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Fundamental understanding of the size and surface
modification effects on ry, the relaxivity of Prussian
blue nanocube@m-SiO,: a novel targeted chemo-
photodynamic theranostic agent to treat colon
cancert
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Snehasis Mishra,? Abhishek Mukherjee (2 *° and Chandan Kumar Ghosh (2 *@

A targeted multimodal strategy on a single nanoplatform is attractive in the field of nanotheranostics for the
complete ablation of cancer. Herein, we have designed mesoporous silica (m-SiO,)-coated Prussian blue
nanocubes (PBNCs), functionalized with hyaluronic acid (HA) to construct a multifunctional PBNC@m-
SiO,@HA nanoplatform that exhibited good biocompatibility, excellent photodynamic activity, and in
vitro T;-weighted magnetic resonance imaging ability (r; ~ 3.91 mM™ s7%). After loading doxorubicin
into the as-prepared PBNC@m-SiO,@HA, the developed PBNC@m-SiO,@HA@DOX displayed excellent
pH-responsive drug release characteristics. Upon irradiation with 808 nm (1.0 W cm™) laser light,
PBNC@m-SiO,@HA@DOX exhibited synergistic photodynamic and chemotherapeutic efficacy (~78% in
20 minutes) for human colorectal carcinoma (HCT 116) cell line compared to solo photodynamic or
chemotherapy. Herein, the chemo-photodynamic therapeutic process was found to follow the
apoptotic pathway via ROS-mediated mitochondrion-dependent DNA damage with a very low cellular
uptake of PBNC@m-SiO,@HA@DOX for the human embryonic kidney (HEK 293) cell line, illustrating its
safety. Hence, it may be stated that the developed nanoplatform can be a potential theranostic agent for
future applications. Most interestingly, we have noted variation in r; at each step of the functionalization
along with size variation that has been the first time modelled on the basis of the Solomon-—
Bloembergen—Morgan theory considering changes in the defect crystal structure, correlation time, water
diffusion rate, etc., due to varied interactions between PBNC and water molecules.

metal-organic framework (MOF).? Its easy tuneable porosity
and tailorable structures impart PB with a wide range of

Coordination polymer nanostructures are one of the emerging
types of inorganic nanostructures where metal ions are linked
together, forming a cyanide-bridged infinite network. They have
gained increasing interest in recent times due to their ability to
combine multiple activities within the multifunctional nano-
object, which can be ascribed to their molecular characteris-
tics.»® One of the promising candidates in this domain is the
Prussian blue (PB), a face-centered cubic (fcc) structure-based
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prospective applications such as energy storage, hydrogen
storage, electrochromic, and photomagnetic devices. Apart
from the pure phase, due to high ligand field stabilization
energy (LFSE) in comparison with iron compounds such as
Fe;04. PB forms a thermodynamically stable mixed-valence
phase with the generic formula A;_,Fe"[Fe"(CN)e]i—x/a/ax/s
where A and A represent alkali ion and hexacyanoferrate
vacancies, respectively, which facilitate easy functionalization
on PB and widen the applicational prospects.* Alkali-free PB is
also known as insoluble PB, containing water molecules with an
increased amount of Fe** leading to charge balance.’ PB also
exhibits strong potentiality in biomedical applications such as
the drug delivery system and contrast agents (CAs) for different
diagnostics purposes including X-ray computed and positron
emission tomography, optical biomarkers, ultrasound imaging,
and NIR-assisted therapeutic activities such as photothermal
ablation and photodynamic therapy.®® Among various diag-
nostics modalities, special thrusts are generally given to design
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PB as CAs for magnetic resonance imaging (MRI) since it has
the advantage of non-ionizing type radiation, high sensitivity to
afford non-destructive details of soft tissues and functional
information on lesions, limitless penetration depth and high
spatial resolution (~100 pm) in comparison with other imaging
modalities.>*’

Herein, it may be stated that MRI, an example of the preferred
non-invasive imaging technique, is commonly adopted in
a modern clinical study to diagnose the internal body structure
with high spatial resolution and exquisite anatomical contrast
efficiency, and utilizes the basic principle of nuclear magnetic
resonance (NMR) where a magnetic field gradient is applied to
encode the signal in all three spatial directions. NMR signals are
generally weighed by the density of H,O molecules and the
longitudinal (7;) and/or transverse (T,) relaxation times of the
tissues and efficiency of CAs depends on two parameters, namely
longitudinal (r;) and transverse (r,) relaxation of protons. For

r_2 <2, CAis positive and it is called T;-relaxing CA, which gives
1

a brighter spot of the diagnostic area. Mainly, mononuclear Gd**
complexes with r; ~ 3-5 mM ™" s " at 20 MHz and 298 K are used

T . . . .
T; CAs. In other cases, r_2 > 2 gives a dark signal, the CA is said to
1

be negative and is defined as T)-relaxing CA that mostly involves
superparamagnetic iron oxide-based nanoparticles." In this
context, it may be stated that mostly Gd** based chelating agents,
namely DOTAREM® and MAGNEVIST®, are nowadays used at
a dose of 10 to 20 mL of 0.5 mM solution depending on the body
weight; besides, it also has serious side effects such as gadoli-
nium toxicity and nephrogenic systemic fibrosis.'>** Herein, the
current research effort focuses on improving the effectiveness of
CA in order to be able to reduce the dose of administration of CA
with very mild side effects.

Concerning, PB, which is being used as the sole U.S. Food and
Drug Administration approved T;-weighted CA for MRI has the
advantage of a high signal-to-noise ratio, fast scanning, bright
field image, etc. in comparison with T,-weighted CAs.® Despite
several prospects, the practical utility of pure PB nanostructures
is limited due to their instability, particularly under acidic pH
conditions in the neighborhood of cancer cells or tumor micro-
environment; hence, they are often stabilized within various
matrixes such as polymers, biopolymers, alumina, amorphous
and mesoporous silica or by using stabilizing ligands in the
solution. It is well-reported that these protocols for the stabili-
zation of PB nanostructures fall into different matrixes or in
organic phase colloids and only a few methods allow the prep-
aration of PB nanostructures in aqueous solutions, facilitating
the scope of using PB nanostructures in several bioanalytical and
biomedical applications.®”***> Herein, several reports exist for
other materials e.g. Gd,O; and Fe;0, to illustrate that various
functionalizations alter the contrast efficiency of the agent, as
well as the size and shape of their nanostructure form, play an
important role. Though many theoretical and experimental
efforts were previously given to examine the influence of these
parameters in order to increase contrast efficiency, no such
reports, except a few, exist to indicate the influence of the surface
functionalities, shape, and size of PB nanostructures on MRI
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contrast efficiency.'®” As an example, PB nanoparticles (~13
nm), stabilized with citric acid and conjugated with 5-(amino-
acetomido) fluorescein dye, show modest r; ~ 0.079 mM ™" s~}
while Gd**, Mn>" doping increase r; by at least 1-2 orders of
magnitude.’®* In this context, Guari et al. have demonstrated
that Gd** doped PB nanoparticles, coated with chitosan, exhibit
ry, which is two times higher than that for clinically approved
paramagnetic Gd*>" chelate complexes.>® Hence, in this study, our
primary objective was to investigate the role of the size, surface
functional groups, and defects of PB nanostructures on the r;-
relaxation parameter. In this context, it may be mentioned that
functionalized nanoparticles are further modified with RGD
peptides, hyaluronic acid, etc. for easy localization on an over-
expressed receptor on the cancer cell and chemotherapeutic
drugs are loaded to increase the therapeutic efficiency.*'** To
the best of our knowledge, no report exists to indicate the role of
target specific agent or drug in the efficiency of CAs in MRI;
hence in this study we have also emphasized understanding their
influence on ry-parameter using hyaluronic acid (HA) and
doxorubicin (DOX) as the target-specific agents and chemother-
apeutic drugs, respectively. Currently, the experimental param-
eters influencing r;-relaxation are expressed in terms of the
change of internal time correlation factors such as rotational
correlation time, residence time, diffusion time, and electron
correlation time; however, they are very hard to be analysed in
the case of complicated nanoparticle-based CAs containing
multiple paramagnetic sites, coordinated with water molecules.
In this study, we have developed an intuitive model according to
the Solomon-Bloembergen-Morgan theory to explain the varia-
tion of ry-relaxation parameter in each functionalization step.*
In this study, we developed an intuitive model according to
Solomon-Bloembergen-Morgan theory to explain the influence
of structural defects, different modifications such as m-SiO,
coating, HA functionalization, and DOX loading on r; relaxivity
values in differently sized PBNC nanostructures. Finally, we
evaluated the theranostic performances of our synthesized PB
nanostructures, coated with mesoporous SiO, (m-SiO,) and
functionalized with HA, followed by DOX loading on the colon
carcinoma cell line (HCT 116). Several reports demonstrated that
CD44 expression in the colon cancer tissue was substantially
higher than that in normal mucosa.”> On the basis of this
background, HA functionalization was executed, which provided
the target-specific cellular uptake to the HCT 116 cell line.
Moreover, the functionalization of HA not only increases CD44
receptor-based target specificity but also makes the nanoplat-
form very much stable for the biological environment.” Apart
from stabilization, herein, m-SiO, makes HA functionalization
easy and its porous structure facilitates DOX loading. In this
context, we have compared the localization of our synthesized
nanostructures using the human embryonic kidney cell line
(HEK 293) as a reference.

