and connections of Dox in the
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Fig. 5. In vitro release of Dox (via UV-Vis spectrophotometry method) form the
(a) NCQDs/Dox (0.6/0.2 wt/vol) and (b) NCQDs/Dox/HA (0.6/0.2/0.2 wt/vol)
hydrogels in buffers at pH values of 7.4, 6.5, 5.5 and 4.0.

NCQDs/Dox/HA hydrogel have increased compared with in NCQDs/
Dox hydrogel. The in vitro drug release in both two hydrogels can be
accelerated simultaneously by lowering the ambient pH from 7.4 to 6.5,
5.5 and 4.0 due to the dynamically reversible Schiff base bonds between
Dox and NCQDs, which are stable at physiological pH and unstable at
acidic pH. Moreover, the hydrogen-bonding interaction between
NCQDs, Dox and HA was the strongest at pH 7, resulting in an inefficient
release, while hydrogen bonding interactions weakened under acid
condition. The acid-sensitive binder with pH of 6.5 was a weak acid
environment where it will break at a lower rate, and this was a dynamic
reversible reaction unless too much water can be removed in this weak
environment. At pH of 5.5 and especially 4.0, a high release profile was
observed due to a faster fracture rate of the bond, indicating that
hydrogels had a high rate of acid-sensitive Dox release.

As shown in Fig. 5a and b, the Dox release increased from 17% to
65% for NCQDs/Dox and from 16% to 74% for NCQDs/Dox/HA with pH
decreasing from 7.4 to 4.0, respectively. In addition to pH-sensitive
disintegration of the Schiff base bond, the dissolution of HA [49] can
help release the loaded drug in acidic conditions, which weakens the
interaction between HA nanoparticles and Dox. The initial burst release
of Dox from NCQDs/Dox was relatively observed comparison with the
NCQDs/Dox/HA hydrogel in which release period was continued
without initial burst release. The percentage of Dox release from the
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NCQDs/Dox/HA hydrogel was only 15% after 72 h of incubation in
buffer solution at pH 7.4, suggesting that the NCQDs/Dox/HA hydrogel
could prevent drug burst release and increase the drug’s reach to tumor
tissue. In the current hydrogel system, drugs loaded in NCQDs-based
hydrogels can be released by weakening or breaking down dynamic
Schiff-based bonds and ionic interactions in hydrogels due to protonated
and positively charged amino groups at acidic pH. Significantly more
Dox was released from prepared pH sensitive smart hydrogels around
cancerous tissues than normal tissue, which reduced side effects for
normal tissue and increased drug efficiency to kill tumor cells [50].
Compared to the previous results [51], where HA based Dox delivery
systems also demonstrated enhanced release of DOX in acidic condi-
tions, the release after 72 h was lower in the present study, which can be
attributed to the highly self-crosslinked hydrogel network by bonding
between NCQDs and Dox. The pH-dependent drug release from NCQDs/
Dox/HA could be exploited for smart target drug delivery applications
and will afford active drug release from NCQDs/Dox/HA smart delivery
vehicles.

