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Abstract

Multifunctional nanocarriers are presently used to solve crucial unmet challenges in cancer treatment. In this project, we
reported an intelligent amine mesoporous silica (MSN-NH,)-based nanocarrier with a potent fluorescence emission and
imaging capacity for the delivery of the payload to the tumor cells. Gemcitabine (GEM)-loaded MSN-NH, has been used as
a drug model. Hydroxyl and carboxylic acid carbon dots (CDs) were used to electrostatically coat the surface of MSN-NH, @
GEM to yield biocompatible CDs-capped MSN-NH, (CDs/MSN-NH, @GEM). Folic acid (FA) was covalently grafted onto
the carboxyl groups of CDs/MSN-NH, @GEM to form (FA/CDs/MSN-NH, @GEM) to deliver the nanocarrier to the site
of action. GEM release from the formulation is sustained and dependent on pH (pH 5.4 > pH 7.4), according to the in vitro
release assessment at different pH values. FA-targeted CDs/MSN-NH, @ GEM developed had higher cytotoxicity compared
with the non-targeted NPs in HeLa and K562 (human cervical carcinoma and chronic myeloid leukemia cell lines, respec-
tively), as shown by the MTT assay. Fluorescence microscopic images and flow cytometry assay were used to comprehend
anticancer activity and express targeting ability and cellular uptake FA/CDs/MSN-NH,@GEM toward the HeLa cancer
cells. Moreover, molecular docking was used to evaluate the interactions of GEM molecule with the human deoxycytidine
kinase (dCK). The present study may present a new understanding of the development of targeted, intelligent CDs-capped
MSN-NH, -based hybrid materials in cancer therapy.
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Introduction

Cancer is still one of the fatal diseases in the universe despite
the extraordinary growths in the knowledge of the disease.
Chemotherapy is the conventional treatment method for can-
cer. Some of the drawbacks of tumor chemotherapy include
poor targeting and terrible side effects on normal tissues
[1-4]. Therefore, it is crucial to design an effective drug
delivery system to deliver the desired drug with no loss or
leakage before reaching the corresponding cells or tissues.
The delivery system must be capable of leading the drug
molecules into tumor cells with no premature drug leakage
for this purpose [5]. Silica nanoparticles have been particu-
larly attractive among different nanocarriers for drug deliv-
ery. In addition, these nanoparticles have received FDA
approval for human use in clinical tests [6]. Mesoporous
silica nanoparticles (MSNs), which are applied as drug
delivery systems, have different considerable properties such
as ordered arrays of two-dimensional hexagonal mesoporous
structures, highly ordered channels, uniform particle sizes,
extensive surface areas, high pore volumes, adjustable
pore diameters, and facile surface functionalization [7-9].
More significantly, MSNs can also function as supports for
incorporation with fluorescent and magnetic compounds for
diagnostic applications. Various MSN-based drug delivery
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systems have been developed using nanoparticles, linear
molecules, multilayers, and macrocyclic compounds as
“gatekeepers” over the MSN pore entrance, which can be
stimulated by redox potentials, temperature or pH variations,
or photoirradiation to release drugs as needed [10-13]. Such
different molecules as synthetic polymers [14], amino acids
[15], peptides, nucleic acids, quantum dots (QDs) [16], inor-
ganic NPs [9], natural polymers, or their derivatives [17],
have reportedly been used as gatekeepers to provide intel-
ligent control for the escape of the encapsulated molecules
from the silica channels.

Carbon dots (CDs), a new group of luminescent carbon-
based compounds, with diameters of up to 10 nm have newly
been of great interest in the areas of clinical diagnosis, bio-
imaging, and catalysis [18-20]. CDs with graphitic struc-
tures have physicochemical characteristics similar to semi-
conducting quantum dots. Given their superior properties
such as non-toxicity, good solubility in water, exceptional
photostability, adjustable surface functional groups, great
cell membrane permeability, and high biocompatibility in
comparison with the traditional QDs and organic dyes based
on heavy metals, CDs are considered superior candidates
for fluorescence bioimaging [21-23]. CDs have previously
been used as bioimaging agents rather than drug delivery
controls. Due to their 2—10 nm range diameter, CDs can be
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employed as gatekeepers to cap the MSN pores to control
the on-demand drug release.