Experimental section

Chemicals and cell lines

K,[Fe(CN)¢]-3H,0, tetraethyl orthosilicate (TEOS), N-cetyl-
N,N,N-trimethyl ammonium bromide (CTAB), citric acid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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anhydrous, hydrochloric acid (35 wt%) were brought from
Merck. Absolute ethanol, acetone, and concentrated ammonia
aqueous solution (25 wt%) were purchased from Merck,
Amplura. FeCl;-6H,0, doxorubicin hydrochloride, N-(3-dime-
thylaminopropyl)-N/-ethylcarbodiimide hydrochloride (EDC),
1,3-diphenylisobenzofuran (DPBF) were purchased from Sigma-
Aldrich. Hyaluronic acid (HA) was obtained from TCI chemicals.
Cell culture medium components viz. Dulbecco's modified
eagle medium (DMEM), penicillin-streptomycin-neomycin
(PSN) antibiotic cocktail, fetal bovine serum (FBS), ethyl-
enediaminetetraacetic acid (EDTA), and trypsin were obtained
from Gibco, USA. Other compulsory fine and raw chemicals
were obtained from SRL, India, and Sigma-Aldrich, USA.
Human colorectal carcinoma (HCT 116) and human embryonic
kidney 293 (HEK 293) cell lines were purchased from the
National Centre for Cell Sciences (NCCS), India. Antibodies
were procured from cell signalling technology (CST), and
eBioscience, USA. Other reagents were obtained from the best
existing commercial sources and all the chemicals were used
without further purification.

Synthesis of insoluble Prussian blue nanocubes

Citric acid-capped insoluble Prussian blue nanocubes (PBNCs)
were synthesized by a little-modified reflux technique using
a single anionic source.®* Briefly, solution A and solution B
were prepared separately by dissolving 5.40 mg of FeCl;-6H,0
and 8.45 mg of K,Fe(CN)s-3H,O in 30 mL of DI water, respec-
tively, taken into three neck flasks, followed by the addition of
392.00 mg of citric acid at 60 °C. Maintaining the same
temperature, solution A was added dropwise to solution B
under vigorous stirring and a bright blue dispersed solution
appeared after 1.0 h of stirring. After completing the reaction,
the mixture solution was cooled to room temperature and the
dispersed solution was centrifuged at 12 500 rpm for 15
minutes. After washing with acetone three times, the final
product in the powder form was obtained after drying at 60 °C
under vacuum conditions. In order to obtain larger-sized
PBNCs, another experiment was performed by maintaining
the mixing reaction temperature at 80 °C. Two PBNCs, prepared
at two different temperatures, were named PBNCg, and PBNCgy.

Synthesis of mesoporous silica-coated PBNC

Mesoporous silica (m-Si0,) coated PBNCs (PBNC@m-SiO,) were
synthesized using a CTAB-directed sol-gel method.** Typically,
the as-prepared PBNCs (25.00 mg), DI water (1 mL), 25% NH;
(0.5 mL), and TEOS (13 pL) were mixed with 10 mL ethanol and
were stirred continuously for 5 minutes at 30 °C. Then, CTAB
(0.06 g) and DI water (7.5 mL) were added to the above solution.
After 12 h of continuous stirring, 25% NH; (140 pL) and TEOS
(100 pL) were added with stirring for another 2 h. Then, the
particles were centrifuged at 12 500 rpm for 15 minutes and
were washed with ethanol three times. To remove CTAB, the
particles were extracted in an ethanol solution containing
10 mL water and 1 mL HCl (35%) for 4.5 h. Finally, the mixture
was centrifuged again, washed with ethanol thrice, and dried at
45 °C under vacuum for further use. Two different-sized PBNCs,
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coated with m-SiO,, were named PBNCg,@m-SiO, and
PBNCg,@m-SiO,, respectively.

Functionalization of PBNC@m-SiO, with hyaluronic acid

The m-SiO, coated PBNC nanostructures were first functional-
ized with -NH,.”* Briefly, 20.0 mg of the as-coated samples were
dispersed in 40.0 mL ethanol, subsequently 2.4 mL of APETS
was added and was left for 30.0 h with continuous stirring at
80 °C under reflux conditions. Then, the mixture was centri-
fuged and was washed with ethanol 3 times for further use
(ascertained as solution C). Secondly, an EDC linker was used to
link between -NH, and -COOH of the HA. Briefly, 30.0 mg EDC
was added to 22.0 mL PBS buffer (pH 7.4) solution containing
12.0 mg HA, followed by continuous stirring for 4.0 h at room
temperature. Then, solution C was added dropwise into the HA-
containing solution. Furthermore, 24.0 h of continuous stirring
was conducted after which the particles were collected by
centrifugation, followed by washing with a PBS buffer 3 times.
Finally, the collected particles were designated as PBNCgo@m-
SiO,@HA and PBNCg,@m-SiO,@HA according to PBNCgo@m-
SiO, and PBNCg,@m-SiO, as precursors, respectively.

Characterization

The crystallography and phase information on the synthesized
PBNCs were acquired using powder X-ray diffraction recorded
on an ULTIMA IV X-ray diffractometer (Rigaku) operating at 40
kv and 40 mA using CuK, radiation. Microstructures of the as-
prepared samples were investigated by field emission scanning
electron microscopy (FESEM, S-4800, Hitachi, Japan) and high-
resolution transmission electron microscopy (HRTEM, JEM-
2100, JEOL, Japan). Thermal gravimetric analysis (TGA),
absorption characteristics (200-900 nm), surface charge, and
surface functionalizations were determined using a DTA-TGA
instrument (SHIMADZU, DTG-60H), UV-vis-NIR spectropho-
tometer (PerkinElmer Instruments, Waltham, MA), Nano-
ZetaSizer (Brookhaven Instruments, Holtsville, NY) and Four-
ier transform infrared spectrometer (FTIR, PerkinElmer,
Spectrum-2000), respectively. The Quantachrome, NOVA 1000e
system was adopted to capture the nitrogen adsorption/
desorption isotherms on which Barret-Joyner-Halenda (BHJ)
and Brunauer-Emmett-Teller (BET) analyses were performed to
determine the surface area, pore diameter and pore volume of
the as-prepared nanostructures.