MTT assay, where lower absorbance means higher cell inhibition
rate, shows the cell inhibition rate of prepared samples. In Fig. 6a, MCF-
7 being a breast cancer cell line cells revealed similar viability of tissue
culture plates (TCPs) used as controls with NCQDs/Dox and NCQDs/
Dox/HA hydrogels at pH 7.4 for 24 h. Dox released from NCQDs/Dox/
HA hydrogel after 24 h at pH 7.4 could barely kill cells as it was only
14% (Fig. 5b). In addition, cytotoxicity of hydrogels in different culture
periods was investigated in a weakly acidic cell culture medium at pH
6.8 to mimic tumor tissues (Fig. 6b). After 24 h, 24% and 27%of Dox was
released from the NCQDs/Dox and NCQDs/Dox/HA hydrogel at 6.5 pH
(Fig. 5), respectively. As shown in Fig. 6b, 25% of cells cultured with
NCQDs/Dox and NCQDs/Dox/HA were significantly inhibited
compared to the control, and cell viability showed no significant dif-
ference after 24 h. After 48 h, around 26% and 37% of Dox was released
from the NCQDs/Dox and NCQDs/Dox/HA hydrogel at 6.5 pH (Fig. 5),
respectively. Cell viability decreased from 63% for the NCQDs/Dox to
48% for the NCQDs/Dox/HA. A similar situation was observed after 72 h
and the difference between the cell inhibition rates of the two hydrogels
increased. After 72 h, both hydrogel groups effectively reduced the
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number of cells, especially after 3 days of incubation, the cell viability
for the NCQD/Dox/HA hydrogel group decreased from 69% to 29%. As
shown in Fig. 6b, from day 1 to day 3, MCF-7 cultured with NCQDs/
Dox/HA hydrogel groups performed the highest cell inhibition after the
pure Dox. Compared to the recent study [52], the increase in the con-
centration of Dox reduced viability in cancer cells, but in the current
study, the effectiveness of the NCQDs/Dox/HA obtained in cancer cells
has increased significantly and no similar composite used for this pur-
pose has been found in the literature. The increase in the difference
between the cell viability of the NCQDs/Dox and NCQDs/Dox/HA
hydrogels was in line with the previous results in current study and, as
mentioned earlier, indicated that Dox release increased in acidic
medium.

The cell viability in a neutral and weakly acidic environment was
also qualitatively assessed by live/dead staining as shown in Fig. 6¢ and
d, respectively. While the viability of MCF-7 treated with NCQD/Dox/
HA in neutral culture medium was >99% after one day culture (Fig. 6¢),
a large part of the image in the acidic culture medium (Fig. 6d) showed
red colour representing dead cells, which was consistent with MTT re-
sults and indicated that most MCF-7 cells were dead at pH 6.5. While
NCQDs/Dox/HA hydrogel groups at pH 7.4 showed large amounts of
green live cells, the number of red dead cells increased at pH 6.5.
Considering the data in Fig. 5-6, developed NCQD/Dox/HA hydrogels
were almost non-toxic to cells in a neutral physiological environment,
while demonstrating an excellent capacity for cell inhibition in a tumor-
like environment, showing that it was highly sensitive to pH.

To date, in the literature, there is no study about the comparison of
the drug release percentage both at neutral and acidic pH and also cell
viability percentage both on normal cells and cancer cells of pH sensitive
Dox carried smart drug delivery systems. Thus, earlier reported studies
including different drug delivery systems were compared with this study
for antibacterial, injectability, drug release percentage both at neutral
and acidic pH and also cell viability percentage. In the Table 1, it was
seen that the cell viability on normal cell of NCQDs was similar to pre-
vious related studies. However, according to the current study, the cell
viability on cancer cell was quite low compared to similar related
studies. The system obtained in this study was also antibacterial and
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Fig. 6. Cell viability of MCF-7 cells (via MTT

24h
=48h method) at (a) pH 7.4 for 24 h, and (b) pH 6.5 for 24
20 h (black), 48 h (red) and 72 h (blue) (n = 5); (c—d)

live/dead assay of MCF-7 cells cultured NCQDs/Dox/
HA (0.6/0.2/0.2 wt/vol) for 24 h at (c) pH 7.4 and
(d) pH 6.5. Significant differences between control
group and treated groups at *p < 0.05, **p < 0.01,
and ***p < 0.001 are indicated. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 1

Comparison and summary of pH sensitive and Dox carried smart drug delivery systems in the some recent literature.
Compound Released Drug Antibacterial Injectable Drug release, % Cell viability, % Reference

At neutral pH At acidic pH On normal cells On cancer cells

Dox/HA/FA Dox No No ~20 ~82 ~90-100 ~45-50 [571
Zn-HA/Dox Dox No No ~14 ~66 ~90-100 - [58]
FA/CH/GOQD/Dox Dox No No ~10 ~60 ~25-90 ~40-70 [48]
Dox/SrHA Dox No No ~20 ~23 - ~50-60 [50]
NHA-Gd/Dox Dox No No ~25 ~65 ~80-90 ~25-40 [51]
Dox/Glut/Gly/HA Dox No No ~8 ~48 ~90-100 - [59]
mPEG/PCL/Imi/Dox Dox No No ~20 ~60 ~90-100 ~50-60 [60]
NCQDs/Dox/HA Dox Yes Yes ~10 ~80 ~90-100 ~30-40 Present study

injectable, and the drug release in neutral pH was low while the drug
release in the acidic environment was higher compared to other studies.

