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Red fluorescent mesoporous organosilica was synthesised for simultaneous diagnosis and therapy, and
characterized for anticancer drug delivery behavior.
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Red fluorescent hybrid mesoporous organosilicas for simultaneous cell imaging

and anticancer drug delivery

Madhappan Santha Moorthy," Hyun-Jin Song,” Jae-Ho Bae,” Sun-Hee Kim,” and Chang-Sik Ha*

A safranin-diurea bridged hybrid mesoporous organosilica
(SDU-HMS) was synthesized for simultaneous diagnosis and
therapy. This study assessed the impact of integrated
functional units on drug loading/release and imaging. The
drug delivery efficiency and biocompatibility of the red
fluorescent SDU-HMS carrier was evaluated experimentally.

Fluorescent nanoparticles are used in a range of applications
involving labeling, tracing and tagging, mainly in biomedical
applications."? Among the range of nanocarriers™® mesoporous
silica materials are more suitable delivery vehicles for
pharmaceuticals and biomolecules.’ The high surface area,
mesopore volume, high loading efficiency, optical transparency,
and biocompatibility of mesoporous silicas® make it an ideal
candidate as a drug carrier for the loading and controlled release
of various drug molecules.””® The development of mesosporous
organosilica hybrids for theranostic applications are still in
demond.” Owing to the luminescent framework properties, the
fluorescent organosilica hybrid materials are considered to be a
suitable system for fluorescent-based drug carriers desirable for
biomedical imaging, diagnostic, and traceable site-specific
therapy. Stimuli-responsive drug delivery strategy is considered a
promising technique for safe, controlled and site specific target
delivery to avoid undesirable side-effects to the normal tissues.'
Among the various stimuli, pH-responsive based controlled
delivery is considered a simple and efficient method because the
specific pH differs according to the tissues and cellular
components in human and living bodies.''"'> To administer the
drug molecules to the specific target tissues, pH responsive
functional molecules,”® nanoparticles' and peptides” are
generally introduced as gate keeper for controlled release of
encapsulated cargos in responding to internal/external stimuli.
Unfortunately, these approaches have some drawbacks, such as
multi-step modification process, steric hindrance, and weak
physical absorption of the cargo. The release efficiency of the
encapsulated cargo could be controlled with respect to the
differences in pH between the tumor and normal tissues. Such
systems could prevent premature leakage of the payload under
physiological pH conditions and have higher release efficiency
with enhanced release behavior under decreased pH conditions.

“Department of Polymer Science and Engineering, Pusan National
University, Busan 609-735, Korea. E-mail: csha@pnu.edu

*Department of Biochemistry, School of Medicine, Pusan National
University, Yangsan Hospital, Yangsan 626-870, Korea

1 Electronic supplementary information (ESI) available: Experimental

details and supporting figures.
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This paper reports the synthesis of a novel mesoporous

ss organosilica nanocarrier with drug interacting ligand sites that

can hold the loaded drugs by the strong complementary H-
bonding interactions and release them to the specific target sites
with respect to the pH of the release medium. The derivatized
diurea groups and the integrated safranin fluorophore into the
silica framework allow the material to be utilised as a pH-
responsive red fluorescent drug carrier. In addition, the prepared
safranin-diurea (SDU) bridged hybrid mesoporous organosilicas
(SDU-HMS) showed good biocompatibility. An excellent red
fluorescent was observed in the cells under UV-light owing to the
presence of integrated safranin units in the mateials.

Scheme 1 shows the synthesis of SDU-HMS material. Fig. S1
(ESIY) shows the powder X-ray diffraction (XRD) pattern of
SDU-HMS sample. The XRD peak at 2.45 20 (d = 3.6 nm) and a
weak peak at 4.08 20 (d = 2.1 nm) have been observed that
indicates the formation of well-ordered mesostructural
arrangement of the material. Fig. S2 (ESIt) shows N, sorption
isotherm of the SDU-HMS material. As shown in Fig. S2 (ESIY),
the SDU-HMS sample exhibited type IV isotherm curve with H1
hysteresis suggesting the formation of well-ordered mesoporous
materials. The Brunauer-Emmet-Teller (BET) surface area was
determined to be 685 m?¥g, and the pore volume and mean
mesopore diameter was calculated to be 0.24 cm*/g™' and 3.2 nm
(Table S1, ESIt). Fig. S3 (ESIf) shows the Fourier transform
infrared (FTIR) spectrum of the SDU-HMS sample. The typical
bands at 1543 cm™, 1482 cm™, 1652 cm™, 1382 cm™ and 782 cm®
! respectively, indicating the existence of functional safranin
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Scheme 1. Synthesis of the SDU precursor (Step-1) and preparation of
the functionalised SDU-HMS materials (Step-2).
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Fig. 1 (a,b) Transmission electron microscopy (TEM), (c) scanning
electron microscopy (SEM) images and (d) particle size distributions of
the SDU-HMS material.