NIR triggered extracellular singlet oxygen (*0,) generation

To examine 'O, generation, we chose the DPBF probe trapping
method by monitoring the absorption peak of DPBF at 410 nm
through UV-vis spectroscopy. The generation of the 0, oxidised
DPBF leads to a decrease in absorption. For this, 3 mL of 100 pg
mL ™! PBNC¢,@m-SiO,@HA alcoholic solution was mixed with
1 mL of 68 pg mL ™' DPBF alcoholic solution in each vial under
irradiation of 808 nm (1.0 W cm™?) NIR light in a time-
dependent manner. Only the DPBF solution or the mixed
solution of PBNCg,@m-SiO,@HA and DPBF under the dark was
taken as a control.”
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DOX loading and releasing profile

DOX, an anticancer drug, was loaded in the pores of meso-
porous silica on PBNCg,@m-SiO,@HA to improve the anti-
cancer activity. Briefly, 2 mg DOX containing 1.2 mL of PBS
solution was dropwise added with 178 pug mL ™' of 4 mL
PBNC4o@m-SiO,@HA solution under stirring, where the
concentration of the as-prepared solution was measured using
UV-vis-NIR spectroscopy by monitoring the absorption of
PBNCgo. Then, the mixed solution was left overnight with
continuous stirring at 300 rpm under dark. After that
PBNC4o@m-SiO,@HA@DOX nanoplatforms were collected by
centrifugation and washing with PBS. The collected
PBNCs,@m-SiO,@HA@DOX was redispersed in PBS buffer for
future use and the supernatant was also collected for the
measurement of DOX loading efficiency through UV-vis spec-
troscopy by monitoring absorption at 480 nm. DOX loading
efficiency was measured using the following formula,

DOX loading efficiency (%) =

concentration of the DOX in the nanoplatforms
concentration of the given DOX

x 100%

To investigate the release behaviour of DOX from
PBNCs,@m-SiO,@HA@DOX, we dispersed 1.0 mL of the above
DOX-loaded nanoplatform in 4.0 mL PBS buffer (pH 5 and pH
7.4) separately and poured it in a dialysis bag (MWCO 12 kDa).*®
After that the dialysis bag was immersed in a beaker containing
50.0 mL of the fresh buffer with slow stirring. Then, at a pre-
determined time interval 1.0 mL of fresh buffer was replaced
after collecting 1.0 mL of DOX-loaded buffer from the beaker to
maintain the concentration. Finally, the release profile was
measured by UV-vis spectroscopy by monitoring at 480 nm.

Cell culture

Briefly, cells were cultured in DMEM containing 10% fetal
bovine serum (FBS) and 1% antibiotic cocktail at 37 °C under
humidified conditions at constant 5% CO,. After 75-80% con-
fluency, cells were harvested with trypsin (0.25%), and EDTA
(0.52 mM) in phosphate-buffered saline (PBS), plated at
a necessary density to allow them to re-equilibrate before the
experimentation.

In vitro T,-weighted cellular MRI contrast measurement

For cellular MR imaging, ~6 x 10° numbers of HCT 116 cells
were incubated in a 96 well plate. Cells were treated with
PBNCg,@m-SiO,@HA@DOX under six different concentrations
of PBNC (0.025, 0.05, 0.1, 0.2, 0.4, 0.6 mM) and incubated for
24 h. Then, cells were washed with PBS three times and fixed
using paraformaldehyde. To avoid air susceptibility 100 mL of
2% low-melting agarose was added to each well. Then, the plate
was kept at 4 °C to solidify the cell suspensions. MR contrast
measurements of both bare PBNC along with each step of
modification were also evaluated at different concentrations
(0.025-0.6 mM) in 96 well plates under the dispersion in PBS.
MRI was performed by keeping the samples under a 37 clinical
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MRI scanner (Siemens MAGNETOM Verio), using a pre-
fabricated sample holder. MR phantom images were obtained
by applying a spin-echo multi-section pulse sequence. In order
to determine the T; relaxation of the sample, coronal images
were acquired under the following constant parameters:
magnetic field (B), 37; inversion time (TI), 1100 ms; echo time
(TE), 9.6 ms; repetition time (TR), 2000 ms; matrix size, 256 mm
x 256 mm; field of view (FOV), 150 mm X 150 mm; slice
thickness, 3 mm. The MRI signal intensity (SI) and visualization
of the phantom images were performed using the standard
software provided by the manufacturer.

The longitudinal relaxivity value (7,) at a fixed magnetic field
(3T) and inversion time (1100 ms) for all samples was extracted
from the plot of signal intensity versus the concentration of the
contrast agent (CA) based on the following equation

SI =4 — pe "€

where SI, TI, and C represent signal intensity, inversion of time,
and the concentration of the contrast agent, respectively, and A
and P are considered constants.”” Here, in the whole experi-
ment, the signal intensity from the untreated HCT 116 cells and
only PBS were taken as controls, which contributes to
a diamagnetic behaviour.

Cell viability assay

MTT  [(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide] assay was carried out to screen the cytotoxic effects of
our synthesized nanoplatform in HEK 293 and HCT 116 cell
lines with concentration and 808 nm NIR laser exposure time-
dependent manner.?® Cells at the required density (2 x 10°
cells per well) were seeded in each well of the 96 well plates and
treated under different concentrations (0-70 pg mL™') of
PBNC4,@m-SiO,@HA@DOX and the individuals PBNCg,,
PBNCg,@m-SiO, and PBNCg,@m-SiO,@HA. Soon after the
treatment, plates were kept in an incubator for 24 h at 37 °C in
a humidified CO,-rich condition (5%). After the completion of
the incubation period, cells were thoroughly washed with PBS
followed by the addition of MTT solution (4 mg mL ") and kept
in an incubator for 4 h. The absorbance of the DMSO-
solubilized intracellular formazan salt was recorded at
595 nm using an ELISA reader (E,,.x, Molecular Device, USA). In
all cases, the samples were sonicated before treatment in a cell
line to obtain the homogenized mixtures. The final reported
biological data represent the average obtained after repeating
the experiments in triplicate.

In vitro photodynamic therapy (PDT)

On the basis of preliminary screening experimentation, 21 pg
mL™' of PBNCgs@m-SiO,@HA@DOX was chosen as the
concentration for further experimentation to check whether
they exhibited any photosensitizing effect within the cells.
Hence, treated HCT 116 and HEK 293 cells were exposed under
808 nm irradiation in a time-dependent manner (0, 10, 20, 30,
and 40 min) following the MTT assay to determine the photo-
dynamic and chemo-dynamic efficacy.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Quantification of apoptosis using Annexin V-FITC kit

Apoptosis was examined through the use of an Annexin V-FITC
apoptosis detection kit (Calbiochem, CA, USA).>>* After treat-
ment with PBgo@m-SiO,@HA@DOX as per the ICs, value, HCT
116 cells were irradiated for 0, 10, and 20 min, and the cells were
washed and stained with Annexin V-FITC and propidium iodide
(PI) in accordance with the manufacturer's instructions. The
percentages of apoptotic (early and late), necrotic along with
viable cells were evaluated by flow cytometry (BD LSRFortessa,
San Jose, CA, USA). For each sample analysis, 10° cells were
taken.