The main disadvantages of cancer chemotherapy are the
incapability to differentiate between the cancerous and nor-
mal cells and low accumulation of the drug inside tumor
tissue, which gives rise to adverse side effects and high dos-
age injections [24, 25]. Successful treatment can be achieved
by special drug targeting delivery, which can decrease the
undesirable side effects of drugs and improve the efficiency
of the therapy [26]. Some of the compounds previously used
as targeting agents include different ligands such as small
chemical molecules, peptides, aptamers, and monoclonal
antibodies [27-29].

Folic acid (FA) is a small molecule, which is stable over
a broad range of temperatures and pH values, cheap and
non-immunogenic. Furthermore, folic acid is capable of
binding to the folate receptor (FR) following connection to
the drugs or diagnostic markers [30]. FR is overexpressed
on the outside surface of some cancer cells, as biological
studies show. The facilitation of the cellular uptake of the
FA modified nanosystems and following cell apoptosis by a
receptor-mediated via the attachment of FA with FR positive
cancer cells have been previously reported [31, 32].

Gemcitabine (GEM) is a water-soluble pyrimidine anti-
metabolite as a chemotherapeutic agent to treat solid pan-
creas, neck, head, breast, bladder, colon, and ovary cancers
and other solid tumors [33-36]. However, a short half-life
of 8—17 min. in human plasma is caused by the fast deami-
nation of gemcitabine. Thus, to maintain the therapeutic
level of gemcitabine, it must be administered in high dos-
ages. Gemcitabine is presently administered at a high dos-
age of 1000 mg/m? for 30 min by intravenous (i.v.) injec-
tion, which leads to hematotoxicity and other side effects,
to reach a therapeutic level [37]. Consequently, it is highly
necessary to prepare gemcitabine with good plasma stability.
Different drug delivery approaches, including the applica-
tion of micelles, liposomes, and silica nanoparticles, have
been reportedly used to overcome the obstacles pointed out
[38-40].

The design of a multi-functional drug delivery system,
which involves the introduction of a pH-sensitive drug car-
rier of nano-size with bioimaging capability, is reported in
this work. Gemcitabine was loaded into amine-functional-
ized mesoporous silica (MSN-NH, @GEM), followed by
coating with CDs (CDs/MSN-NH, @ GEM). Afterward,
folic acid (FA) was grafted to the surface of nanoparticles
in order to specifically target folate receptor overexpress-
ing cancer cells (FA/CDs/MSN-NH,@GEM). The pho-
toluminescence characteristics, morphology, zeta poten-
tial, size distribution, drug encapsulation efficiency, and
in vitro release profile were also investigated. In addition,
the in vitro cytotoxic activity of the formulation prepared
was assessed on HeLa and K562 cells. Ultimately, the

nanoformulation was shown to provide excellent poten-
tial for real-time imaging for monitoring cellular tracking
during tumor treatment. Also, the interaction of the GEM
and human deoxycytidine kinase (dCK) was investigated
by molecular docking.

Materials and methods
Materials

Tetraethyl orthosilicate (TEOS), N-cetyltrimethylammo-
nium bromide (CTAB), folic acid (=97%), N-hydroxy-
succinimide (NHS), and 3-[4,5-dimethyl-thiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) were provided
by Sigma-Aldrich Chemical Co. Gemcitabine (GEM)
was purchased from Sobhan Oncology Co., Ltd. (Gilan,
Iran). N-(3-dimethylaminopropyl)-N-ethyl carbodiimide
hydrochloride (EDC) and 3-aminopropyltriethoxysilane
(APTES) were supplied by Merck Chemical Co. Trypsin,
Roswell Park Memorial Institute (RPMI) 1640 medium,
penicillin/streptomycin, and fetal bovine serum (FBS)
were purchased from Gibco (Germany). Other mate-
rial and solvents were of analytical grade and applied as
received.

K562 and HeLa cell lines were obtained from the
National Cell Bank of Iran, Pasteur Institute of Iran. The
cells were cultured in RPMI 1640 medium containing 10%
FBS, 1% (v/v) penicillin and 1% (v/v) streptomycin at 37 °C
in a humidified atmosphere containing 5% CO.,.

