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Abstract: Over the last decade, inorganic/organic hybrids have been exploited for oxygen-carrying
materials and drug delivery. Its low-cost synthesis, controlled shape and size, and stability have
made it a viable delivery strategy for therapeutic agents. Rutin (quercetin-3-O-rutinoside) is a
bioflavonoid found in fruits and vegetables. Rutin has a variety of pharmaceutical applications, but
its low water solubility reduces its stability and bioavailability. As a result, we introduce a new and
stable nanosystem for loading a low-soluble drug (rutin) into oxygen-carrying periodic mesoporous
organosilicas (PMO-PFCs). Over the course of 14 days, this nanosystem provided a sustained oxygen
level to the cells in both normoxic and hypoxic conditions. At different pH values, the drug release
(rutin) profile is also observed. Furthermore, the rutin-coated PMO-PFCs interacted with both healthy
and malignant cells. The healthy cells have better cell viability on the rutin-coated oxygen-carrying
PMO-PFCs, while the malignant cells have a lower cell viability.

Keywords: nanostructured materials; drug delivery; hybrid materials; oxygen-carrying materials

1. Introduction

Inorganic/organic hybrids are the combinations of inorganic and organic building
blocks and exhibit their individual properties, which, offer stimulus sensitivity, specific
targeting, and controlled delivery of hydrophilic and hydrophobic biomolecules (e.g.,
drugs) [1-3]. Their cost-effective synthesis, controllable shape and pore size, modification
by surface chemistry, inertness, and stability have made them an important tool for drug
delivery. The large surface area of inorganic nanoparticles (NPs) and uniform organic
moieties offers the possibility to adjust the surface hydrophilicity /hydrophobicity and
allows fine control of adsorption and release of drug molecules. Researchers have been
using various NPs such as mesoporous silica NPs (MSNs), periodic mesoporous organosili-
cas (PMOs), layered double hydroxides (LDHs), metal NPs (e.g., Au NPs, Ag NPs, etc.),
metal oxide NPs (e.g., iron oxide, carbon-based NPs, etc.) for drug delivery [3-11]. The
sustained and stimulatory drug release can reduce the toxic effects of high-dose drugs in
the body. To avoid the burst release of drugs and toxicity of NPs, NPs have been coated
with natural or synthetic polymers (e.g., chitosan, alginate, polyethylenimine, polylysine,
etc.), lipids/liposomes, cell membranes, dendrimers etc. to improve stability under biolog-
ical conditions [4,12]. NPs are also suitable for transporting bioactive molecules that are
insoluble under physiological conditions, thus improving their bioavailability.

Rutin, also known as rutoside or quercetin-3-O-rutinoside, is a naturally occurring
bioflavonoid found in vegetables and fruits. Rutin is soluble in organic solvents, e.g.,
methanol and ethanol, but has poor stability and bio-availability because of its low solubility
in water [13,14]. Rutin-coated nanosystems have been demonstrated for various therapeutic
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objectives over the years and have enhanced aqueous solubility, bioavailability, and stability
as well as improved efficiency compared to conventional delivery of rutin [14-22]. Different
hybrid nanosystems (e.g., zein sodium caseinate nanoparticles [19], gold nanoparticles [23],
magnetic nanoparticles [21], carbon nanotubes [24], etc.) have been demonstrated for rutin
delivery. However, polymeric and lipid nanoparticles are the most studied nanosystems
for rutin [18,25-28]. Julio et al. [18] have developed a hybrid nano-polymeric system with
rutin and have shown targeted drug delivery for low solubility drugs. Zeng et al. [27] have
also designed chitosan-coated mixed phospholipid liposomes (C-CPLs) to increase the
biocompatibility of chlorogenic acid and rutin (CA-R) by the oral route. The C-CA-R-CPLs
as suitable and novel vehicles were considered for oral targeted delivery and enhanced
the oral bioavailability of low-soluble drugs. Kumar et al. [28] developed solid lipid
nanoparticles (SLNs) with rutin and demonstrated enhanced oral bioavailability compared
to SLNs without rutin and improved bioactivity against hypertension. Researchers have
demonstrated numerous rutin-coated nanosystems in vitro, but there are few studies
conducted in vivo. Moreover, the bioavailability and stability of such nanosystems have
been tested and are well recognized, but the interactions between rutin nanosystems and
cells are not widely recognized.