Determination of intracellular ROS (iROS)

Mitochondria are the primary source of the amplification of the
reactive oxygen species (ROS) production in mammalian cells
and it play a significant role in the stimulation of apoptosis in
a variety of cells.** To determine the iROS, we irradiated 21 pg
mL ' of PBgy@m-SiO,@HA@DOX-treated HCT 116 cells in
a time-dependent manner, after that the HCT 116 cells were
incubated with 10 M H2DCFH-DA (2/,7’-dichlorofluorescein
diacetate) at 37 °C for 25 min before the analysis using the flow
cytometer (BD LSRFortessa, San Jose, CA, USA). The increment
of DCF fluorescence directly reflects the generated ROS inside
cells, which were represented as the mean fluorescence inten-
sity of DCF where untreated cells were considered a control. For
each sample analysis, 10° cells were taken.

Confocal microscopy

Briefly, after the treatment with 21 pug mL ™" of PBg,@m-
SiO,@HA@DOX, HCT 116 cells were irradiated in a time-
dependent manner and incubated for 24 h. Then, the cover-
slips containing HCT 116 cells were washed twice for 10 min
each in 0.01 M PBS and incubated for 1 h in blocking the
solution containing 2% normal bovine serum, and 0.3% Triton
X-100 in PBS. After blocking, the slides were incubated over-
night at 4 °C with the proper primary antibody (Gamma H2AX,
PARP, Cytochrome c, and SOD). Alexa Fluor 555 tagged Gamma
H2AX was used as the primary tagged antibody and in the case
of SOD and cytochrome c; FITC tagged anti-rabbit secondary
was used. Secondary antibodies were diluted, 1 : 100, in block-
ing solution and incubated for 2 h. The slides were then
counterstained with 6-diamidino-2-phenylindole (DAPI) for
10 min and mounted with the Prolong anti-fade reagent
(Molecular Probe, Eugene, OR, USA). The fluorescence intensity
of doxorubicin was also measured using a confocal laser scan-
ning microscope (FV 10i, Olympus, Japan).** Further, the fluo-
rescence intensity of doxorubicin was also observed in the HEK
293 cell line where phalloidin 488 and DAPI were used as
a counter-stainer.

Caspase-3 and caspase-9 activity assays

HCT 116 cells were irradiated under 808 nm NIR light after
treatment with 21 pg mL™' solution of PBgsy@m-SiO,@-
HA@DOX. Caspase-3 and caspase-9 activities were quantified
with commercially available caspase-3 and caspase-9
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colorimetric assay kits (BioVision Research Products, Mountain
View, CA), respectively. Caspase activities were detected at
405 nm using a spectrophotometer on an ELISA reader.*

Statistical analysis

Data are presented as mean + SEM. Statistical significance and
differences among the groups were assessed via one-way anal-
ysis of variance (ANOVA) using OriginPro 8.0 software (San
Diego, CA, USA). ‘p-value of 0.05 was considered significant.

Results and discussions
Synthesis and characterization

The preparation, size-dependent contrast efficiency in MRI
diagnosis, and chemo-photodynamic therapeutic activity of
PBNC@m-SiO,@HA@DOX nanoplatform are schematically
shown in Scheme 1. Herein, m-SiO, was coated onto PBNC
using the CTAB-assisted sol-gel technique with subsequent
functionalization with HA for stabilization and target specificity
against CD44 receptors, which are commonly overexpressed
within the human colorectal carcinoma (HCT 116) cell line.
After loading with DOX, PBNC@m-SiO,@HA@DOX nanoplat-
forms were examined for combined photodynamic and
chemotherapy. Herein, it may be stated that the CTAB coating
plays the role of secondary surfactant making PBNCs hydro-
philic, which as a consequence acts as seeds for the coating of
m-Si0,.

XRD patterns of the samples (shown in Fig. 1(a) and (b))
consist of eleven peaks, measured at 26 = 17.50, 24.82, 35.42,
39.74, 43.80, 50.96, 54.28, 57.46, 66.37, 69.29, 77.65°, which can
be readily indexed to Bragg's reflections from the (200), (220),
(400), (420), (422), (440), (600), (620), (640), (642) and (121)
planes, respectively, corresponding to face centred cubic phase
of PBNC (JCPDS card no. 73-0687). The absence of any other
peak confirms the phase purity of the samples. It has been
studied previously that bare PBNCs having Pm3m space group
grow with [Fe*’(CN)¢]'~ vacancy sites, replaced with H,0O
molecules. They are either bonded directly with Fe**, known as
coordinated H,O molecules, or bonded with coordinated H,O
molecules, referred to as zeolitic-like H,O molecules. As both of
them are highly dependent on the synthesis condition and have
a significant influence on several physical properties of PBNCs,
hence we have qualitatively determined coordinated and
zeolitic H,O molecules from Rietveld analysis using Maud
software according to the method prescribed by Samain et al.**
Herein, it is being considered that the ordered vacancies can be
described by the parameter « representing occupancy proba-
bility of Fe®" at the 1b site corresponding to [Fe**(CN)e]* ™ at the
centre of the unit cell, with k = 1 illustrating a completely
ordered structure. Particularly, x = 3/4 illustrates that 25% of
[Fe>*(CN)]*~ sites remain unoccupied. After rigorous refine-
ments, we obtained the occupancy of atoms at different sites as
well as lattice parameters, bond lengths, unit cell volume,
crystallite sizes, etc. as listed in Tables 1 and 2, while a sche-
matic representation of the unit cell is presented in Fig. 1(c). It
is being noted that the particle size and strain increase from
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Tablel Variation inthe occupancy probability of the different atoms of two different sized PBNC as obtained by Rietveld analysis using the Maud

software
PBNCqg, PBNCg,
Atom Site Position (x) Occupancy Position (x) Occupancy
Fe®" 1la 0.0 1.0 0.0 1.0
3c 0.0 1.0 0.0 1.0
Fe?* 1b 0.50486345(9) 0.6592583(21) 0.5001262(13) 0.6588522(9)
3d 0.5002564(13) 0.7803208(17) 0.4998143(19) 0.80423933(18)
N 6e 0.20095892(5) 0.7803186(23) 0.20295562(14) 0.78014165(23)
6f 0.20777132(6) 0.6590573(8) 0.19910882(12) 0.65888876(12)
12h 0.3086982(18) 0.7803359(19) 0.3042289(9) 0.7801389(28)
C 6e 0.31160247(2) 0.7803157(12) 0.28431782(17) 0.7801409(11)
6f 0.2108135(8) 0.6592680(10) 0.4952381(11) 0.6588363(19)
12h 0.19350913(21) 0.7803082(13) 0.19597772(21) 0.78011984(26)
(@) 6e 0.20546116(6) 0.2196236(24) 0.20186207(25) 0.21956125(18)
6f 0.31103197(8) 0.3418713(15) 0.25275186(16) 0.4129339(14)
12h 0.21343586(11) 0.2196520(17) 0.3001274(8) 0.21956046(13)
0 8g 0.28311816(7) 0.9769835(23) 0.28644013(9) 0.89194755(29)

Table 2 Unit cell parameters and selective interatomic distances as
obtained by Rietveld analysis using Maud software

Sample PBNCq, PBNCg,
Lattice parameter (a in A) 10.16460 10.124104
Unit cell volume (A% 1050.192443  1037.684371
Crystallite sizes (nm) 67.9 96.4
Lattice strain 0.0016 0.0026
Bond length (A)  Fe®' (3¢)-N (12h)  1.9445(16) 1.9799(14)
Fe®" (3¢)-N (6f) 2.1119(17) 2.0153(14)
Fe’" (1a)-N (6e) 2.0426(17) 2.0540(15)
Fe®" (3d)-C (6e) 1.9149(16) 2.1817(16)
Fe*' (3d)-C (12h)  1.9669(16) 1.9833(14)
Fe*" (3¢)-0 (6f) 3.1615(3) 2.5584(18)
Fe®* (3¢)-0 (12h)  2.3029(19) 2.0214(14)
Fe®" (1a)-O (6e) 2.0884(17) 2.0428(15)
O (6f)-0 (8g) 3.2891(4) 3.0721(3)

PBNC,, to PBNCg,, while lattice parameters, and unit cell
volumes are decreased. In this context, it may be stated that an
increase in the particle size can be assigned to the effect of
higher synthesis temperature while an increasing strain is
attributed to a decrease in the lattice parameters. A decrease in
Fe** (3¢)-O (6f, 12h) and an increase in the Fe*" (3¢)-C (6e) bond
length has been noted in PBNCg, with respect to PBNCg,. It was
also noticed that the occupancy of Fe>* at the 1b site remains
unchanged; as well as the occupancy of the coordinated H,O at
the 6f site changes hardly. In contrast, the occupancy of the
zeolitic H,O at the 8g site is found to be less in PBNCg, in
comparison with PBNCg,. Herein, we assigned the reduced
zeolitic H,O with the lattice parameter.