Characterization

Jasco FP-750, V=570 and 680-plus (Japan) instruments
were used to record the fluorescence; UV—Vis, and Fourier
transform infrared (FT-IR) spectra, respectively. An Asen-
ware AW-XDM300 (Chain) diffractometer was employed to
record XRD patterns using Ni-filtered CuKo radiation. Field
emission scanning electron microscopy (FE-SEM) was used
to study the appearance of nanoparticles using a QUANTA
FEG 450 instrument (USA) at an accelerating voltage of
20 kV. A Philips CM30 300 kV instrument (Netherlands)
was used to record transmission electron microscopy
(TEM) images. Dynamic light scattering (DLS) measure-
ments and zeta ({)-potential were applied to determine the
hydrodynamic diameter of the nanoparticles and evolution
of the surface charge, respectively, using HORIBA SZ-100
instruments (Japan). A BELSORP-II system (Japan) was
employed to monitor the nitrogen adsorption—desorption
isotherms at— 196 °C. Raman spectra were recorded using
a Tanso Raman spectrophotometer (Iran).
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Synthesis of NH,-modified MSN

A modified literature method was used to synthesize the
amino-functionalized MSN (MSN-NH,) nanoparticles [40].
In short, 0.10 g of CTAB was dissolved in 48 mL of deion-
ized water, followed by the addition of 0.030 g of NaOH and
adjusting the solution temperature at 70 °C. TEOS (400 pL)
and ethyl acetate (1 mL) were then injected dropwise to the
solution. Afterward, the amine was introduced to MSN by
adding 80 puL of APTES to the above solution. The reaction
was continued for 3 h at 70 °C. The solid product was col-
lected by centrifugation and purified by rinsing with etha-
nol. For template extraction, the product was dispersed in
a MeOH/HCI mixture (16 mL/1 mL) and refluxed at 60 °C
for 24 h to remove the surfactant template (CTAB). Eventu-
ally, the MSN-NH, was collected by centrifugation, rinsed
several times with ethanol, and dried in vacuo at 60 °C
overnight.

Loading of GEM into the NH,-modified MSN

5.0 mg of MSN-NH, was suspended with 2 mL of a 5 mg/
mL solution of GEM, and the suspension thus obtained was
stirred at ambient temperature for 24 h. The GEM encap-
sulated MSN-NH, was then centrifuged at 12,000 rpm for
10 min. The supernatant was collected to assess the loading
capacity (DL) and encapsulation efficiency (EE) of the drug,
and the quantity of free GEM was spectrophotometrically
determined at 270 nm utilizing a standard GEM solution
calibration curve. The DL and EE of GEM loaded onto
MSN-NH, were founds as follows:

DL(%) = Total weight of GEM — Free GEM weight in

supernatant

solution, it was transferred into a dark container and stored
at4 °C. 1.0 mL of a 5 mg/mL suspension of GEM-loaded
MSN-NH, was added to 1.0 mL of CDs, and the resulting
mixture was stirred at ambient temperature for 24 h. CDs/
MSN-NH, hybrid preparation and capping of MSN-NH,
pores with CDs result from the electrostatic interactions
between the amine groups on the silica surface and the
hydroxyl and carboxylic groups on the CDs.

Preparation of aminated-FA and FA/CDs/MSN-NH,

1.0 mmol of a solution of FA in 10 mL of DMSO was incu-
bated with 1.0 mmol of EDC and 2.0 mmol of NHS at ambi-
ent temperature for 20 h. 200 pL of pyridine and 200 pL
of ethylenediamine were then added to the above mixture,
and the reaction was continued at ambient temperature over-
night. The aminated FA was precipitated using excess ace-
tonitrile and rinsed with acetonitrile to eliminate the residue.
The precipitate formed was freeze-dried for 24 h and kept
at—20 °C [41].

5.0 mg of CDs/MSN-NH, were suspended in 10 mL of
phosphate buffered saline (PBS) at pH 7.4 to attach CDs/
MSN-NH, to FA. Afterward, 15.0 mg of EDC and 5.0 mg
of NHS were added under constant stirring over a period of
1 h. Aminated FA was then added, and the mixture obtained
was stirred overnight. FA/CDs/MSN-NH, was collected by
centrifugation at 12,000 rpm for 10 min, washed three times
with DI water, and dried in vacuo overnight.

2.7, In vitro drug release.

GEM-loaded MSN-NH, and 1.0 mL of GEM-loaded
CDs/MSN-NH, were placed into a sealed dialysis mem-

x 100

Mass of final formulation

Total weight of GEM — Free GEM weight in
EE(%) =

supernatant

x 100.