Recently, oxygen (Oy), the most vital nutrient for cell survival, has been used as a
therapeutic agent to improve cell viability and tissue functions under hypoxia conditions.
Hypoxic conditions occur when there is insufficient (lower than normal oxygen level) and
heterogeneous oxygen distribution within the body tissues, which can reduce cell growth
and proliferation. Hypoxia can reduce cell apoptosis, tissue necrosis, transplantation fail-
ures, and failures in tissue formation [29]. Over the years, researchers have developed
O;,-releasing biomaterials to provide sufficient and controlled O, delivery to the tissues [30].
Commonly used O; releasing materials are solid inorganic peroxides (e.g., calcium perox-
ide and sodium percarbonate), hydrogen peroxide, and O, carriers are perfluorocarbons
(PFCs) [30-37]. One of the prime examples of hosting O, carrier biomaterials is PMO
based nanoparticles [38,39]. Among these studies, the co-administration of O, and drug
molecules via NPs and their impact on cell viability have not been sufficiently studied.

Here, in this study, we synthesized the PMO-based nanosystem with oxygen-carrying
material (PFC). The internal and external surface of the PMO-PFC system is functionalized
with rutin for drug delivery system. Later, the rutin-coated PMO-PFCs are coated with a
biodegradable and cell-adhesive bipolymer poly-D-lysine (PDL) for controlled release of
rutin. The nanosystem is characterized for zeta potential and size distribution. Further,
the nanosystem is measured for its capability to release oxygen under normoxic and hy-
poxic conditions. The drug release (rutin) profile is also observed at different pH values.
To demonstrate the enhanced cell viability under normoxic and hypoxic conditions, the
rutin-coated PMO-PFCs interacted with healthy cells and malignant cells. The morphology
of the cells is examined by nuclei- and actin-staining. To end this, the PMO-PFC nanosys-
tem shows sustained O, release over a period of 14 days and drug release at different
pH values. Rutin and PDL-coated nanosystems show improvement in cell viability for
healthy cells under normoxic conditions and a significant decrement in cancer cells under
hypoxic conditions.

2. Results
2.1. Preparation and Characterization of Rutin-Coated Particles

PMO-PFC particles were synthesized according to the previous methods that showed
the periodic nature of NPs [40—42]. PFCs are chemically inert and hydrophobic organic
molecules, and have low solubility in water, but superior O, solubility can exert Op
rapidly [43]. Therefore, the internal and external surfaces of the PMO are functionalized
with PFCs to avoid the rapid release of O,. The hexadecyltrimethylammonium bromide
(CTAB) template was removed by adding an acidic solution (HCL) and washing multiple
times before drying the final product. These PMO particles have been used in biological
studies and show no cytotoxic behavior [10,11,44]. PEC-incorporated PMO particles have
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shown their ability to provide sustained O, release in hypoxic conditions. Next, rutin was
incapsulated into the PMO-PFC system as described in the method section and denoted
as Ru(PMO-PFC). Rutin has a wide range of pharmacological properties that have been
exploited in human medicine and nutrition. The hydrophobic nature of rutin allows entrap-
ment into PMO particles by hydrophobic forces [45,46], and we observed approximately
92% loading efficiency of rutin into the particles (see calibration curve (Figure S1) and load-
ing efficiency calculation in supporting information). To improve the solubility and stability
of the whole system in biological and physiochemical conditions, a biodegradable polymer
called “PDL” is used to coat the rutin-coated particles and denoted as Ru(PMO-PFC)PDL.
During the PDL coating process, some of the rutin amount is expected to be released into
the supernatant. Therefore, we calculated around 83% loading efficiency after the PDL
coating into rutin-encapsulated PMO-PFC particles (see supporting information). The func-
tionalized particles were characterized by scanning electron microscopy (SEM), dynamic
light scattering (DLS), and zeta potential measurement. The measured zeta potential and
average size values are shown in Table 1. The N, sorption experiment and the BET theory
were used to determine the porosity and specific surface area of PMO-PFC. The pore size of
PMOF was determined by the BJH method (Table S1). The N, sorption isotherm of PMOF
shows characteristics for the mesoporous material (Figure S2).

Table 1. Zeta potential and size measurement (mean value + standard deviation) of particles.