In order to gain more insight into the variation of the coor-
dinated and zeolitic H,O, we carried out TG analyses (revealed
in Fig. 1(d)), which correspond to two regions of weight loss,
assigned to the removal of zeolitic and coordinated H,O mole-
cules, respectively. Careful calculations revealed approximately
25% loss coordinated H,O molecules from both samples,

© 2022 The Author(s). Published by the Royal Society of Chemistry

whereas ~22 and 15% zeolitic H,O molecule losses were noted
from the samples PBNCg, and PBNCg,, respectively, indicating
that TG analysis highly corroborates the Rietveld refinement.
The morphological investigations by FESEM (shown in Fig. 2(a)
and (b)) and subsequent histogram (shown in the inset of
Fig. 2(a) and (b)) illustrate that PBNCg, are monodispersed and
cubic in shape with a very smooth surface with average size
50-70 nm, while the size of PBNCg, varies widely from 150 to
280 nm retaining the cubic shape. TEM image of one repre-
sentative bare sample (shown in Fig. 2(c)) further confirms the
cubic shape of the as-prepared samples. DLS data (shown in
Fig. S1 of ESIT) shows that the diameter of the bare PBNCs is
higher than that obtained from FESEM and TEM due to the
hydration layer within the solution and DLS size is calculated
based on the spherical model considering this layer. More
specifically, m-SiO, and HA are well-known for their high
hydration capacity, thus the high rise in the size of PBNC after
each step, ie, m-SiO, coating and HA functionalization
corroborate the phenomenon of successful coating and func-
tionalization as well as their stability.*

The nitrogen adsorption-desorption isotherms of one typical
m-SiO, coated PBNCs sample (shown in Fig. 2(d)) exhibits
a typical IV curve, illustrating the mesoporous structure, while
the BET surface area was found to be 938.2 m* g~ ' and the
simultaneous presence of a large pore volume ~0.29 cm® g~ ' and
average pore size ~3.2 nm. In this context, it may be stated that
the as-pure PBNCs exhibit no N, adsorption and we had coated
m-SiO, maintaining similar experimental conditions, thus the
other m-SiO, coated sample most likely had a similar surface
area, pore volume, and pore diameter.™ In this context, it may be
stated that FTIR and zeta potential analysis was performed to
validate m-SiO, coating and functionalization with HA, followed
by DOX loading. From Fig. 3(a), the zeta potentials of bare
PBNCg, and PBNCg,@m-SiO, were measured to be —25.7 and
—21.7 mV, respectively, while the modification with APTES and
HA reduced the zeta potential to —20.1 mV. Such systematic

RSC Adv, 2022, 12, 24555-24570 | 24561
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variation of zeta potential indicates successful coating of m-SiO,
and functionalization of HA onto the surface of PBNC.*® As the
zeta potential of PBNC@m-SiO,@HA was negative, while that of
-NH, contained DOX was positive, it may be stated that DOX will
be loaded onto the surface of PBNC@m-SiO,@HA by forming
a bond through electrostatic attraction. The formation of the
above-mentioned composite was further confirmed by FTIR
analysis. As displayed in Fig. 3(b), representative FTIR spectra of
PBNCy, PBNGCg@m-SiO,, PBNCg@m-SiO,@HA,  and
PBNCso@m-SiO,@HA@DOX show strong C=N stretching
vibration at 2072 ecm ™" and a broad band in between 3200 and
3675 cm ™! due to the -OH from the surface adsorbed H,O, which
plays an active role in adsorption via hydrogen bonding.

In addition, PBNCs, exhibits absorption peaks at 1721 and
1610 cm™ ", assigned to C=0 and C=C stretching vibrations of
citric acid that acts as an electrostatic stabilizer of PBNCgq.%”
PBNC4o@m-SiO, illustrates two absorption peaks at 1063 and
798 cm ™ corresponding to asymmetric stretching of v(Si-0-Si)
and symmetric stretching of v(Si-O-Si), respectively, testifying
the formation of the Si-O-Si framework, while the peak at
462 cm ™ is ascribed to v(Fe-O-Si) indicating the formation of
the chemical bond between PBNCg, and m-SiO, and the
considerable reduction of the intensity corresponding to C-N
stretching with respect to OH indicates the presence of m-SiO,
(schematically shown in Fig. 3(c)) framework around PBNCg,.**

24562 | RSC Adv, 2022, 12, 24555-24570

Herein, the peak at 1637 cm™ ' originates from §(O-H) corre-
sponding to OH present at the surface of m-SiO, that facilitates
easy functionalization with APTES. PBNC4,@m-SiO,@HA shows
very strong absorption peaks at 1443 and 1611 cm™ " due to
v(COO™) and d(N-H), respectively, of HA. Briefly, 3(N-H) origi-
nates from the amidation reaction between the COOH bond of
HA and -NH, group of APTES functionalized m-SiO,. Further-
more, PBNCg,@m-SiO,@HA@DOX displays the absorption
peaks at 1572 and 1282 cm ', assigned to v(C-H) of the
aromatic ring and asymmetric v(C-O-C) of DOX, respectively,
confirming the successful loading of DOX onto PBNCg,@m-
SiO,@HA through the electrostatic attraction.

The optical absorption spectrum as shown in Fig. 3(d) has
the absorption maxima at 714 nm for sample PBNCg,, while
that of sample PBNCg, gets red-shifted at 852 nm due to the
higher particle size (shown in Fig. S2 of ESIt). In addition,
a wider full width at half maxima (FWHM) of the absorption
spectra indicates non-uniformity in the size of PBNCg, sup-
porting FESEM studies. Free DOX displays a broad absorption
band from 420 nm to 560 nm, centred at 480 nm, hence the
absorption band between 420 and 900 nm with an absorption
peak at 510 nm is assigned to DOX within PBNC@m-SiO,@-
HA@DOX, illustrating successful loading of DOX onto
PBNC@m-SiO,@HA, hence the phenomenon well corroborates
with the FTIR studies.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MRI studies and phantom images in aqueous medium: size,
coating, and functionalization-dependent on relaxivity

Performance of T;-weighted contrast agents, i.e., shortening of
the relaxation rate of protons in the presence of the unit
concentration of paramagnetic agents (in mM ' s'), defined
by their relaxivity (r,), of bare as well as functionalized PBNCs
were herein explored on a 3.0 T analyzer with pure PBS as the
control. As shown in Fig. S3 of ESIT and Table 3, pristine PBNCg,
and PBNCg, exhibit r; relaxivity ~5.14 and 3.95 mM " s,
respectively, whereas r; value of PBNCg@m-SiO, and
PBNCg,@m-SiO, raises up to 5.65 and 4.19 mM ™' s, respec-
tively. Consecutively, PBNCgo@m-SiO,@HA and PBNCg,@m-
SiO,@HA show r; ~ 5.30 and 4.14 mM ™' s, respectively, while
PBNC,,@m-Si0,@HA@DOX and PBNCg,@m-Si0,@HA@DOX
exhibit r; ~ 3.76 and 2.93 mM " s, respectively.

