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Carbon dot incorporated mesoporous silica
nanoparticles for targeted cancer therapy and

fluorescence imagingt
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A new and efficient theranostic nanoplatform was developed via a green approach for targeted cancer

therapy and fluorescence imaging, without the use of any anticancer chemotherapeutic drugs. Toward

this aim, monodisperse and spherical mesoporous silica nanoparticles (MSNs) of approximately 50 nm
diameter were first synthesized using the sol-gel method and loaded with hydrothermally synthesized

anticancer carbon dots (CDs). The resulting MSNs-CDs were then functionalized with chitosan and
targeted by an anti-MUC1 aptamer, using the glutaraldehyde cross-linker, and fully characterized by
TEM, FE-SEM, EDS, FTIR, TGA, XRD, and BET analysis. Potent and selective anticancer activity was
obtained against MCF-7 and MDA-MB-231 cancer cells with the maximum cell mortalities of 66.2 + 1.97
and 71.8 + 3%, respectively, after 48 h exposure with 100 ug mL™" of the functionalized MSNs-CDs. The
maximum mortality of 40.66 + 1.3% of normal HUVEC cells was obtained under the same conditions.
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Based on the results of flowcytometry analysis, the apoptotic mediated cell death was recognized as the

main anticancer mechanism of the MSNs-CDs. The fluorescence imaging of MCF-7 cancer cells was
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1. Introduction

Cancer has been reported as the second lethal disease with
about 10 million global victim in 2020." Despite the significant
advances over the past decades, the early detection and efficient
therapy of cancer still remain important challenges.> Most of
the commonly used cancer detection methods are not specific
and sensitive enough to accurately diagnose the early stages of
disease.®* On the other hand, the conventional methods of
cancer therapy, including surgery, radiation, and chemo-
therapy, are not efficient and usually lead to significant side
effects.* Therefore, the development of specific and efficient
approaches are necessary to overcome the present obstacles of
cancer detection and therapy.®

The nano-based approaches have promising potential in
both fields of cancer detection and treatment.® The attractive
physicochemical properties of nanoparticles (NPs) such as size,
optical properties, magnetic activity, high surface to volume

“Department of Biotechnology, Faculty of Biological Sciences and Technology,
University of Isfahan, Isfahan, 81746-73441, Iran. E-mail: agh.abbasi@bio.ui.ac.ir;
Fax: +98-3137932456; Tel: +98-3137934401

*Applied Physiology Research Center, Cardiovascular Research Institute, Isfahan
University of Medical Sciences, Isfahan, 81746-73461, Iran
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra00768e

© 2023 The Author(s). Published by the Royal Society of Chemistry

also studied after exposure with MSNs-CDs. The overall results indicated the high potential of the
developed nanoplatform for targeted cancer theranostics.

ratio, and high surface activity, are extensively used for different
biomedical applications.” The nanoscale carriers are of great
interest for drug delivery due to their high stability, facile
chemical functionality, efficient cellular internalization, and
high loading capacity.® Development of smart and multifunc-
tional nanoplatforms with different surface chemistry and
novel abilities has also considered, recently.® In this context, the
surface functionalization by the targeting agents, especially
antibodies and aptamers, have greatly considered for the tar-
geted delivery of nanocarriers with high efficiency and speci-
ficity.”® The design and development of theranostic
nanoplatforms for simultaneous diagnosis and therapy of
diseases is  another outstanding achievement of
nanotechnology."

A plenty of NPs with different sizes, shapes and physico-
chemical properties have been developed so far for various
biomedical applications.”> Among them, mesoporous silica
nanoparticles (MSNs) have been widely used as the nanocarrier
due to their interesting characteristics, especially facile
synthesis and functionalization, excellent biocompatibility, and
high loading capacity."*” MSNs are also considered greatly as
an appropriate candidate to develop the theranostic agents.*
Different drugs and imaging modalities have been incorporated
into MSNs to achieve this goal. Carbon dots (CDs) are among
the latest developed fluorescent NPs that are easily synthesized
from the organic sources and used for different applications,
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especially bioimaging.'**® CDs represent different functional
groups such as amine, hydroxyl, and carboxyl, which facilitates
their subsequent surface modification. Recently, the fluorescent
CDs with potent anticancer activity have also been synthesized
by our group via a green chemistry approach by using the
extracted taxanes from Taxus baccata L.** However, the small
size of CDs inhibits their direct in vivo applications due to their
rapid renal clearance.?” Therefore, development of appropriate
nanoplatforms is fundamental for efficient and targeted
delivery of CDs in vivo.