Biomedical imaging application of synthesized NCQDs was evalu-
ated on both breast cancer cells (MCF-7) as a cancer cell model and
mouse fibroblast cells (L929) as a normal cell model. The viability of
1929 and MCF-7 cells was examined after mixing with 0-500 ggmL ™!
NCQDs (25, 100, 200, 400, 500 pg mL™h). NCQD cytotoxicity was per-
formed using MTT analysis, and as it can be seen from the results
calculated in Fig. 7a, almost 100% viability was observed by incubating
L1929 or MCF-7 cells with NCQDs for 24 h, even at high NCQD concen-
trations such as 500 pg mL™!. A previous study observed a similar
response, in which cell viability was investigated using Hela cell [53],
but it has not been studied as a smart drug delivery system. This results
obtained in the current study indicated that NCQDs had a low cytotox-
icity and good biocompatibility and confirmed the non-toxic nature of
NCQDs, which also meant that NCQDs can potentially be used in bio-
logical applications such as drug delivery and bioimaging.

Moreover, the multicolor bio-imaging potentials of NCQDs were
investigated using a confocal fluorescence microscope by in vitro bio-
imaging study after incubation of NCQDs (1 pg mL™1) with L929 and
MCF-7 cells for 1 h at 37 °C. The onset of stimulation of MCF-7 cells
showed excellent green, blue and less red fluorescence (Fig. 7b), thus

differentiating staining of cells was highly visible in MCF-7 cells,
possibly due to high cellular uptake and metabolism in cancer cells [54].
The red fluorescence was completely faded and less fluorescent imaging
potential was found in the 1929 compared to other cancer cell lines. In
addition, while L929 cells exhibited less fluorescent images on the blue
filter, reasonable images were obtained upon treatment. These results
were in agreement with the previous study [55], but no study has yet
been conducted on L929 and MCF-7. The NCQDs synthesized in the
current study performed fluorescent properties (in blue, green, red fil-
ters) on L929 and MCF-7 and were also potential bioimaging agents for
in vivo imaging.

The in vitro cytotoxicity of hydrogels with different concentrations of
drugs and HA has been investigated qualitatively with a live/dead assay
as shown in Fig. 11a, where few dead cells have appeared in all
hydrogels due to cell metabolism and apoptosis. After incubation with
different drug and HA content hydrogels for 6 h, most of the cells in the
hydrogels showed green fluorescence and it was demonstrated that
changing the amount of Dox or HA did not affect cytotoxicity of NCQDs
based hydrogels at applied compositions.

As shown in Fig. 8b, cell viability of the NCQD-based hydrogels with
HA or Dox concentration modified was not affected, and no major
change in cell viability was observed when compared to each of the

Fig. 7. (a) Effect of the concentration of NCQDs (25,
100, 200, 400, 500 ug/mL) on the viability of L929,
and MCF-7 cells (via MTT method) after 24-h incu-
bation (n = 3). (b) The multicolor biolabeling po-
tential of NCQDs (1ug/mL) cultured in 1929, and
MCF-7 cell lines for 1 h displays DAPI (Blue), GFP
(Green), and RFP (Red). *p < 0.05, comparison be-
tween control group and other groups. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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NCQDs/Dox-3/HA-3