Importantly, r; of PBNC4,@m-SiO,@HA@DOX was found to
be larger than that of clinically used Gd-DPTA (~3.1 mM 's™1).3
Possible explanations for the higher r; of PBNCq, relative to
PBNCg, is as follows: considering PBNC as macromolecules, r;
consists of contributions from the inner sphere (r}’), second
sphere (;°) and outer sphere (r?°) H,O molecules and can be
written as r; = 5> + 155 + 795192 Briefly, i depends on the

© 2022 The Author(s). Published by the Royal Society of Chemistry

interaction between Fe and directly coordinated H,O molecules,
while 5% involving the interaction of Fe with nearby zeolitic H,O
molecules. According to the theory of Solomon-Bloembergen-—
Morgan, 71° can be written as shown in eqn (1):

1
5, +

1S

IS
q
" 356 1)

where, T3, tm and ‘g™ denote the relaxation time of the
coordinated H,O molecules, the inverse of the water-exchange
rate (kexe) and the number of water molecules, respec-
tively."****® Previous Rietveld and DTA analysis illustrated
similar ‘g™ for both PBNCs, indicating that coordinated H,O
molecules do not play a significant role in the variation of r;. For
coordinated H,O molecules, 7, ~ 107° to 107’ s, while
TH varies in between 10~ and 10~ ° s; thus, for all the practical
purposes Tiy > T, hence, eqn (1) may be simplified into

IS
r e« .
LT,
contributions, namely, scalar (77°) and magnetic dipole-dipole
(TY") due to the electronic and nuclear interactions between
water proton and PBNCs, respectively, and may be written as the

following eqn (2):

Herein, it is to be mentioned that T33; consists of two
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Table 3 r, relaxivity values for both pristine PBNC along with each step
of modification

PBNCqp PBNCg,
Sample r(mM s r(mM s
Bare PBNC 5.14 3.95
PBNC@m-SiO, 5.65 4.19
PBNC@m-SiO,@HA 5.30 4.14
PBNC@m-Si0,@HA@DOX 3.76 2.93
1 1 1
5= 7ot 7 @)
1S SC DD
Iy T T

At magnetic field =0.25T, T3 appears to be insignificant,

indicating S = whereas at the higher field (~3.07)
1 3Tc1
where w;, and rg._y represent the Larmor frequency and Fe-H
distance, respectively, while 7., is defined as the time constant
of the fluctuating magnetic dipole that consists of two contri-

butions as shown below (eqn (3)):

e ®)

Tel Tm R

DD?
Tl

TY® can be given by the expression

DD
Ty

where, 7y represents rotational correlation time or inverse of the
tumbling rate that dominates in smaller molecules. Our Riet-
veld analysis reveals higher rg._ for PBNCg, indicating that it
should have a higher r;, which is in contrast with our experi-
mental observations, hence it may be concluded that rg._g; does
not have a significant contribution to PBNCs. Commonly, in
macromolecules, 7, (~107° to 1077 s) is much greater tg
(~107"* 5) ie. 14 = tg, hence we may simplify eqn (1) as

1S 3t

L5

PR Since our clinical MRI operates at 127.74 MHz
WL,“TR

frequency; hence neglecting w; >tz* in the denominator, we have
to write 7’ o« 1. Now according to Debye-Stokes relation,
4myrs . .
TR = 36T where, 7, kg, and T represent the viscosity of the
medium,” Boltzmann constant, and absolute temperature,
respectively, indicating that PBNCg, should exhibit higher ry,
which is not in consequence of our experimental observation.
Thus, it may be conceived that no significant variation in ry
between PBNCg, and PBNCg, originates from 7.2 In this
context, we next considered 73> contribution to 7;, which is given
by eqn (4):

SS

r?s « qss
TlM

(4)

where ¢°° and T3y, represent the number and relaxation time of
H,O0, respectively, in the second layer i.e. zeolitic H,O mole-
cules. As Rietveld and DTA data illustrate more zeolitic H,O
molecules in PBNCq, relative to PNBCg, and as per the previous
discussion T3}, should correspondence higher r; for PBNCg,
that is not supported by experimental observations, hence
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higher r; is assigned to higher ;°, the contribution due to
higher to ¢** rather than TH.

In comparison with bare nanostructures, PBNC@m-SiO,
samples show higher r; that may be attributed to the synergistic
effect of the enhanced 1 by virtue of the Fe-O-Si bond forma-
tion between PBNC and rigid m-SiO, and increased proton
number of hydroxyls at the surface of m-SiO, and H,O mole-
cules, entrapped at the mesopores of SiO,.** Noticeably, higher
fractional change of relaxivity (Ar—:l) for sample PBNCg, may be
explained as follows: considering zero wastage of TEOS,
a simple calculation on the basis of conservation of mass
illustrate that thickness (/) of m-SiO, layer on PBNCs is
proportional to the size of PBNCs, i.e., ‘I’ is higher for PBNCgo.
As is known, the surface-to-volume ratio (S/V) becomes higher
as the size of the nanoparticle goes down, thus higher Ar—:l ratio
may be attributed to the S/V ratio. Briefly, entrapped H,O
molecules experience the local field generated by Fe** and/or
Fe*" ions residing at the surface of PBNCs, hence the interac-
tion would be more for H,O molecules in the vicinity of PBNC's
surface and would drastically decrease with increasing distance
from the surface of PBNCs.** Hence, the interaction between
Fe®" and/or Fe*" at the surface and entrapped H,O molecules

1 . . . .. . Ary .
within m-SiO, is more in PBNCg, giving higher — in compar-
51

ison with PBNCg,, which is schematically represented in Fig. 4(a
and b).” Therefore, we may simply assume that change in the
longitudinal relaxation of the H,O proton due to functionali-
zation is proportional to the S/V ratio of the nanostructure.

HA functionalization further reduces r; with reference to
PBNC@m-SiO, counterpart and it may be explained on the basis
of relaxivity contribution from the outer sphere according to the
following expression:

3

IL MPtp JA<\/2(1)1‘ED> (5)

I+ =
a

08 _ 12872y > M,
! 405p

where, v1, My, p, M, and J, are the gyromagnetic ratio of the
proton, molarity (mole/liter) and density of PBNCs, saturation
magnetization, and Ayant's spectral density, respectively.*®
Herein, 7p represents the translational diffusion time

2
r . . .
(TD = B) ,where D and ‘r’ represent the diffusion coefficient of

H,0 molecules and effective radius of the particles, respectively,
which is the sum of the actual radius (r) and thickness (L) of the
impermeable surface coating i.e. r = a + L. Herein, we assume
that HA functionalization forms an impermeable surface, which
limits the diffusion of H,O molecules; hence, according to eqn
(5) we attribute the reduced r; of PBNC@m-SiO,@HA with
respect to PB@m-SiO, with the impermeable surface to HA. In
. . Ar
this context, we calculated the ratio r_l as ~—0.06 and —0.01
1
for PBNCg,@m-SiO,@HA and PBNCg,@m-SiO,@HA, respec-

tively, and the variation can be understood as follows: from eqn
ros AL . .
o5 * — 2—, indicating that for thick HA,
T a

(5), we have found

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic representation for the fractional change in r; relaxivity due to m-SiO, on (a) PBNCeq; (b) PBNCgo. (c) T1-weighted MR Phantom
images of both PBNC along with each step of modification in PBS at different concentrations.

the reduction is more. Therefore, it may be concluded that
PBNCy, containing thicker HA corresponds to more reduction

. Arp . . .
in r—l with reference to PBNCg,, i.e., the surface functionaliza-
1

tion effect is said to be more prominent for PBNCg. A further
reduction of r; in DOX-loaded samples is again assigned to the
presence of an impermeable DOX layer onto the surface of

. . Ar
PB@m-SiO,@HA. In this context, =1 ~-0.29 for both samples
r

indicates identical DOX loading on 1both samples, i.e., the DOX
loading appears to be independent of the size of the nano-
particles. Furthermore, the variation of r; relaxivity value due to
different functionalization for both PBNC was pictured (shown
in Fig. 4(c)) through T;-weighted MRI Phantom images in PBS.
The brightening effect with increasing concentration was
observed and the results suggest that PBNCg, is more efficient
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as an MRI CA than PBNCg,. Besides this, the images revealed
that both PBNCg,@m-SiO,@HA and PBNCg,@m-SiO,@-
HA@DOX might be used as an MRI CA with minimal concen-
tration for prolonged detection of cancer.