In the present study, MSNs were synthesized and loaded with
the fluorescent and anticancer CDs to develop a new theranostic
nanoplatform. After chitosan (Ch) coating and aptamer target-
ing, the final nanoplatforms were used, as a theranostic agent,
for the fluorescence imaging and the targeted cancer therapy.
Recently, many articles have been reported about the CDs and
silica nanocomposites for various applications, including bio-
sensing, bioimaging and theranostics.”® Unlike the similar
theranostic nanosystems that have been developed until now
based on the combined use of CDs and chemotherapeutic
agents,*” the present nanoplatforms only carry CDs, as both
anticancer and fluorescent agents, with a potent and compa-
rable anticancer activity. Moreover, unlike some recent arti-
cles®®* that reported the photo-induced cytotoxicity of CDs, the
focus of present study is the selected and targeted anticancer
activity without the need for the special stimuli. The use of
taxane compounds extracted from Taxus baccata L., as a natural
and easily available source, for the synthesis of hydrophilic and
fluorescent CDs, considerably reduces the common issues of
chemotherapeutics, including their side effects, hydrophobicity
and high costs. Moreover, the used procedure in this study for
development of the theranostic nanoplatforms is simple and
green without the use of complex experimental procedures or
toxic chemicals.

2. Experimental section

2.1. Materials

RPMI1640 medium, 0.25% (w/v) trypsin-0.03% (w/v) EDTA
solution, fetal bovine serum (FBS), phosphate-buffered saline
(PBS), and antibiotic solution (penicillin-streptomycin) were
prepared from Gibco (Invitrogen, Grand Island, NY). Annexin V-
FITC conjugate, cell staining buffer, and annexin V binding
buffer were purchased from Biolegend (San Diego, CA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
5-fluorouracil (5-FU), acetic acid (99%), low molecular weight
(LMW) Ch, glucose (C¢H;,0¢), dimethyl sulfoxide (DMSO),
cetyltrimethylammonium bromide (CTAB), tetraethyl orthosili-
cate (TEOS), m-phenylenediamine (mPDA) were purchased from
Sigma (Sigma-Aldrich, Germany). Sodium hydroxide, glutaral-
dehyde (GA), absolute ethanol, and anhydrous methanol were
purchased from Merck (Darmstadt, Germany). The amino-
labeled anti-MUC1 aptamer was obtained from Metabion
(Germany) with the previously reported sequence of 5 NH,Cg-
TTTGCAGTTGATCCTTTGGATACCCTGG 3'.%° The breast cancer
cell lines of MCF-7 and MDA-MB-231 were acquired from the
national cell bank of Iran-Pasteur Institute.
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2.2. Synthesis of nanoplatforms

This section includes several steps. First, CDs were synthesized
based on the previously reported hydrothermal method.*
Briefly, 20 mL ethanolic extract of Taxus baccata containing
mPDA (in a 3:1 w/w ratio) was prepared and added into
a Teflon-lined autoclave and heated at 150 °C for 6 h. The
impurities and large particles were removed by centrifugation at
8000 rpm for 10 min. Second, MSNs were synthesized according
to the previously reported method by some modification.*
200 mg CTAB was dissolved in 96 mL of deionized water under
vigorous stirring for 20 min at 80 °C. Then 70 uL of 2 M NaOH
and 500 pL of TEOS were consecutively added into the solution
dropwise and the solution was stirred for 2 h. The resulted
MSNs were separated from the colloid by centrifugation at
8000 rpm for 10 min, dispersed in 50 mL methanolic solution
containing 1% HCI and refluxed at 80 °C for 12 h before calci-
nation at 500 °C for 4 h to completely remove the CTAB
surfactant templates. MSNs were separated again by centrifu-
gation, washed with distilled water and dried at 50 °C, over-
night. In the final step, 20 mg MSNs and 5 mg as-prepared CDs
were dispersed in 20 mL of deionized water under sonication for
10 min followed by gentle mixing at 25 °C for 24 h. The CDs
incorporated MSNs (MSNs-CDs) were then separated under
centrifugation and dried at 40 °C, overnight. The weight ratio of
loaded CDs to the total weight of MSNs-CDs was considered as
the CDs loading efficiency. MSNs-CDs were then dispersed in
1 mL of 1% (v/v) aqueous solution of acetic acid containing Ch
(0.5%, w/v) under stirring at 200 rpm for 6 h. The Ch coated
MSNs-CDs (MSNs-CDs-Ch) were separated under centrifugation
before functionalization with anti-MUC1 aptamer, according to
the previously reported procedure.*” Briefly, 10 mg of MSNs-
CDs-Ch were dispersed in 1 mL of phosphate buffer (50 mmol
L', pH 7.0) containing 2% GA and incubated under gentle
stirring for 4 h. GA functionalized nanoplatforms (MSNs-CDs-
Ch-GA) were then separated by centrifugation, washed with
deionized water and dispersed again in 1 mL of phosphate
buffer (50 mM, pH 8.5). After the addition of anti-MUC1
aptamer and 12 h incubation under gentle shaking at 25 °C,
the aptamer targeted NPs (MSNs-CDs-Ch-Apt) were separated by
centrifugation, washed with deionized water, and dispersed in
PBS for the subsequent storage at 4 °C. The concentration of
aptamer in the solution before and after the reaction was
measured using an Epoch Micro-Volume Spectrophotometer
(BioTek, USA) to evaluate the efficiency of aptamer binding to
the NPs surface. The binding efficiency was calculated based on
the ratio of the concentration of aptamers conjugated on the
nanoparticles surface to the total concentration of aptamers
used in the reaction.