Sample Zeta Potential (mV) Size (nm)
PMO-PFC —9.93 £2.23 295 + 50
Ru(PMO-PEC) —32.17 £1.02 334 +£71
Ru(PMO-PFC)PDL 23.30 £ 0.79 485 + 67

After loading of rutin onto the PMO-PFC particles, the zeta potential changes from
—9.93 &+ 2.23 to —32.17 &+ 1.02 mV, which indicates the successful loading of rutin. This
result also indicated the adsorption of rutin on the external surface of PMO-PFC. Further, the
size of particles increased from 295 £ 50 to 334 &= 71 nm. After the PDL (positively charged
polymer) coating of Ru(PMO-PFC), a positive increase in the zeta potential indicates the
successful coating of the polymer matrix on the Ru(PMO-PFC) via electrostatic interaction.
The morphology of the nanoparticles is shown in SEM images (Figure 1). The average size
of NPs measured by DLS shows a different value than the SEM (143 + 12 nm). It is because
of the aggregation of particles in water due to their hydrophobic nature.

Figure 1. SEM images of PMO-PFC (a), Ru(PMO-PFC) (b), and Ru(PMO-PFC)PDL (c). Scale bars
equal 300 nm.

To test the oxygen-carrying capacity of PMO-PFC, particles were dispersed in Dul-
becco’s modified eagle medium (DMEM) and O, content was measured by an oxygen
sensor under normoxic (21% O,) and hypoxic (1% O,) conditions (Figure 2). First, the
media was kept in a hypoxic box at normoxic and hypoxic conditions, then PMO-PFC
(1 mg/mL) dispersed in media was added into it (measurements denoted by N1, H1 in
Figure 2). In another experiment, first PMO-PFC (1 mg/mL) was dispersed in media
flushed with 100% O; in a separate hypoxic box and then added to the media kept in
normoxic and hypoxic conditions (measurements denoted by N2, H2 in Figure 2). After
adding the 100% O, flushed particles to the media (N2, H2), the O, content normalizes after
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1 day for normoxic and hypoxic conditions or reaches the same level as particles without
O; flushed (N1, H1) (see Figure S3). Under hypoxic conditions, O, content increases for the
PMO-PFC containing media, while particle-free media (Media-H, as control) decreases after
2 days and shows almost zero O, content over the longer period. However, the media with
particles in a normoxic condition shows constant O, content over a period of 14 days, while
particle-free media (Media-N) continuously decreases. To end this, PMO-PFC particles
continuously release oxygen in hypoxic conditions and maintain oxygen levels in normoxic
conditions as compared to particle-free media.

—H1 H2 —N1 N2 MediaH —Media N
25

Oxygen content (%)

14 24 sd 6d 7d 8d od 12d 13d 144

Time (days)

Figure 2. Oxygen content of media containing PMO-PFC particles and particle-free media under
normoxic and hypoxic conditions. N1, H1 are the measurement values under normoxic and hypoxic
conditions of media with PMO-PFC, respectively. N2, H2 are the measurement values under normoxic
and hypoxic conditions, respectively, when PMO-PFC is flushed with 100% O,. The number of
experiments is three.