In vitro cellular theranostic measurement

Motivated by higher r; in comparison with commercially avail-
able Gd-based CA for MRI, we employed PBNCs,@m-SiO,@HA
for in vitro theranostic investigations against the HCT 116 cell
line. Prior to in vitro studies, we checked the stability, singlet
oxygen ('0,) generation, DOX loading capacity, and release
kinetics of PBNCg,@m-SiO,@HA. Herein, the generation of 102‘
believed to be the major cytotoxic agent giving photodynamic
therapy (PDT) was investigated through a DPBF-fading experi-
ment. Fig. 5(a) shows the decrease in absorbance intensity at
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(a) UV-vis spectra for time-dependent degradation of DPBF by PBNCgo@m-SiO,@HA under NIR laser irradiation. (b) DOX-release plot of

PBNCgo@m-SiO,@HA@DOKX in different pH of PBS buffer without NIR irradiation.
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410 nm as a function of exposure time that illustrates 'O,
generation during irradiation with 808 nm laser light, hence the
observation clearly revealed the potential of PBNCgo@m-
SiO,@HA for PDT. Very high DOX loading efficiency (~94.43%)
is attributed to the highly porous character of SiO, and attrac-
tive electrostatic interaction between the charged Si-O™~ groups
of m-SiO, and DOX. Drug release profiles, carried out at PBS
buffer solutions of different pH, are shown in Fig. 5(b). It is
noted from the figure that only 19% of the drug gets released
within 22 h at normal PBS buffer solution (pH ~ 7.4), while only
50% drug is released over 22 h and 77% over 70 h at pH ~ 5,
which is the pH of the most cancerous microenvironment.
Herein, the ultraslow release is attributed to hydrophobic-
hydrophobic interaction between m-SiO, and DOX, while acidic
pH makes DOX hydrophilic and facilitates the release process.*”
PBNCs,@m-SiO,@HA as checked by monitoring the absor-
bance peak of PBNC (shown in Fig. S4 of ESI{) is highly stable at
normal pH, while 55% gets degraded after 7 days at pH ~ 5,
indicating that our synthesized nanoplatform may be a poten-
tial candidate for synergistic theranostic applications.*®
Invitro cellular toxicity measurement (shown in Fig. 6(a)) has
been performed on HCT 116 cells using MTT assay, revealing
that PBNCg, PBNCgo@m-SiO,, and PBNCg@m-SiO,@HA exhibit
limited toxicity of up to 70 pg mL™' concentration, while
approximately 91.05% cell death was observed only in the pres-
ence of 40 pg mL~" PBNCq,@m-SiO,@HA@DOX, indicating its
cytotoxic efficacy as a chemotherapeutic agent. Herein, the very
low ICs, value (~21 pg mL™") of PBNCg,@m-SiO,@HA@DOX
might indicate high uptake due to the presence of an abundance
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of HA receptors on HCT 116, which was further confirmed by red
fluorescence emission from DOX in the confocal laser scanning
microscopic (CLSM) images (shown in Fig. 6(b)), taken with light
irradiation after 24 h incubation. Thus, the HA-functionalized
nanoplatform is selectively delivered into the cancerous site
(HCT 116) via its enhanced permeability and retention (EPR)
effect. As HA has a strong affinity for the overexpressed CD44
receptor, therefore receptor-mediated active-targeting mecha-
nism plays a major role in comparison to passive targeting.”* In
order to eliminate the interference of conjugated DOX during the
photodynamic ablation efficiency, we have compared MTT assay
results with/without 808 nm laser irradiation for various times
(10, 20, 30, and 40 minutes) (shown in Fig. 6(c)). The result
demonstrates increasing cell death with an increase of irradia-
tion time, reaching ~78% at 20 minutes and the phenomenon
suggests high PDT efficiency of the synthesized nanoplatform.
We have observed red fluorescence emission from the nuclear
region that indicates DOX binding on the nucleus and it well
corroborates with previous reports.** Importantly, we did not
notice any significant variation in DOX fluorescence with expo-
sure time, however, an upregulated expression of SOD at
different irradiation times indicates more generation of enzy-
matic antioxidants to neutralize oxidative stress that confirms
the PDT effect of the nanoplatform. Moreover, the DCFH-DA
staining method was employed here to examine iROS produc-
tion for actual research on the phototoxic efficacy of PBNCg,@m-
SiO,@HA@DOX. As expected, quantified by the DCF fluorescein
intensity (shown in Fig. 6(d)) on flow cytometry assay (FACS),
PBNCg@m-SiO,@HA@DOX leads to the most remarkable iROS
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(a) Concentration-dependent MTT assay plot after 24 h incubation with PBNCgq along with each step of modification in HCT 116 cell line.

(b) Expression of SOD and internalization of DOX in PBNCgo@mSiO,@HA@DOX (21 ng mL™Y) treated NIR irradiated (10 and 20 min) HCT 116 cell
line; DAPI as a nuclear stainer. (c) Time-dependent cell death plot and (d) determination of iROS generation of HCT 116 cells after 24 h incubation

with PBNCgo@mSiO,@HA@DOX (21 pg mL™Y) with laser irradiation (808
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production under laser irradiation compared with that without
irradiation. In addition, the figure clearly reveals an increase in
DCF fluorescein intensity with increasing light irradiation,
illustrating prolonged iROS, which is advantageous for photo-
dynamic therapy. Hence, the MTT and FACS results indicate that
PBNCgo@m-SiO,@HA@DOX-induced chemo-photodynamic
results are more striking than chemo or photodynamic treat-
ment alone.

In general, the success of any therapeutic approach signifi-
cantly depends on the early response of the cancer cell to the
therapeutic process, where cell death mechanisms such as
apoptosis (programmed cell death) and necrosis (accidental cell
death) play a crucial role.*® Presently, chemo-photodynamic-
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Si0,@HA@DOX was assessed by FACS measurement using the
Annexin V-FITC/PI Kkit. Prior to the measurement, as shown in
Fig. 7(a), cell viability was found to be 99.7%, which was used as
a control. After 24 h incubation with the DOX-containing
nanoplatform (21 pug mL™") under dark, cell viability is
decreased to 83.9% along with 2.5% early/late apoptotic and
11.3% necrotic populations. After 10 minutes of light irradia-
tion, cell viability reduces to 22.3% with enhanced early
apoptotic (28.9%), late apoptotic (30.4%), and necrotic (18.4%)
population. Further increase of the irradiation time (20
minutes) reduces cell viability to 0.1% along with an increase of
necrosis to apoptosis ratio (31.3% late apoptotic and 68.6%
necrotic populations). Importantly, a very drastic reduction of
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Fig. 7 (a) Quantification of apoptosis; (b) expression of y-H2AX, PARP, and cytochrome c through CLSM images of HCT 116 cells with

PBNCgo@m-SiO,@HA@DOX (21 ng mL™

1) incubated with 24 h under time-dependent laser irradiation; DAPI as a nuclear stainer. (c) In vitro T;-

weighted MR Phantom images of PBNCgo@m-SiO,@HA@DOX incubated for 24 h at different concentrations of PBNCego.
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indicates high PDT activity of PBNCs,@m-Si0,@HA@DOX in
comparison with sole chemotherapeutic activity.