2.3. Characterization of nanostructures

The size, shape, and elemental composition of MSNs were
analyzed using a field emission scanning electron microscopy
(FE-SEM, FEI ESEM Quanta 200, USA) equipped with X-ray
energy dispersive spectroscopy (EDS, silicon drift detectors,
Germany) at an accelerating voltage of 25 kV. Transmission
electron microscopy (TEM) images were obtained by using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a JEOL 1230 transmission electron microscope. The { potential
values and hydrodynamic sizes of CDs were measured using SZ-
100 nanoparticle analyzer (Horiba, Japan). A Bruker D-8
Advance powder X-ray diffractometer (Shimadzu, Japan) with
Cu Ko radiation (A = 1.5406 A) was used to record the X-ray
diffraction (XRD) pattern of MSNs. Fourier transform infrared
(FTIR) spectra were recorded using a Jasco FTIR-6300 spec-
trometer over the wavenumber range of 4000-400 cm ™. Ther-
mogravimetric analysis (TGA) was carried out using a Mettler
TG50 (Schwerzenbach, Switzerland) from 25 °C to 700 °C at
a heating rate of 10 °C min ' under nitrogen atmosphere. A
BELSORP-mini II instrument (Bel Japan Inc., Japan) was used to
evaluate and compare the nitrogen adsorption/desorption
isotherms of MSNs and MSNs-CDs. The Brunauer-Emmett-
Teller (BET) method and Barrett-Joyner-Halenda (BJH) model
were then used to calculate the surface area, pore size and pore
volume of MSNs and MSNs-CDs from the nitrogen desorption
isotherms. The release of CDs from MSNs was also studied in
the simulated condition with the cancer cells. For this purpose,
nanoparticles were incubated in PBS buffer (pH 5.0) and the
fluorescence of supernatant was measured after 3, 6, 12, 24, 36,
48, and 72 hours.

2.4. Invitro studies

The biocompatibility and potential anticancer activity of
nanostructures were first studied in vitro on the breast cancer
cell lines of MCF-7 and MDA-MB-231 and the non-cancerous
human umbilical vein endothelial cells (HUVEC) by MTT
assay. For this purpose, 10" cells with 200 pL RPMI 1640
medium were added into each well of 96-well plates and incu-
bated at 37 °C in a humidified 5% CO, incubator. After 24 h, the
medium was discarded and different concentrations (1, 10, 50,
and 100 pg mL~" in media) of each NPs, including CDs, MSNs,
MSNs-CDs, MSNs-CDs-CH, and MSNs-CDs-Ch-Apt, were added
into the individual wells and incubated again for 48 h at the
same condition. Then, the medium was completely replaced
with 100 pL of MTT solution (0.5 mg mL™' in media) and
incubated for 4 h at the same condition. Finally, the medium
was carefully discarded and the formazan crystals were dis-
solved in 100 uL DMSO and the absorbance was measured at
570 nm. The cell viabilities were calculated as the ratio of
absorbance values from each treatment and control. The cell
morphology changes were also monitored by the optical
microscope. The anticancer drug of 5-FU was also used at the
same condition, as the control.