2.2. Rutin Release Experiment

Rutin release from the coated PMO-PFC particles was studied to show the ability of
bio-functional particles for controlled and pH-responsive drug delivery. The rutin release
was performed at pH 7.4 (the physiological environment) and pH 6.0 (the tumor cell
environment). Briefly, the Ru(PMO-PFC) and Ru(PMO-PFC)PDL particles (1 mg/mL)
were suspended in the media and stirred for the given incubation time (3 min to 7 days).
The absorbance of the collected supernatant after each incubation time was measured
by UV spectroscopy, and the concentration of rutin was calculated from the calibration
curve. The cumulative percentage release profile (Figure 3) shows release for pH 7.4 and
pH 6.0. After 7 d of incubation, 35/60% and 36/45% of rutin were released at pH 7.4/6.0
from Ru(PMO-PFC) and Ru(PMO-PFC)PDL, respectively. It is observed that at pH 6.0,
the release in the beginning is slower than the release at pH 7.4. After 1 h, rutin release
increased from 23 to 56% for Ru(PMO-PFC) and 10 to 42% for Ru(PMO-PFC)PDL at pH 6.0.
However, after 1 h, the rutin released (ca. 1.5-2 pg/mL) is almost constant over the period
of 7 days. The higher release at pH 6.0 from rutin-coated particles could benefit anticancer
drugs by releasing more drugs into the tumor cell environment. The PDL-coated particles
(green line in Figure 3) also show a lower release of rutin because of the biodegradable
polymer PDL coating. The PDL coating avoids the sudden release of rutin from the particles.
Furthermore, the rutin release profile from Ru(PMO-PFC) and Ru(PMO-PFC)PDL at pH 7.4
and pH 6.0 during a 60 min to 10080 min period was fitted with Higuchi [47] (Figure S4a)
and Korsmeyer—Peppas [48] (Figure S4b) models [49]. The rutin release was determined by
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the R-squared value obtained from the kinetic fitting of rutin release. The highest value of
the regression coefficient (R?) proposed a better correlation between the rutin release profile
and the kinetic model. The Korsmeyer—Peppas model shows a better R? value, indicating
slow diffusion of the rutin from areas of high concentrations to areas of low concentrations.
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Figure 3. Cumulative percentage rutin release from rutin- and PDL-coated PMO-PFC particles at pH
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The number of experiments is three.

To this end, the results show that the amount of rutin released from coated particles
depends on the pH of the environment and the coating of the PMO-PEC surface. Therefore,
the functionality of PMO-PFC with rutin and PDL is expected to improve bioactivity and
control the release of drugs.

2.3. Cell Viability Experiment on PMO-PFC, Ru(PMO-PFC), and Ru(PMO-PFC)PDL

For the sample preparation, particles (1 mg/mL) were first dispersed in ethanol
because homogeneous dispersion of PMO-PFCs on the culture plate could not be achieved
in DMEM. Then the prepared suspension was then placed into the well of the culture
plate. The samples were dried for at least 1 h to make sure the ethanol evaporated. For cell
experiments, cells (10%) were incubated for 1 d and 7 d on the culture plate at 37 °C with
5% CO,. Here, we use primary dermal fibroblasts cells (normal, human, and adult) and
human colo818 (malignant melanoma) to see the effect of rutin-coated PMO-PFC particles
on healthy and cancer cells, respectively. The cell proliferation reagent WST-1 was used for
the spectrophotometric quantification of cell viability. Figure 4 shows the cell experiment
data for optical density (OD) versus each sample for the number of incubation days. The
data is normalized to the control sample at a 1 d normoxia value for each cell line. The
following is a note to the readers: we do not directly compare both cell types as both have
different proliferation rates. Here, we demonstrate the impact of particles on different cells
under different incubation times and conditions.

We observed that PMO-PFC and rutin-coated PMO-PFC samples (Ru(PMO-PFC)
and Ru(PMO-PFC)PDL) show higher optical density (OD) than the control sample (cul-
ture plate without particles) at both incubation time under normoxic and hypoxic condi-
tions (Figure 4). However, rutin-coated PMO-PFC samples (Ru(PMO-PFC) and Ru(PMO-
PFC)PDL) yield higher viable fibroblast cells (FB) than PMO-PFC for each incubation time.
For example, at 1 d of normoxia, we observed ca. 38 and 20% more viable cells for Ru(PMO-
PFC)- and Ru(PMO-PFC)PDL-coated samples than for PMO-PFC, respectively (Figure 4a).
We expect the ability of PMO-PFC to transport O, and the controlled release of rutin to
lead to an increase in cell viability under normoxia and hypoxia. The FB cell viability also
increases approximate 82, 63 mand 81% from 1 d to 7 d under normoxia for PMO-PFC-,
Ru(PMO-PFEC)- and Ru(PMO-PFC)PDL-coated samples respectively (Figure 4a). At7 d in-
cubation, the cell viability increases 24 and 20% for Ru-(PMO-PFC) and Ru(PMO-PFC)PDL
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than PMO-PFC. In hypoxic conditions, the cells are deprived of oxygen and this can affect
the cell proliferation, but oxygen-carrying particles can release oxygen and increase the
proliferation. As results revealed, the cell viability is lower in hypoxia than in normoxia
for both incubation times. On the other hand, the FB cell viability under 1 d hypoxia for
Ru(PMO-PFC)- and Ru(PMO-PFC)PDL-coated samples increase slightly around 9 and 5%
from PMO-PFC, but there are no significant different between these results. For longer
incubation time (7 days), we observed an increase in cell viability for all samples. To end
this, the rutin-coated and rutin, PDL-coated samples show higher FB viable cells than the
PMO-PFC sample under normoxia conditions and for both incubation period; however,
these results are not significantly different under hypoxia conditions.