fluorophores in the materials pore walls.'® The intense stretching
peaks at 1124 cm™ and 963 cm™ revealed the presence of Si-O-Si
and Si-OH bonds of the silica network. In addition, the peaks at
2852 cm’™ and 2918 cm’ for the alkyl C-H stretching vibrations
can confirm the presence of covalently-integrated fluorescent
moieties in the mesopore walls. Fig. 1(a,b) presents TEM images
of the SDU-HMS, which evidenced the formation of mesopore
channels with a mean pore size of approximately 3 nm. The SEM
image of the SDU-HMS materials revealed the formation of
spherical particles with a mean particle size of ~500-600 nm and
almost uniform particle size with slight aggregation (Fig. 1(c)).
The mean particle size of the SDU-HMS sample was measured
by dynamic light scattering (DLS). The DLS data revealed the
particle size is in the range, 200 nm-1.1 pm (Fig. 1(d)). Majority
of the particles size belong to 200-800 nm. Generally, the large
particle sizes are in some cases not reliable for cellular uptake
process for the cells with small sizes. In contrary, the particle size
is about ~ 1 pm may be suitable for the cells with comparatively
large sizes such as MCF-7 and HeLa cells.'™'® Therefore, we
assume that the SDU-HMS particles of the sizes in the range 200-
800 nm can be efficiently internalized by MCF-7 cells plausibly
due to the formation of protein corona on the SDU-HMS
particles.'” More systematic investigations may be necessary,
however, after separating particles, to reveal the size effect on the
cellular uptake, with referring to literatures including Lu et al.’s
report.20

The "C cross polarized magic angle spectrum (CP MAS) (Fig.
S4 (ESIt)) exhibited the resonance signals in the range, 0-30 ppm
indicating the presence of alkyl carbon atoms, Si-CH,, -CH, and
CH,-O confirming the presence of bridged organosilane groups.
In addition, the carbon resonance signals at 43.5 ppm and 59.8
ppm were assigned to the aromatic -CH, and C-N'-C carbon
atoms, respectively, indicating the presence of functional safranin
fluorophore that was integrated covalently in the pore walls.*' In
addition, the resonance signals at 120 ppm and 160 ppm, and a
broad weak peak at 209 ppm were assigned to the C-N, C=C and
C=0 carbon atoms, which further confirmed the presence of a
covalently integrated organosilane precursor in the pore walls of
the SDU-HMS material.*> Thermogravimetric analysis (TGA)
profile (Fig. S5, ESIt) showed that the initial weight loss of
6 approximately 2 wt% at 100 °C was due to the evaporation of the
physisorbed water. Major weight loss occurred at temperature
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between 101 to 650 °C due mainly to decomposition of the
integrated SDU precursor in the SDU-HMS pore walls. The
elemental analysis used to determine the amount of SDU
functional moieties into the SDU-HMS material was 0.023 mol/g.
We also checked the stability of the SDU-HMS at different time
and pH conditions and we found that no considerable change of
fluorescence intensity was observed even after 48 h in pH 7 (Fig.
S6(a), ESIt). The fluorescence behavior was almost same at
different pHs (4 to 8) (Fig. S6(b), ESIf). Therefore, the stable
fluorescence behavior of the SDU-HMS drug carriers under
acidic pH conditions can facilitate the prolonged in vivo tracking
of these drug delivery vehicles. The combined dual fluorescent
and pH-responsive release behavior of the SDU-HMS is
considered to be more beneficial in in vivo imaging cancer
therapy over the previously reported our pH-responsive drug
carrier.”