Fig. 8. (a) Fluorescence images of 1L929 cells after
the incubation with NCQDs/Dox-1 (0.6/0.1 wt/vol),
NCQDs/Dox-2 (0.6/0.2 wt/vol), NCQDs/Dox-1/HA-1
(0.6/0.1/0.1 wt/vol), NCQDs/Dox-2/HA-2 (0.6/0.2/
0.2 wt/vol) and NCQDs/Dox-3/HA-3 (0.6/0.4/0.4
wt/vol) in dark at 37 °C. (b) The cell viability of
NCQDs/Dox-1 (0.6/0.1 wt/vol), NCQDs/Dox-2 (0.6/
0.2 wt/vol), NCQDs/Dox-1/HA-1 (0.6/0.1/0.1 wt/
vol), NCQDs/Dox-2/HA-2 (0.6/0.2/0.2 wt/vol) and
NCQDs/Dox-3/HA-3 (0.6/0.4/0.4 wt/vol) after the
incubation measured by MTT method. Mean for n =
3+ SD. *p < 0.05, comparison between control group
and other groups.
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hydrogel groups. In addition, cell viability exhibited over 95% for
NCQDs/Dox/HA hydrogels groups with varying contents of Dox and HA
which did not show cytotoxicity in good agreement with the live/dead
assay. Compared to the recently reported injectable HA-based composite
study [56], HA was known to have a certain viability within the hybrid
and in the present study, an injectable high cell viability hybrid with
increased HA concentration was obtained. These results obtained in the
current study suggested that HA or Dox have no effect on cell viability.
Both cell viability and live/dead staining results revealed that hydrogels
have good cytocompatibility as an intelligent drug delivery system.

4. Conclusion

In this paper, we have successfully developed a novel injectable pH
sensitive NCQDs/Dox/HA hydrogel smart drug delivery system to effi-
ciently deliver Dox into the target tumor cells. This self-crosslinking
hydrogel was in situ fabricated at physiological conditions via the
combination of Schiff base, ionic and H- bond interactions among the
three components of the hydrogel. The resulting injectable and covalent
NCQDs based hydrogel with bioactive HA successfully demonstrated the
in-situ gelation and therefore had a suitable injectability at the body
temperature. The acidic sensitivity of the Schiff base and HA compo-
nents led to a highly sensitive drug release profile at different pH values
from Dox conjugated hydrogels, which was verified by MTT assay,
UV-Vis spectrometry, live/dead assay, and florescent microscope im-
ages. Our results suggested that the binding mechanism for NCQDs-Dox
for the most appropriate smart drug delivery systems can lead to the new
approach. The injectable smart drug delivery hydrogel were synthesized
through the Schiff base reaction between NCQDs—Dox and ionic in-
teractions between NCQDs—HA and Dox—HA, suggesting a novel
method to load drugs in NCQDs based hybrid hydrogel. NCQDs/Dox/HA
exhibited effective time and pH-dependent drug release in cell mimic
environment which is beneficial for chemotherapy due to reduces the
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side effect of the cancer drugs in normal tissues and relatively low pH in
cancerous tissues. Moreover, it was demonstrated that the NCQDs/Dox/
HA hybrids exhibited potent antibacterial activity against S. aureus in
vitro. The in vitro efficacy and cytotoxic of Dox released from nano
engineered injectable hydrogels was also examined with L.929 and MCF-
7 cells and no cytotoxic effect of the hydrogels was observed. The
hydrogels were non-toxic to MCF-7 cells at natural pH, and Dox released
from NCQDs/Dox/HA hydrogel induced cell death effectively at acidic
pH. In addition, a higher therapeutic effect in MCF-7 tumor cells was
achieved by more efficient intracellular delivery of Dox by NCQDs/Dox/
HA, which showed good potential as a smart drug delivery system.

This study, which can be applied in the field of cancer in the future,
will provide convenience in invasive cancer applications thanks to its
adjustable gelling time and injectability. In addition, the current study is
a multi-functional study that not only increases drug release to the
cancerous area thanks to its pH sensitivity, but also prevents bacterial
infection that can be transmitted from the application environment
thanks to antibacterial activity and has remarkable benefits to be
applied in the field of cancer.

There are no previous reports with NCQDs based pH sensitive and
injectable NCQDs/Dox/HA hydrogel smart drug delivery systems tested
as drug nanocarriers or/and for the delivery of Dox in open literature.
Overall, these results showed that injectable pH sensitive intelligent
nano-engineered NCQDs/Dox/HA hydrogels were a promising nano-
therapeutic agent for antitumor treatment in vivo, which will be carried
out by our team as the next step, since these hydrogels offered a new
teraconic window and may be included in future clinical practice for a
better quality of life.
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