(a) }°_1 (b)
; a M

— 300 *x —
[ ,L' |_| [
= 250 =
c a g
S 200 o
S e
© 150 o
® 2
=" 100
o o
o 5 (=]

0 . - . .

Normoxic Hypoxic Normoxic  Hypoxic Normoxic Hypoxic Normoxic  Hypoxic
1d 7d 1d 7d
FB Colo 818

M control PMO-PFC M Ru(PMO-PFC) M Ru(PMO-PFC)PDL W control PMO-PFC M Ru(PMO-PFC) [ Ru(PMO-PFC)PDL

Figure 4. Absorbance (optical density) of the FB (a) and colo818 cells (b) on a culture plate (control),
on a PMO-PFC-coated culture plate, on Ru(PMO-PFC)-coated culture plate, and Ru(PMO-PFC)PDL-
coated culture plate under normoxic and hypoxic conditions at 1 and 7 d of incubation. ANOVA:
p <0.05 (*), p <0.01 (**), p <0.001 (***); a = significant difference between four groups, b = significant
difference between the two groups (between normoxic and hypoxic value of Ru(PMO-PFC)) and
¢ = significant difference between two subgroups (between normoxic and hypoxic value of Ru(PMO-
PFC)PDL). The number of experiments is three.

Colo818 cell viability is slightly less for Ru(PMO-PFC) and Ru(PMO-PFC)PDL than
PMO-PFC sample at 1 d normoxia (Figure 4b). The Ru(PMO-PFC)PDL-coated sample
also shows less viable cell than Ru(PMO-PFC), but no significance difference between
group of samples. However, colo818 cell viability increase at longer incubation time under
normoxia (approximate 55, 58% more than 1 d normoxia for Ru(PMO-PFC) and Ru(PMO-
PFC)PDL respectively). However, under hypoxia conditions at 7 d, the cell viability further
decreased, and we observed approximately 2 and 19% fewer viable cells as compared
to 1 d hypoxia for Ru(PMO-PFC) and Ru(PMO-PFC)PDL respectively (Figure 4b). The
Ru(PMO-PFC)PDL sample also showed 19% fewer viable cells than the PMO-PFC. We
understand this could be because of the slow release of rutin from PDL-coated particles.
The less viable colo818 cells are because of the added oxygen from the PMO-PFC systems
destabilizes the hypoxia-inducible factor (HIFs), which promotes the metastatic potential
of tumor cells [26]. Further rutin as anticancer drug kills the cancer cells [50]. Thus, the
differences between the viability of FB and Colo818 cells on the PMO-PFC-, Ru(PMO-PFC)-,
and Ru(PMO-PFC)PDL-coated culture plate are 36, 32, and 44% at 7 d under hypoxic
condition, respectively. To end this, rutin-coated PMO-PFC particles demonstrate enhanced
healthy cell viability while simultaneously hindering cancer cell viability over the longer
incubation time under hypoxic conditions.

We also performed a control experiment with the same amount of ethanol used to
prepare the sample for the cell-viability experiment to investigate the potential toxic effect
of the small amount of ethanol (evaporated) on FB cell viability (Figure S5a). Our results
showed that the small amount of ethanol added to the sample preparation and evaporated
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had no significant toxic effects on cell viability. These results were also normalized to the
control sample at a 1 d normoxia value for fibroblast cells and compared with the cell
viability on a PMO-PFC-coated culture plate (Figure S5b).