Apoptosis is mostly initiated by intracellular (mitochondrial
disruption) or extracellular (death receptor activation) stimuli,
called intrinsic and extrinsic pathways, whereas extreme phys-
icochemical stress results in necrosis.” Apoptosis in tissues is
an asynchronous characteristic that leads to signalling path-
ways from the damage site of the cell onto the central leading to
the final execution phase of the apoptosis where different
hydrolytic enzymes are activated by a family of caspases based
catalyses.* Among them, caspase 3 and caspase 9 play the most
pivotal roles in the early apoptotic process.** In PDT-treated
cells, both caspases cause several biochemical changes,
including phosphatidylserine (PS), phosphatidylethanolamine
(PE), plasma membrane depolarization, cell external membrane
leaflet, cytoplasm acidification and DNA fragmentation,
depending on the particular cell line, type of PDT agent and its
subcellular location, overall dose, etc. To determine the
apoptotic pathways of PBNCg,@m-SiO,@HA@DOX-mediated
chemo-photodynamic therapy, we performed a series of
CLSM-based biochemical assays. It can be noticed from Fig. S5
in ESIf that light irradiation enhances the expressions for cas-
pase 3 and caspase 9 in comparison to that without light, taken
as a control, hence the results demonstrate prominent 'O,
stress-induced biochemical changes in PS, PE, etc. Herein, it
may be stated that an altered level of pro/anti-apoptotic proteins
triggers the release of cytochrome c (cyt-c) to the cytosol from
the outer mitochondrial membrane, hence confirming whether
mitochondria are involved in the apoptosis or not, we have
checked cyt-c release using the confocal microscope. In this
context, confocal microscopic data in Fig. 7(b) shows an
increased expression of cyt-c release, indicating that the
apoptosis is initiated from mitochondria. In any cell,
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mitochondrial superoxide dismutase (SOD) plays an important
role to protect from oxidative damage by scavenging 'O,,
however, excessive 'O, depletes anti-oxidant defenses and
disrupts antioxidant/prooxidant balance, which leads to DNA
damage.* Presently, we have observed increased expression of
DNA damage (shown in Fig. 7(b)) with increasing irradiation
time, while PBNCgz,@m-SiO,@HA@DOX-incubated sample
without light irradiation was considered as a control. The DNA
damage involves double-strand breaks (DSB), which may be
induced directly or indirectly due to extensive iROS generation.
In the literature, limited studies exist on the illustration of PDT-
induced DSB, particularly in the presence of 808 nm NIR laser.>®
We examined the phenomenon by assessing the expression of
phosphorylation of H2AX, which is a well-considered marker of
DSBs. Briefly, H2AX, one of the key variants of the H2A protein
family, consists of the histone octamer of nucleosomes and is
phosphorylated during the DNA damage due to any kind of
exogenous and endogenous reasons and forms gamma-H2AX
(y-H2AX). It can be seen from Fig. 7(b) that the number of vy-
H2AX foci increases with increasing irradiation time, hence the
study demonstrates that the apoptotic is associated with DSBs.
Herein, it is worth mentioning that poly(-adenosine diphos-
phate (ADP)-ribose) polymerase (PARP), an abundant nuclear
protein that plays a pivotal role as a first responder to maintain
genomic integrity and DNA repair, is being considered an
indicator for apoptotic induction, while its inhibition enhances
therapeutic efficiency.”” Recently, we have noticed that PARP
cleavage is enhanced with increasing irradiation time in the
presence of 21 pg mL~" of PBNCg@m-SiO,@HA@DOX, while
very insignificant PARP expression was noticed in the control.
This result confirms that the PDT efficacy of PBNCgo@m-
Si0O,@HA@DOX is due to the ROS-mediated mitochondrion-
dependent DNA damage pathway. Moreover, our developed

Phalloidin-488  Doxorubicin Merged

(a) concentration and (b) laser irradiation time dependant MTT assay plot of HEK 293 cells after 24 h incubated with PBNCgo@m-

SiO,@HA@DOX. (c) Expression of DOX through CLSM images of HEK 293 cells with PBNCgo@m-SiO,@HA@DOX (21 pg mL™Y) incubated with
24 h under time-dependent laser irradiation; DAPI and phalloidin-448 as a nuclear and cytoskeleton stainer.
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nanoplatform exhibits higher NIR laser-induced chemo-
photodynamic therapeutic efficacy against HCT 116 cancer in
comparison with other nanoparticles e.g. Fe;O,4, Au, or upcon-
version nanoparticles.**°

Furthermore, in vitro cellular T; weighted MRI was also
carried out to confirm the efficiency of PBNCg,@m-SiO,@-
HA@DOX as an MRI CA against HCT 116 cells. The
concentration-dependent brightening effect was visualised
through phantom images, as shown in Fig. 7(c) and ry relaxivity
was measured to be 3.91 mM " s~ (as shown in Fig. S6 of ESI{),
which was well matched the previously measured one in solu-
tion. Hence, therapeutics and MR measurements attributed the
potential of PBNCg,@m-SiO,@HA@DOX as a theranostic CA
against HCT 116 cell line with optimal concentration. Herein,
MTT assay (shown in Fig. 8(a) and (b)) revealed very low death of
the normal cell (HEK 293), taken as a control, which might be
attributed to poor uptake of PBNCq,@m-SiO,@HA@DOX due to
the absence of HA receptor and was further confirmed from the
confocal microscopic image (shown in Fig. 8(c)) from low red
fluorescence from DOX. Thus, the study reveals very high
selectivity of the nanoplatform for normal and HCT 116 cells, as
well it is expected to be accumulated within HCT 116 cells via
enhanced permeability and the retention (EPR) effect, and
hence the present study illustrates a very high HCT 116 cell-
killing efficiency of PBNCgo@m-SiO,@HA@DOX.

Conclusions

In summary, we have reported the synthesis of HCT 116 cell-
specific, NIR (808 nm) triggering, a highly dispersed, coordi-
nation polymer-based nanoplatform PBNCs,@m-SiO,@HA by
coating PBNCg, with m-SiO, and modification with hyaluronic
acid as the next-generation theranostic nanoplatform for image-
guided combined photodynamic and chemotherapy.
PBNCs,@m-SiO,@HA, which consists of amphiphilic micelles
for conjugating DOX showed good biocompatibility, ultrahigh
DOX loading as well as pH-responsive DOX-release efficiency.
Besides this, the nanoplatform acts as in vitro T;-weighted MR
agent having r; value greater than r; of commercially available
Gd-based MRI contrast agent. Moreover, a high rate of cell (HCT
116) death was achieved over a lower dose of PBNCgo@m-
Si0,@HA@DOX due to the mutual effect of the laser (808 nm)
and DOX, followed by iROS-mediated mitochondrion-
dependent DNA damage pathway. Therefore, the multimodal
theranostic nanoplatform demonstrates fascinating
approaches and prospects against colon cancer for future
perspectives.

More interestingly, our detailed study on higher r; value for
smaller-sized PBNC is assigned to the contribution of the
second sphere zeolitic water molecules leading to crystal
vacancy. Furthermore, variation of r; value at each functional-
ization step illustrates that m-SiO, coating on PBNC increases r;
due to the quantum confinement effect, while HA and DOX
addition lowers ry. Fractional changes in r; are ascribed to size-
dependent correlation time and diffusion of water molecules
where the thickness of m-SiO, plays a significant role.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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