Total weight of GEM

Synthesis of CDs and CDs@MSN-NH,

Carbon dots were obtained from Laurus nobilis using one-
step hydrothermal method. The Laurus nobilis collected was
first rinsed with water to remove the impurities, followed
by drying at ambient temperature. Afterward, the leaves
were powdered, and 0.50 g of the resulting powder was
mixed with 40 mL of distilled water. Having been stirred
for 20 min., the mixture was transferred into a Teflon-lined
stainless steel autoclave and heated at a fixed temperature of
180 °C for 12 h. The autoclave was then cooled to ambient
temperature. The product was centrifuged at 12,000 rpm for
5 min. To remove the unreacted compounds from the CDs
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brane (cutoff =3500 Da), which was then soaked in citrate
buffer (pH=15.4) and PBS (pH =7.4) on a shaker incubator
set at 60 rpm at 37 °C. 1.0 mL aliquots were then taken at
specific time points and replaced with an equal quantity of
the released buffers. Ultimately, UV—Vis spectroscopy was
applied to analyze the GEM concentration in the samples at
269 nm. All the experiments were carried out in triplicate.

In vitro cytotoxicity assay
MTT assay was employed to investigate the cytotoxicity of

the free GEM, CDs, free FA/CDs/MSN-NH, and GEM-
loaded CDs/MSN-NH, in the absence or presence of FA
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against HeLa and K562 cells. The cells were seeded in
96-well plates at 7000 cells per well and maintained in a
humidified 5% CO, incubator at 37 °C for 24 h. The control
samples included the untreated cells. The next day, the cells
were exposed to free GEM, targeted and non-targeted GEM-
loaded CDs/MSN-NH,. Following incubation for 24 h, the
cells were exposed to 20 puL of 5.0 mg/mL MTT in PBS
and maintained at 37 °C for 3 h. The medium was then dis-
carded, and 100 uL. of DMSO was added to each well to
dissolve the formazan crystals. The plate was shaken for
10 min at 600 rpm, and then, the absorbance was measured
at 570 nm with a reference wavelength at 630 nm using a
microplate reader The percentage of cell viability was deter-
mined using the following equation.

Asqyg — Ags ) treated cells
Cell Viability (%) = (4570 = Asso) x 100.
(As79 — Agzo) control cells

Apoptosis analysis by flow cytometry

Flow cytometry was used to assess the apoptotsis induc-
tion using annexin V and propidium iodide (PI) staining. In
short, HeLa cells were seeded in 6-well plate (1 X 10° cells
per well) and maintained in a humidified 5% CO, incubator
at 37 °C overnight. The cells were then treated with GEM-
loaded CDs/MSN-NH, and FA/CDs/MSN-NH, for 24 h
at 37 °C. Afterward, the cells were rinsed with cold PBS,
trypsinized, centrifuged, and then suspended in Annexin V
buffer. Next, the cells were stained with 50 pg/ml PI solu-
tion and incubated for 20 min in the dark. A flow cytometer
(Becton Dickinson, USA) was eventually used to analyze the
treated cells. The cells at the upper and lower right quadrants
were considered as apoptotic cells while those at the upper
left were necrotic.

Cellular uptake analysis by fluorescent microscopy

Cellular uptake was qualitatively evaluated using fluores-
cence microscopy. HeLa cells (5 x 10* cells per well) were
seeded in 12-well plates and maintained overnight at 37 °C
under 5% CO, atmosphere. The cells were then treated with
GEM-loaded CDs/MSN-NH, and FA/CDs/MSN-NH, for
4 h at 37 °C. The culture medium was finally discarded, and
the cells were rinsed three times with PBS and visualized
using a Micros fluorescence microscope (Austria).

Molecular docking

The chemical structure of GEM was optimized using
Gaussian 09 at the level of B3LYP/6-311G+ +. The crys-
tal structure of the dCK (PDB ID: 2NOO) was taken from
the protein databank (http://www.rcsb.org/pdb). Molecular

docking studies were performed using the Autodock Vina
[42] using the Lamarckian genetic algorithm [43]. The
structure of GEM molecules, water molecules, the heter-
oatoms, and chain B dCK were removed from the PDB files.
Standard values were used for all the docking parameters.
LIGPLOT + [44], which is a program for automatically plot-
ting protein—ligand interactions, was used in the analysis
of the interactions between dCK with the GEM molecule.
The UCSF Chimera [45] packages were used to produce the
molecular image.