The intracellular uptake efficiencies of the nanoplatforms
and their potential use for fluorescence imaging were also
studied, in vitro, using an inverted microscope system (Nikon,
Eclipse Ti-U). To this aim, the cells were exposed with 10 pg
mL ™" of MSNs-CDs-Ch-Apt for 4 h and washed with PBS buffer
before fluorescence imaging.

The abundance of apoptosis and necrosis of cancer cells
after exposure with the NPs were investigated by Annexin V-
FITC/propidium iodide (PI) staining, according to the
previous reports.*** To this aim, 2 x 10> MCF-7 cells were
seeded in each well of 6-well plates and incubated at 37 °C in

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

a humidified 5% CO, incubator, overnight. The cells were then
exposed with 50 ug mL™" of MSNs-CDs-Ch-Apt for 48 h. The
medium and suspended cells of each well were then completely
separated and stored, individually. The remained cells were also
harvested by trypsinization and added into the stored media.
The cells were then precipitated completely by centrifugation at
2000 rpm for 5 min and stained according to the manufacturer's
instruction (Biolegend, San Diego, CA). Briefly, the cell pellets
were washed with cold staining buffer and suspended in 100 pL
annexin V binding buffer containing 5 pL annexin V-FITC (100
pg mL~ ") and 10 uL PI solution (0.5 pg mL ). The samples were
incubated for 15 min in dark condition before flow cytometric
analysis using a BD FACS Calibur™ (BD Biosciences, San Jose,
CA, USA) at the excitation wavelength of 488 nm. FITC was
detected in FL-1 by 525/30 BP filter and PI was detected in FL-2
by 575/30 BP filter. 2 x 10* cells were used in each assay and
analyzed using WinMDI 2.8 software to determine the
percentages of early apoptotic (annexin V', PI"), late apoptotic
(annexin V', PI"), necrotic (annexin V~, PI") and live (annexin
V7, PI") cells.

2.5. Statistical analysis

All the in vitro experiments were carried out in triplicate and the
final results were presented as the mean value + standard
deviation (SD). All statistical analyses were performed using the
SPSS version 20.0 for Windows and P values of less than 0.05
were considered as the statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of NPs

MSNs have been one of the most widely used drug delivery
nanocarriers over the past 20 years.** Recently, MSNs have also
attracted an increased attention for cancer therapy and
imaging.*® Development of MSNs-based theranostic nanoplat-
forms is another new approach of cancer research. In this
context, the use of CDs as a pH-responsive gatekeeper for FRET-
based monitoring of doxorubicin (DOX) release from the
AS1411 aptamer-targeted magnetic MSNs have been reported by
our group, recently.*” These fluorescent CDs with high quantum
yield of up to 50.4% in the wavelength range of 460-520 nm and
a potent anticancer activity were also synthesized in one of our
previous studies.** Green synthesis of CDs by using the natural
compounds, such as taxanes, provides a simple and cost-
effective method for the development of theranostic agents,
without the use of hazardous chemicals.?**> Moreover, this
method overcomes the problem of hydrophobicity of taxanes,
which adversely affects their bioavailability in the physiological
condition. The results of some characterization analyses of
these CDs are presented in Fig. S1.t

The previous promising results prompted us to explore new
MSNs-based nanostructures with higher CDs loading, different
surface coverage, and new targeting agents in order to achieve
better performances. To this aim, MSNs were synthesized using
the well-known sol-gel method based on the literature,*>*® and
loaded only with CDs. The details of the reaction steps involved

RSC Adv, 2023, 13, 9491-9500 | 9493
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Scheme1l Schematic representation for the synthesis procedure of CDs incorporated mesoporous silica nanoparticles targeted with anti-MUC1

aptamer.

in the development of multifunctional theranostic MSNs are
shown in Scheme 1. The hydrogen bonds between hydroxyl
functional groups of MSNs and CDs can be considered as the
main interaction force for the CDs loading into the MSNs. A
loading efficiency of 10.8% was obtained for CDs after the
incubation with MSNs, under gentle mixing at 25 °C for 24 h.
The surface coating of MSNs with chitosan, via the electrostatic
interaction of positively charged amine groups of Ch with the
negatively charged hydroxyl groups of MSNs, was followed to
cap the mesopores as well as to provide the appropriate

functional groups for the subsequent aptamer conjugation.
Glutaraldehyde was used, as a crosslinker, to attach the anti-
MUC1 aptamers on the surface of MSNs through the imine
bonds between the aldehyde groups of the crosslinker with the
primary amines of chitosan and aptamer.