The in vitro drug release profiles (Fig. 2) of the SDU-HMS
nanocarrier showed a pH-responsive drug release behavior, and
the drug release was increased significantly with decreasing pH
from pH 7.4 to 4. The drug loading and release phenomena could
be explained based on the interactions between the drug
molecules 5-Fluorouracil (5-FU) with the -NH-CO-NH- part of
the diurea ligands that exist in the pore walls of the SDU-HMS
sample. Complementary multiple H-bonding/electrostatic
interactions were expected between the drug molecules and the
diurea ligand sites, which play a critical role in the drug storage
and pH-responsive release behavior owing to their appropriate
host-guest binding orientations.® High-performance liquid
chromatography(HPLC)-mass spectrometer(MS) can also be
applicable to determine the ligand-drug interactions.>* However,
in this work, the interactions of 5-FU with diurea moieties were
confirmed based on the change of fluorescence intensities before
and after drug loading (Fig. S7, ESI). The drug release profiles
reveal that about 18 % to 87 % of the 5-FU release was achieved
by adjusting the pH from 7.4 to 4 (Fig. 2). In particular, 5-FU
release was very slow at about 18 % under physiological pH
conditions. In contrast, at lower pHs, the release behavior was
increased to ~ 42 %, 54 % and 87 % at pH 6, 5.6 and 4,
respectively, at 24 h. This is because the dissociation of the
existing H-bonding interactions caused electrostatic repulsion
between the protonated part of the diurea groups and the 5-FU
molecules, as shown in Scheme S1 (ESIt). Under acidic pH
conditions, the amine groups of the diurea moieties become
positive charge due to protonation, and strong -electrostatic
repulsion would be expected between the drug molecules and the
protonated ligand centers with respect to the pH of the release
medium. Therefore, the SDU-HMS is desirable for anticancer
drug delivery applications.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed to evaluate the cytotoxicity
of the SDU-HMS at pH 6. As shown in Fig. S8 (ESIt), the blank
SDU-HMS carrier (green band) showed no considerable
cytotoxicity to MCF-7 cells at the sample concentrations tested
(10, 25, 50 and 100 pg mL™") after a 24 h incubation period. It
reveals that the SDU-HMS was non-toxic and biocompatible. On
the other hand, the 5-FU loaded SDU-HMS samples at various
concentrations (10, 25, 50 and 100 pg mL™") exhibited
concentration dependent cytotoxicity of approximately 20-82 %
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Fig. 2 Drug release profiles of 5-FU from the SDU-HMS carrier in
a PBS buffer at pH 7.4, 6, 5.6 and 4 at 37 ° C.

10 25

Fig. 3 Fluorescence confocal microscopy images of MCF-7 cells
after 6 h incubation. CLSM images of MCF-7 cells with (a) pure
SDU-HMS particles and (b) fluorescein (FITC)-labelled SDU-
HMS at pH 6. Scale bar = 50 um.

cytotoxicity might be induced due to the release of the loaded 5-
FU. Therefore, the higher concentration of drug carriers into the
cells was responsible for releasing higher amounts of the 5-FU
molecules into the cells, and inducing increased cancer cell death
(Fig. S8, ESIY). The simultaneous imaging and drug delivery is
beneficial for potential nanocarriers. The red fluorescence signal
would be very useful for tracking the location of the carrier
particles into the living body. The confocal images (Fig. 3(a)
showed intense red signals within the cells under UV-light,
indicating the presence of internalised red fluorescent SDU-HMS
nanocarriers into the cells. In addition, the drug loading/release
efficiency of the SDU-HMS nanocarrier with respect to pH of the
cancer cells was evaluated using MCF-7 cells as the model target
cellular sites. For this purpose, fluorescein (FITC) labelled 5-FU
was chosen as a model cargo. As shown in (Fig. 3(b)) the red and
green fluorescence in the human breast cancer (MCF-7) cells
indicate the internalised SDU-HMS carriers and released FITC-
labelled 5-FU molecules under acidic conditions. The confocal
image indicating the internalised SDU-HMS nanoparticles and
the efficient release of the FITC labelled 5-FU molecules under
acidic pH conditions. Owing to the red-fluorescence behavior, the
SDU-HMS nanocarrier could be used as a red-fluorescent-based
tracer for bioimaging and acts as the efficient drug carrier system
for loading and pH-responsive release of anticancer agents to the
target cancer sites. We have tested the uptake of particles at
different concentrations such as 1 pg/mL, 10 pg/mL and 50
pg/mL, and we observed that the fluorescence intensity of the
internalized SDU-HMS particles at 10 pg/mL was about 40 %
lower than that at 50 pg/mL. On the other hand, the fluorescence
intensity was low when the cells were incubated with 1 pg/mL.
This suggests the efficient uptake of the SDU-HMS particles by
MCF-7 cells (Fig. S9, ESIT).

In summary, a red fluorescent SDU-HMS nanocarrier was
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synthesised by co-condensation method. The in vitro drug release
study showed that the SDU-HMS material possesses the
loading/release ability of anticancer agents. The MTT assay
showed that the SDU-HMS is biocompatible and potentially
useful for cancer treatment. In addition, the SDU-HMS
nanocarrier exhibited strong red fluorescence within the MCF-7
cells upon irradiation with UV-light (365 nm), suggesting that the
SDU-HMS nanocarriers might be useful for in vivo cell imaging.
These experimental results proved that the SDU-HMS
nanocarrier would be desirable for the red fluorescence based in
vitro tracking and pH-responsive anticancer drug release in
cancer therapy. It should be noted, however, forming the protein
corona may significantly change the cellular uptake behavior of
SDU-HMS. As a proof of concept, we demonstrated here a new
biocompatible and pH sensitive material for drug delivery
applications. Therefore, we will design methods to manufacture
corona-free nanomaterials in our future work.
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