Results and discussion
Synthesis and characteristics of CDs and Silica NPs

Figure 1 shows the preparation method for FA/CDs/MSN-
NH, smart nanocarrier. MSN-NH, was prepared in an aque-
ous system containing TEOS and CTAB as the Si precursor
and surfactant, respectively. Having been vigorously stirred
at 70 °C for 30 min., APTES was injected to the reaction
mixture, which was then stirred for 3 h at 70 °C to yield
amine-functionalized MSNs. The hydrothermal route was
used to prepare the CDs. MSN-NH, was then modified with
CDs as the gatekeeper groups by electrostatic adsorption.
The aminated FA was eventually attached to CDs/MNS-NH,
by amide bond formation.

In the UV-Vis spectra of CDs (Fig. S1), the absorp-
tion band at 280 nm is related to the n-n* transitions of
—C=C- bonds and—C=0. As Fig. S2 shows, the emission
peaks shift to longer wavelengths in the emission spectra
of CDs as the excitation wavelengths increases. The CDs
are spherical and well dispersed, based on the TEM image
(Fig. S3). As observed in Fig. S3, the average diameter of
CDs was estimated at 3 nm. In addition, the DLS test was
used to estimate the hydrodynamic size as 3.1 +0.5 nm (Fig.
S4). Furthermore, the zeta potential of CDs was calculated
as — 26.8 + 1.2 mV. Two diffraction peaks are observed at
about 22 and 42° in the XRD pattern of the CDs, which
are due to the graphite lattice spacings of (002) and (100),
respectively (Fig. S5), verifying the crystalline graphite-like
structure of the synthetic CDs [31]. The vibrational peaks
at about 1395, 1590, and 3360 cm™! are ascribed to the cor-
responding aromatic skeletal of C=C, aromatic amine, and
hydroxyl and carboxyl groups, respectively, as observed in
Fig. S6. Two bands are observed in the Raman spectra of
CDs (Fig. S7) at about 1390 and 1600 cm™', which are due
to the D and G bands, respectively [46].

FT-IR confirmed the successful synthesis of MSN-NH,
and FA/CDs/MSN-NH,. Figure 2 shows the FT-IR spectra
of MSN-NH, and FA-CDs-MNS-NH,. The peak observed at
950 cm™! in the FT-IR spectrum of MSN-NH, corresponds
to Si—O bond vibration. In addition, the bands around 790
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Fig. 1 Schematic representation of the preparation of the pH-responsive FA/CDs/MSN-NH, nanocarrier
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Fig.2 FT-IR spectra of MSN-NH,, and FA/CDs/MSN-NH, (range of
400-4000 cm™")

and 1070 cm™ are related to the symmetric and asymmet-
ric stretching vibrations of the Si—O-Si bond, respectively.
The peak at approximately 1380 cm™! is associated with the
stretching vibration of the C—N bond. The absorption bond
around 2920 cm™! is due to the CH in CH-NH. The char-
acteristic bands at 3300 and 1510 cm™! are ascribed to the
stretching vibration of N—H [40]. The characteristic bands
of FA/CDs/MSN-NH, conjugates observed at 1650 and
1530 cm™! correspond to the amide bond formed between
amine-FA molecules and CDs/MSN-NH,. The UV-Vis
spectra of GEM, CDs/MSN-NH,, and GEM-loaded CDs/

@ Springer

Table 1 The zeta potential and DLS of the nanoparticles in water

Sample Zeta Polydispersity ~ Size in
index water
(nm)
MSN-NH, +35.5 0.04 170.3
CDs/MSN-NH, -15 0.13 179.1
FA/CDs/MSN-NH, -16.2 0.63 187.5

MSN-NH, are shown in Fig. S8. It can be observed that
the GEM-loaded CDs/MSN-NH, has a characteristic peak
at A=270 nm. The fluorescence emission spectra of CDs
and CDs/MSN-NH, are shown in Fig. S9. The fluorescence
emission spectra were recorded in the range of 430-700 nm
by choosing an excitation wavelength of 420 nm. The CDs
had a sharp emission peak at~503 nm. After interaction
with MSN-NH,, there was a slight redshift (~4 nm) and
enhanced intensity in emission, which demonstrated the suc-
cessful interaction of CDs with MSN-NH,. While the emis-
sion peak was slightly shifted, it also improved and became
sharp and strong in intensity. Furthermore, the size distribu-
tion of MSN-NH,, CD/MSN-NH, and FA/CDs/MSN-NH,
determined by DLS (Table 1) indicates an increase in the
size of MSN-NH,’s upon modification.