The physicochemical properties of MSNs were first charac-
terized using SEM, TEM, and XRD (Fig. 1). The results of SEM
and TEM imaging indicated the synthesis of highly mono-
disperse MSNs with a spherical shape and approximately 50 nm
size. MSNs represent the appropriate properties of the

100 nm
w» v

9

Intensity (Counts)

Fig. 1 The characterization results of MSNs. FE-SEM (left), TEM (right-up), and XRD (right-down), analysis.
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nanocarriers for biomedical applications. The low angle XRD
analysis showed a diffraction peak at 2.2° corresponding to
(100) plane of MSNs.?” EDS elemental analysis confirmed that
MSNs are composed of silica and oxygen with the weight
percentages of 56.13 and 43.87, respectively (Fig. S21).

MSNs were characterized again following the CDs loading.
TEM imaging clearly showed the significant incorporation of
CDs and formation of a new coating layer on the MSNs surface
(Fig. 2). Based on TGA analysis, up to 9.43% weight loss of
MSNs-CDs obtained after air heating up to 400 °C (Fig. S37).
This observation could be attributed to the oxidative decom-
position of incorporated CDs. BET analysis was used to further
investigate the CDs loading of MSNs. The results of nitrogen
adsorption-desorption analysis of MSNs before and after CDs
loading showed the hysteresis loops (Fig. 2) corresponded to the
type IV isotherm which indicates the high mesoporous nature
of MSNs. The initial MSNs represent high surface area of 507.25
m? g~ " while the surface area of MSNs-CDs decreased to 224.56
m? g~ " indicating the significant loading of CDs. The total pore
volume of MSNGs after CDs loading also decreased from 1.01 cm?
¢ ' t0 0.85 cm® g (Fig. 2).

The resulted MSNs-CDs were then coated with Ch before
targeting with the DNA aptamers. The unique characteristics of
Ch biopolymer especially biodegradability, biocompatibility,
and low cost, make it a preferred choice for the biomedical
applications.*® Regarding the high negative charge density of
MSNs-CDs surface, due to the presence of hydroxyl, carbonyl
and carboxyl groups, the surface coating could be easily ob-
tained through the electrostatic interactions and hydrogen
bonds. Based on TEM imaging, MSNs-CDs-Ch represent a semi-
spherical shape with a modified surface due to the Ch coating

View Article Online
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(Fig. 2). Finally, MSNs-CDs-Ch were functionalized by GA and
targeted with the anti-MUC1 aptamer, via the Schiff base
reaction.

The functionalization of MSNs was also investigated step-
wise using the FTIR spectroscopy (Fig. 3). The characteristic
peaks observed at 1086, 798, and 949 cm ™' were assigned to the
asymmetric and symmetric stretching vibrations of Si-O-Si,
and stretching vibration of Si-OH, respectively, which confirm
the successful synthesis of MSNs.'*** The broad band located
around 3423 cm ™ is attributed to the typical stretching vibra-
tions of O-H and N-H bonds.*’ The peak observed at 1625 cm ™"
was also assigned to the OH stretching vibrations.** The
absorption band at 1454 cm ™" was ascribed to the C-H bending
vibration.** The appearance of the C-H stretching bands at 2863
and 2935 cm ™" in MSNs-CDs indicated the successful incorpo-
ration of CDs.** The newly appeared stretching vibration bands
at 1362 cm™ " was also attributed to the amine groups of Ch.™
The absorption band at 1525 cm™" was assigned to the vibra-
tions of N-H bond of amino groups.*® These data indicate the
successful coating of MSNs-CDs with Ch. The appeared peak at
1713 em ™" after surface functionalization with GA is attributed
to the stretching vibration of carbonyl groups.** The appearance
of new peak at 1671 cm ' corresponds to the imine (C=N)
bonds, resulted by Schiff base reaction between the primary
amine group of Ch and carbonyl groups of GA.*°