2.4. Reactive Oxygen Species (ROS)

Oxygen is very important for cell life, but in excess, it is potentially hazardous. ROS is
formed when cells exposed to oxygen continuously generate oxygen free radicals. Studies
suggest that the mitochondria of tumor cells produce more ROS than those of healthy cells,
as many tumors have a higher rate of mitochondrial DNA mutations than normal human
tissue [51]. This has been suggested as one of the reasons for the increased ROS production.
Therefore, promoting ROS production can induce higher oxidative stress in tumor cells than
that in normal cells, resulting in the selective killing of tumor cells without significantly
damaging healthy cells. However, increased ROS could mediate various signaling cascades
relating to survival, proliferation, resistance to apoptosis and metastases in pre-cancerous
cells as well as cancer cells, which may promote cancer initiation and progression. Therefore,
the antioxidant drug rutin can balance the amount of ROS production [50,52]. This results
in more cancer cell death than healthy cell death because when enough O, is present,
HIFs, which promote the drug resistance of tumor and immortal cells, are degraded by the
ubiquitin-proteasome pathway.

To investigate the generated ROS, the rutin-coated particles were treated with healthy
and cancer cells (Figure 5). First, FB cells and colo818 cells were seeded on the culture plate
(control), PMO-PFC-, Ru(PMO-PFC)-, and Ru(PMO-PFC)PDL-coated plate under hypoxic
condition. Subsequently, the generated ROS was quantified using 2’,7'~dichlorofluorescin
diacetate (DCFH-DA) fluorescent dye. DCFH-DA dye pierced into the cells and ROS
oxidized it to fluorescent dichlorofluorescein (DCF). We found that colo818 cells on the
plate with PMO-PFC, Ru(PMO-PFC), and Ru(PMO-PFC)PDL particles had a higher ROS
level than the control plate. We also observed higher ROS levels for colo818 cells at 7 d than
1 d of incubation time. However, FB cells showed significantly less ROS at 7 d than 1 d of
incubation compared with Colo818 cells. A difference of ca. 25% ROS level between FB
and colo818 cells at 7 d, suggest that the O, transport capacity of PMO-PFC may enhance
the anticancer effect of rutin on cancer cells under hypoxic conditions.

115
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B control [ PMO-PFC M Ru(PMO-PFC) [ Ru(PMO-PFC)PDL

Figure 5. Relative percentages of ROS levels of FB and colo818 cells on the plate, PMO-PFC-,
Ru(PMO-PFC)-, and Ru(PMO-PFC)PDL-coated culture plate under hypoxic conditions for 1 d and
7 d. The results were normalized to the control (FB or Colo 818 cells on plate). ANOVA: p < 0.05 (*),
p < 0.001 (***); a = significant difference between four groups. The number of experiments is three.



Int. J. Mol. Sci. 2022, 23, 4365

8of 13

To examine the morphology of the cells on the particle-coated samples, cells were
separately seeded on the culture plate. Cells were nuclei stained with Hoechst 33342 dye
(blue) and actin-stain with phalloidin Alexa Fluor 488 dye (green). Fluorescence microscopy
was used to examine the (Figure 6). We observed that the FB cells in the samples had an
elongated and stretched shape, while the colo818 cells were round. It is noted that the
number of cells on the images should not be linked with cell viability as some of the cells
are washed away during the washing and staining steps.

FB 1d Colo818 1d

Normoxic Hypoxic

Normoxic

PMO-PFC

Ru(PMO-PFC)PDLEN

Colo818 7d

Hypoxic

Hypoxic

PMO-PFC

Figure 6. Fluorescence images of FB and colo818 cells on PMO-PFC-, Ru(PMO-PFC)-, and Ru(PMO-
PFC)PDL-coated culture plate under normoxic and hypoxic conditions for 1 d and 7 d incubation

time. Scale bar equal to 50 um.

3. Materials and Methods
3.1. Materials

Hexadecyltrimethylammonium bromide (CTAB, 98%), [1H,1H,2H,2H perfluorooctyl-
triethoxysilane (PFC)], [1,2-bis(triethoxysilyl)ethane (BTEE, 96%)], Hoechst 33342 nuclei
dye, [2/,7'-dichlorodihydrofluorescein diacetate (DCFHDA)], trypsin, poly-D-lysine (PDL)
and the WST-1 assay were ordered from Sigma- Aldrich, Darmstadt, Germany. Rutin-
trihydrate was purchased from Roth GmbH, Karlsruhe, Germany. Ammonia (32%), ethanol
(absolute, for analysis) and hydrochloric acid (32%, for analysis) were bought from Merck,
Darmstadt, Germany. Phalloidin Alexa Fluor 488 was purchased from Invitrogen, Life
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technology Europe, Bleiswijk, Netherlands. Primary dermal fibroblasts: normal, human,
and adult cells were purchased from ATCC, Manassas, VA, USA. Human Colo 818 (malig-
nant melanoma) cells were bought from DSMZ, Braunschweig, Germany. The Dulbecco’s
modified eagle medium (DMEM) [supplemented with 1% (v/v) penicillin/streptomycin,
2% (v/v) L-glutamate, and 10% (v/v) fetal bovine serum (FBS)], penicillin/streptomycin,
phosphate-buffered saline (PBS), and L-glutamate were obtained from Sigma-Aldrich,
Darmstadt, Germany.