Figure 3A shows the FE-SEM image of MSN-NH, nano-
particles. The nanoparticles appear to have uniformly spheri-
cal shapes with an average size of 56 nm. Uniformly spheri-
cal shapes and proper size distribution with an average size
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Fig.3 A FE-SEM image of MSN-NH, and B TEM image of FA/
CDs/MSN-NH,

of 70 nm are observed in the TEM image of FA/CDs/MSN-
NH, (Fig. 3B). In addition, the difference between the hydro-
dynamic diameters of the FA/CDs/MSN-NH, dissolved in
water, and their actual size is responsible for the different
results acquired from DLS and TEM characterizations.

The two major peaks observed at 20=1.5°-6° in the
low-angle XRD diffractogram of the MSN-NH, correspond
to the (100) and (200) crystal planes, respectively (Fig. 4),
confirming the hexagonal structure of MSN-NH, [40]. The
considerable reduction in the diffraction peak intensities of
the low-angle XRD pattern of FA/CDs/MSN-NH, (Fig. 4)
indicates the efficient coverage of the pore openings of
MSN-NH, by the CDs.

BET analysis was carried out to study the porous nature
of MSN-NH, and CDs/MSN-NH, synthesized. Character-
istic type IV isotherms are shown by amine-functionalized
MSN (Fig. 5), by the nitrogen adsorption—desorption experi-
ments indicate, which is an indication of the presence of
mesoporous structures. Table 2 summarizes the surface
areas and pore sizes of the MSN-NH, and CDs/MSN-NH,.
The capping of mesoporous silica pores by CDs is verified

800

—MSN-NH2
— FA/CDs/MSN-NH2

Intensity (a. u.)
s &

g

1 3 5 7 9 1
20 (degree)

Fig.4 Low-angle powder XRD of A MSN-NH, and B FA/CDs/
MSN-NH,

by the considerable reduction in the surface area of CDs/
MSN-NH, and disappearance of the maximum peak in the
BJH pore size distribution plot compared with plain amine-
functionalized MSN.

Drug loading and release study

Following the synthesis of amine-functionalized MSN; gem-
citabine was loaded into MSN-NH, channels (Fig. 1). MSN-
NH, channels were coated and capped by negatively charged
CDs via electrostatic interaction with the amine groups to
entrap and control the release of GEM from nanoparticles.
The electrostatic interaction between the carboxylic acid and
hydroxyl groups of CDs and amine groups on silica surface
presumably controls the drug release in response to exterior
pH stimulant. The loading and release profiles are monitored
by UV-Vis analysis by comparison with the standard GEM
curve. The encapsulation efficiency and loading capacity of
the nanoformulations were determined to be 72.0% +2.68
and 1.49% +0.08, respectively. In vitro drug release sur-
vey was performed at pH values of 7.4 and 5.4, applying
phosphate and citrate buffers, respectively. The initial burst
release within the first 6 h in both buffers (PBS, pH 7.4, and
citrate, pH 5.4) is mostly similar in CDs/MSN-NH, @ GEM
formulation (Fig. 6).

Nevertheless, a considerable increase in the GEM release
rate in citrate buffer and further acceleration in 168 h (31%
of the total load vs. 18% in PBS; Fig. 6) are shown after
24 h. Moreover, the release pattern of GEM from MSN-
NH, @GEM was evaluated at pH values of 7.4 and 5.4. No
similar drug release patterns of GEM form MSN-NH, @
GEM vs. CDs/MSN-NH,@GEM are observed. During
168 h, only 31% and 18% of GEM are released from the
CDs/MSN-NH, @GEM in values of pH 5.4 and 7.4 PBS,
respectively, as previously pointed out. This is due to the
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Table 2 Structural parameters of MSN-NH,, and FA/CDs/MSN-NH,

Sample BET surface area BET pore BJH pore
(m% 2) volume diameter
(cm’/g) (nm)
MSN-NH, 514.26+5.8 m*/g 126cm¥g  3.1nm
CDs/MSN-NH, 237.28 +3.6 m%/g 0.50cm’g -
100
-~ CDs/MSN-NH2 pH=7.4
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Fig. 6 Gemcitabine (GEM) release profile of MSN-NH,, CDs/MSN-
NH, in PBS (pH 7.4), and citrate buffer (pH 5.4)