To improve the specificity of NPs toward the cancer cells and
also to improve their cell internalization efficiency, in the last
step, NPs were functionalized by anti-MUC1 aptamer. The active
targeting of NPs toward the cells via the specific ligands, such as
antibodies and DNA aptamers, has greatly considered,
recently.* The significant advantages of DNA aptamers over the
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Fig. 2 TEM images of MSNs-CDs (left up) and MSNs-CDs-Ch (right up). The nitrogen adsorption—desorption isotherms (left bottom) and pore

diameter/pore volume (right bottom) of MSNs and MSNs-CDs.
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Fig. 3 FTIR analysis of MSNs functionalization, including CDs, CH, MSNs, MSNs-CDs, MSNs-CDs-Ch and MSNs-CDs-Ch-GA.

antibodies, especially low cost, easy synthesis and modification,
high stability and comparable affinity, led to their increased
application.”® In the present study, anti-MUC1 aptamer was
used to target the CDs incorporated MSNs toward the breast
cancer cells. MUC1 receptor is mainly overexpressed on the
surface of human epithelial cancer cells.***” A previously re-
ported specific and short (25-bp) DNA aptamer with high
affinity (K4 value of 0.135 nM) for MUC1 receptor was used for
this purpose.** The amine-terminated aptamers were easily
conjugated to the amine groups of Ch on the MSNs surface via
the GA linkers. This simple, fast and mild reaction also prevents
the potential damage or deformation of DNA aptamers during
the conjugation. The concentration of DNA aptamer in the
supernatant, after the reaction, was 14.6 ug mL ™" while the total
amount of aptamers used in the reaction was 98.7 ug mL ™.
Therefore, the binding efficiency of aptamer to the NPs surface
was 85.21%. Considering the total amount of the conjugated
aptamers (84.1 pg) on the functionalized MSNs (10 mg), the
concentration of aptamer on the surface of final nanostructure
(MSNs-CDs-Ch-Apt) was calculated to be about 8.41 ug mg™".

3.2. Invitro studies

To investigate the potential anticancer activity of nano-
structures, a comprehensive MTT assay was first conducted in
vitro. The toxicity of nanoplatforms, including CDs, MSNs,
MSNs-CDs, MSNs-CDs-Ch, and MSNs-CDs-Ch-Apt, as well as the
anticancer drug of 5-FU, was studied on MCF-7 and MDA-MB-
231 breast cancer cells and the normal HUVEC cells. MSNs
represented the negligible cytotoxicity on all three cell lines,
indicating their high biocompatibility and therefore, their high
potential as the nanocarrier (Fig. 4). The biocompatibility of
MSNs, as an ideal drug delivery nanocarrier, has been exten-
sively studied and reported, recently.**** MSNs-CDs, in contrast
to MSNs, represent the highest cytotoxicity on all the studied
cell lines. The results of statistical analysis showed that the

9496 | RSC Adv, 2023, 13, 9491-9500

anticancer effect of MSNs-CDs, on both cancer cell lines, is
significantly higher than the free CDs. The exposure of MCF-7,
MDA-MB-231, and HUVEC cells with 100 ug mL ™" MSNs-CDs for
48 h exposure led to 87.93 + 2.55, 85.82 + 2.68, and 88.35 £+
1.77% mortality, respectively (Fig. 4A).

The optical microscopy imaging of MCF-7 cancer cells after
exposure with MSNs-CDs also confirmed the considerable
change in the morphology and inhibition of growth, which
indicates the high cellular toxicity of MSNs-CDs (Fig. S47). With
regards to the biocompatible nature of MSNs, this observation
could be attributed to the cytotoxicity of CDs. In the previous
study, ICs, value of 82.1 &+ 4 pg mL~" was obtained after 48 h
exposure of MCF-7 cells to CDs. Since CDs constitute only about
10% of the total weight of MSN-CDs, the present results show
that the use of MSNs for delivery of CDs has multiplied their
anticancer activity. The loading of CDs into MSNs can also keep
them away from the additional reactions with the medium
components. The observed cytotoxicity of MSNs-CDs was even
higher than our previously reported magnetic MSNs incorpo-
rated with DOX and CDs.** The high cytotoxicity of MSNs-CDs,
developed in the present study, could be attributed to the
higher loading of CDs into MSNs. Since no magnetic NPs was
incorporated in the present MSNs, they have more loading
capacity for anticancer CDs, which can lead to the higher anti-
cancer activity of resulted MSNs-CDs. Moreover, the lack of
appropriate surface coating can also lead to the faster release of
CDs from MSNs and thus, the greater cytotoxicity of MSNs-CDs.
Owing to the non-specific cytotoxicity of MSNs-CDs, their
surface modification and targeting against cancer cells is
essential.