GEM encapsulation inside the MSN-NH, pores and effi-
cient capping of silica channels with CDs. However, 59 and
77% of GEM are released in PBS and citrate buffer, respec-
tively, by MSN-NH, @ GEM without CDs gatekeeper during
168 h. MSN-NH, @ GEM releases GEM remarkably faster
at pH 5.4 compared with CDs/MSN-NH, @GEM. The silica
channels are presumably covered and capped by CDs under

@ Springer

physiological conditions (pH 7.4). However, positively
charged hydrogen ions, which are abundant in citrate buffer
(pH 5.4), interact with carboxylate and hydroxyl group of
CDs and are protonated. Therefore, the electrostatic interac-
tion between the surface amine groups and carboxylate and
hydroxyl groups of CDs could be disturbed through com-
petitive the binding with H*, leading to GEM release as
a result. In addition, the repulsive interaction between the
protonated amine on the surface of silica and its analog in
gemcitabine molecule complicates the release of entrapped
GEM molecules in the MSN-NH, pores. Consequently, this
type of the delivery system, which applies pH as a trigger
for drug release, guarantees that the gatekeeper delays the
drug release via the circulation of coated drug carriers in
the bloodstream. However, loaded cargos are released from
nanoparticles in the tumor proximity and cytosol under
acidic conditions immediately after the arrival of the nano-
particle at the tumor microenvironment through the EPR
effect and their entrance into the desirable target cell via
endocytosis. Given the abundance of hydrogen ions in the
endosome, the pH interior of this cellular organ is evaluated
as 5.0, which is lower than that of the cytosolic ambiance in
a cell. Therefore, the intracellular performance of delivery
systems can be figured out by studying their in vitro release
behavior [47, 48].

Cytotoxicity assay

MTT assay was used to estimate the in vitro cytotoxicity
of CDs and plain FA/CDs/MSN-NH, in HeLa and K526
cell lines firstly since the carrier backbone should have low
biological toxicity. As observed in Fig. 7A, B, following
treatment with CDs and FA/CDs/MSN-NH, for 24 h at high
concentrations such as 200 ug mL~!, the cell viability is
maintained above 86%. The results obtained show the low
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cytotoxicity of CDs and FA/CDs/MSN-NH, and verify
their suitability for biomedical applications. Furthermore,
the cytotoxic activities of the free GEM, GEM-loaded CDs/
MSN-NH,, and GEM-loaded FA/CDs/MSN-NH, on the
HeLa and K562 cell lines were investigated. The cytotoxici-
ties of FA-targeted and non-targeted GEM-loaded nanocar-
riers in HeLLa and K562 cell lines are significantly different,
as observed in Fig. 7C, D. Based on the MTT results, high
cellular uptake of FA/CDs/MSN-NH,@ GEM and signifi-
cant cell apoptosis are shown by HeLa cells in comparison
with K562 cells. Thus, HeLa cells express higher folate
receptors and more susceptibility to FA/CDs/MSN-NH, @
GEM compared with K562 cells. In brief, FA improves the
drug delivery and encapsulation to tumor cells that have
high expression of folate receptors. More FRs are expressed
in HeLa cells in comparison with low expression of FR at
the surface of K562 cells, leading to the more uptake of FA/
CDs/MSN-NH, via acting endocytosis mediated by FA-FR
interaction [49, 50]. Thus, stronger cell inhibition activity is
shown by FA/CDs/MSN-NH,@ GEM on HeLa cells com-
pared with K562 cells.

Apoptosis analysis by flow cytometry

The cells were double stained with Annexin V and PI and
analyzed by flow cytometry to assess the apoptosis/necro-
sis inducing effect of FA/CDs/MSN-NH, @ GEM and CDs/
MSN-NH, @GEM on HeLa cells. As the results of the stud-
ies indicate, the main mechanism of cell death induced by
chemotherapeutic drugs is through the apoptosis pathway

[51-53]. As shown in Fig. 8, CDs/MSN-NH, @GEM nano-
particles have slightly induced apoptosis/necrosis in HeLa
cells. Nevertheless, both apoptosis and necrosis of HeLa
cells can be simultaneously induced by the FA/CDs/MSN-
NH, @GEM nanoparticles with FA conjugation at the con-
centration used. Therefore, HeLa cells have taken up the
FA/CDs/MSN-NH, @ GEM nanoparticles via FRs-mediated
endocytosis and more apoptosis is induced by these nanopar-
ticles compared with CDs/MSN-NH, @ GEM.