For this purpose, MSNs-CDs surface was first coated with the
biocompatible and biodegradable Ch polymer. Based on the
results (Fig. 4A), the Ch coating of MSNs-CDs significantly
decreased the cytotoxicity of MSNs-CDs, possibly due to the
controlled release of CDs. The subsequent functionalization of
MSNs-CDs-Ch with the anti-MUC1 aptamer, led to the further

© 2023 The Author(s). Published by the Royal Society of Chemistry
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trations of MSNs, MSNs-CDs, MSNs-CDs-Ch and MSNs-CDs-Ch-Apt, CSs, 5-FU, and (B), optical microscopy images of the cells after 48 h

exposure with 100 pg mL™t MSNs-CDs-Ch-Apt (scale bars = 50 pm).

increase of the anticancer activity without the significant effect
on the non-specific toxicity of nanoplatforms on the normal
HUVEC cells. Therefore, the Ch coating and aptamer targeting
of MSNs-CDs led to the potent and specific anticancer activity.
In this condition, the maximum cell mortalities of 66.2 + 1.97
and 71.8 = 3% obtained for MCF-7 and MDA-MB-231 cells,
respectively, after 48 h exposure with 100 pg mL~" MSNs-CDs-
Ch-Apt (Fig. 4A). The exposure with 100 pg mL~ " CDs for
48 h, at the same condition, led to the cell mortalities of 55.69 +
1.58 and 58.63 + 1.38% in MCF-7 and MDA-MB-231 cells,
respectively. Considering the loading efficiency of CDs in the
MSNs (10.8%), these results indicate a considerably higher
anticancer activity of MSNs-CDs-Ch-Apt. The results were
comparable with the obtained cell mortalities of 76.31 + 1.46
and 67.61 £ 1.92% for MCF-7 and MDA-MB-231 cells, respec-
tively, after 48 h exposure with 100 ug mL ' of anticancer drug,
5-FU. At the same condition, 40.66 + 1.3% mortality of HUVEC
cells was observed, after 48 h exposure with 100 g mL ™" MSNs-
CDs-Ch-Apt. The results were comparable with the previously
reported mortality of 65.71% after 48 h exposure of MCF-7 cells
with 100 pg mL™" magnetic MSNs incorporated with CDs and
DOX.**

Regarding the potential adverse effects of GA on the cells and
human health, such as the induction of respiratory irritation,

© 2023 The Author(s). Published by the Royal Society of Chemistry

neurotoxicity, oxidative stress, and inflammation,*** the in
vitro cell studies of GA functionalized MSNs are also important
for the biomedical applications. Based on the results of MTT
assay, no increased mortality of HUVEC cells was observed after
the exposure with MSNs-CDs-Ch-Apt that indicates the absence
of adverse effects of GA on the final nanoplatform. Since the
adverse effects of GA have been reported to be dose-depen-
dent,>* this result could be due to the use of low concentrations
of GA. Moreover, as the behavior of GA in the solution is affected
by its structure,® the crosslinked GA is expected to represents
different biological effects than the free GA. The overall results
indicate more selective anticancer activity of aptamer-
functionalized MSNs than the initial NPs. The results of MTT
assay were also confirmed by the microscopic imaging of cell
morphology changes after exposure with MSNs-CDs-Ch-Apt
(Fig. 4B).

The time-dependent release of CDs from MSNs was studied
by using the fluorescence spectroscopy. As illustrated in
Fig. S5,T a significant release of CDs occurred during the first 24
hours of incubation, after which the fluorescence changes
decreased significantly.

The potential use of MSNs-CDs-Ch-Apt for the fluorescence
imaging of cancer cells was also studied in vitro. Based on the
results (Fig. 5A), the appropriate fluorescence imaging of MCF-7

RSC Adv, 2023, 13, 9491-9500 | 9497
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cells obtained after 24 h exposure with MSNs-CDs-Ch-Apt. The
overall results indicate high potential of developed nanoplat-
form, as a cancer theranostic agent, for the simultaneous
imaging and targeted cancer therapy.