Cellular uptake using fluorescent microscopy

Fluorescence microscopy was used to carry out the qualita-
tive analysis of the cellular uptake of FA/CDs/MSN-NH, @
GEM and CDs/MSN-NH, @ GEM by the FRs overexpress-
ing HeLa cells via the intrinsic fluorescence characteristics
of CDs. HeLa cells were treated with FA/CDs/MSN-NH, @
GEM and CDs/MSN-NH,@ GEM (20 pg mL~") for 3 h at
37 °C. Figure 9 displays the relative cellular uptake of FA/
CDs/MSN-NH, @ GEM and CDs/MSN-NH,@ GEM with
respect to the fluorescence intensity shown by the cells. As
observed in the figure, the cellular uptake of GEM-loaded
FA/CDs/MSN-NH, (B) is higher compared with GEM-
loaded CDs/MSN-NH, (A) in the HeLa cells. According to
the cellular imaging results, the outstanding uptake of FA/
CDs/MSN-NH, @ GEM by HeLa cell line results from FR-
mediated endocytosis.
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Fig.8 Flow cytometry dot plot of A Control, B CDs/MSN-NH,@ »

GEM, and C FA/CDs/MSN-NH,@GEM in HeLa cells

Molecular docking studies

A computational approach increasingly used in the investi-
gation of the behavior of a drug within the appropriate target
binding mode(s) of a protein is molecular docking. In addi-
tion, molecular docking studies are significant, cheap, and
facile tools usually applied in drug discovery and structural
molecular biology [54, 55]. Considering the importance of
the interaction between any biomolecule and a drug, molecu-
lar docking studies were used to explore the interactions of
the GEM with dCK and the results are displayed in Fig. 10.
As illustrated in the 2D schematic interaction model, as
shown in Fig. 10B, there are seven hydrogen bonds between
the N1 atom of GEM and Gln 97 with 3.10 A length, the
N3 atom of GEM and Asp133 with 2.93 A length, the O2
atom of GEM and Arg 192 with 3.27 A length, the O2 atom
of GEM and Arg 194 with 3.12 A length, the O3 atom of
GEM and Arg 194 with 2.93 A length, the O3 atom of GEM
and the Glu 197 with 3.11 A length, also between the F1
atom of GEM and Tyr 86 with 3.07 A length. There are four
hydrophobic contact points between the GEM atoms and
the amino acids of dCK, viz. (i) between C1 and C2 with
Phe 134, (ii) between C2 with Phe 96, (iii) between C6 with
Leu 82, and (iv) between C9 with Ile 30. These results are
in the agreement with statement of Sabini and et al. [56].
Moreover, the binding free energy for the GEM with dCK
was found to be — 8.2 kcal mol™".

Conclusion

In this work, an intelligent FA-targeted nanosystem with
imaging capability has been developed by coating carbon
dots with amine mesoporous silica. Afterward, FA has
been grafted on the drug-loaded CDs/MSN-NH, surface.
Amine-functionalized silica has been used to entrap GEM
within the silica pores. Hydroxyl and carboxylic-function-
alized CDs may electrostatically interact with MSN-NH,
surfaces, thus allowing the controlled release of GEM
from the pores since CDs act as gatekeepers and contrast
agents. Folate-decorated nanoparticles were then formed
by the secure attachment of FA as a targeting ligand to
CDs/MSN-NH,@GEM based on the interaction between
FA and the folate receptors. FA/CDs/MSN-NH, showed
some specific features such as sustained fluorescence, good
monodispersity, uniform particle size and high encapsu-
lating efficiency. pH dependence and stable drug release
profiles, which can increment the therapeutic anticancer
efficacy of the drug and decrease the injury to normal cells
or tissues due to the acidic tumor microenvironment, were
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Fig. 10 A The molecular docking of the GEM with dCK by UCSF chimera, B two-dimensional interactions made using LIGPLOT+

shown by the in vitro drug release experiments. Higher
cellular uptake and internalization of targeted formulation
(FA/CDs/MSN-NH, @ GEM) compared with non-targeted
formulation (CDs/MSN-NH, @GEM) were shown in HeLa
cells, based on the results of in vitro MTT, cell imaging,
and flow cytometry experiments. The findings of this study
suggest the potential application of the formulations devel-
oped with imaging ability as potent theranostic agents for
diagnosis and treatment. Finally, molecular docking was
applied to uncover the interactions of GEM with the dCK.
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