The anticancer activity of CDs and MSNs-CDs-Ch-Apt was
further studied by using flow cytometry analysis. For this
purpose, MCF-7 cells were stained with annexin V-FITC and PI
after 48 h exposure to 50 pg mL™' concentration of CDs and
MSNs-CDs-Ch-Apt. In this condition, the over-expressed phos-
phatidylserine molecules on the surface of apoptotic cells are
expected to be recognized by annexin V proteins while PI
selectively inters the late apoptotic and necrotic cells and
intercalates with the nuclear DNA.** Flow cytometry analysis of
stained cells showed that 64.7 and 26.54% of MCF-7 cells are in
the late apoptotic and necrotic stages, respectively. Only 6.65%
of cells were still alive while the remaining 2.11% were in the
early apoptotic stage. Therefore, the results of MTT assay were
further confirmed and late apoptosis was identified as the main
cause of cell death (Fig. 5B). Similarly, the exposure of MCF-7
cells with CDs at the same condition for 48 h led to the late
apoptosis of 81.85% of cells while 13.07% of cells were in the
early apoptosis stage. These results are also consistent with our
previous data about the anticancer mechanism of CDs, via the
induction of apoptosis.

4. Conclusion

The growing number of cancer patients in the world and the
lack of a definitive treatment strategy for this disease have
raised many concerns. One of the main limitations is the side
effects of most common chemotherapeutic agents. The use of
biogenic approach for development of novel cancer therapeu-
tics with the superior activities and less side effects has been
greatly considered to address this limitation. The use of non-
toxic materials and solvents for synthesis of chemotherapeu-
tics could also significantly reduce their potential toxicity and
side effects. The targeted delivery by using biocompatible and
biodegradable NPs, such as MSNs, is another strategy to over-
come the obstacles of cancer therapy. Both approaches of
biogenic synthesis and targeted delivery were considered in the
present study. Accordingly, the targeted and controlled delivery
of green synthesized CDs, with the potent anticancer and

9498 | RSC Adv, 2023, 13, 9491-9500

fluorescence activities, obtained by the aptamer-functionalized
MSNs. The resulted theranostic nanoplatforms showed a high
anticancer activity, comparable to the anticancer activities ob-
tained previously by the combined use of CDs and anticancer
drugs. The targeted delivery of CDs was also used for the fluo-
rescence imaging of cancer cells. The theranostic nanoplat-
forms were developed merely by using the biogenic precursors
and green methods. The use of biocompatible MSNs, as a drug
delivery carrier, and their appropriate functionalization and the
aptamer targeting, led to the improved anticancer effects on the
cancer cells while significantly inhibited the non-specific effects
of nano-therapeutic agents on the normal cells. The surface
coating of NPs with the biocompatible and biodegradable Ch
was used as a simple and efficient approach for the controlled
release of cargos and also their subsequent functionalization.
The aptamer targeting against cancer cells was a simple and
cost-effective method to inhibit nonselective cytotoxicity of
nanostructures. Therefore, this rationally designed multifunc-
tional nanoplatform represents high potential for the simulta-
neous cancer therapy and fluorescence imaging.

Abbreviations

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

CDs Carbon dots

Ch Chitosan

CTAB Cetyltrimethylammonium bromide
CTCs Circulating tumor cells

DLS Dynamic light scattering

DMSO Dimethyl sulfoxide

DOX Doxorubicin

EDS Energy dispersive X-ray spectroscopy
FBS Fetal bovine serum

FE-SEM Field emission scanning electron microscopy
FTIR Fourier transform infrared spectroscopy
GA Glutaraldehyde

HUVEC Human umbilical vein endothelial cells
LMW Low molecular weight

MCF-7 Michigan cancer foundation-7

MDA-MB M. D. Anderson metastasis breast
mPDA m-Phenylenediamine
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MSNs-CDs CDs loaded MSNs

MSNs-CDs-Ch  Chitosan coated MSNs-CDs

MSNs-CDs- Aptamer targeted MSNs-CDs-Ch

Ch-Apt

MSNs-CDs- Glutaraldehyde functionalized MSNs-CDs-Ch

Ch-GA

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

MUC1 Mucin 1

NPs Nanoparticles

PBS Phosphate buffered saline

PI Propidium iodide

RPMI Roswell park memorial institute

SD Standard deviation

TEM Transmission electron microscopy

TEOS Tetraethyl orthosilicate

TGA Thermogravimetric analysis

UV-vis Ultraviolet-visible

XRD X-Ray diffraction
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