3.2. Synthesis of Periodic Mesoporous Organosilica (PMO-PFC)

PMO-PFC was synthesized by the modified procedure as follows [41]. Briefly, 30 mL
ethanol (99.8%) and 90 mL deionized (DI) water were mixed by magnetic stirrer in a 250 mL
round bottom flask. While stirring 485 mg CTAB and 270 uL. NHj3 (32%) were added and
stirred for 1 h at room temperature (RT). Then, 1.74 mL (1.67 g, 4.7 m mol) BTEE and PFC
(0.59 g, 1.16 m mol, 0.44 mL in 3 mL ethanol) stir for additional 48 h at RT. After 48 h
and still stirring 50 mL ethanol (99%) was added, then 1.4 mL HCL (32 wt%) was slowly
added to the mixture and stirred for 6 h at 50 °C to remove the CTAB [41]. The reaction
mixture was transfer to 15 mL falcon tubes and centrifuged (6500 rpm) for 15 min. The
supernatant was discarded, and PMO-PFC particles were washed further 3 times with
ethanol by centrifugation. The tubes with particles were left with open lid to dry for 2 days
at RT.

3.3. Loading of Rutin to PMO-PFC Particles

An amount of 100 mg of PMO-PFC particles and rutin trihydrate (80 mg) were mixed
together with 0.4 mL ethanol, sonicated for 20 min, and stirred for 10 min at RT. Then, 1.1 mL
DI water was added and sonicated again for 5 min. The mixture was stirred for overnight
at RT and then, centrifuged for 15 min to collect the rutin-coated PMO-PFC particles.
The coated particles were further washed with DI water and dried overnight at RT. The
supernatant was collected for the purpose of measuring rutin concentration. The amount
of rutin loaded in the PMO-PFC particles was determined by means of spectrophotometric
analyses. A total of 300 uL of supernatant was added to a 96 well plate and the absorbance
was measured at 352 nm by a UV-vis spectrometer. The concentration of free rutin was
calculated by using a calibration curve. The amount of loaded rutin was the amount of rutin
added initially minus the amount of free rutin in the supernatant. The loaded efficiency
(E%) was calculated according to the following equation below:

E% = (amount of rutin added-amount of free rutin)/(amount of rutin added) x 100

3.4. Coating of Poly-D-Lysine (PDL) to Ru(PMO-PFC) Particles

An amount of 50 mg of Ru(PMO-PFC) was added to 1.5 mL PDL solution (0.5 mg/mL
in DI water) in a 2 mL Eppendorf tube and sonicated for 20 min and then stirred for 1 day at
RT. After, the mixture was centrifuged for 15 min and the supernatant was used to calculate
the released rutin by means of spectrophotometer analysis. The absorbance and E% were
measured as explained in above section and supporting information. The product was
dried with the open lid at RT.

3.5. Rutin Release in DMEEM Media

First, 1 mg/mL rutin-loaded particles were suspended in DMEM (pH-6.0 and 7.4) by
sonication and stirred in a 2 mL Eppendorf tube. The suspension was centrifuged after each
incubation time (3 min to 7 days). The supernatant was transferred into new Eppendorf
tube and fresh media was added to the particles and stirred again for next incubation
time (adding up the previous incubation time). The collected supernatants were used to
measure the absorbance of rutin for each incubation time by spectrophotometric analysis.
The concentration of released rutin was calculated by using a calibration curve.
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3.6. Measurement of O, Content from PMO-PFC

The O, content of cell culture media and PMO-PFC containing cell culture media
was determined using an oxygen sensor (OXY-1 SMA trace, Pre Sens Precision Sensing
GmbH, Regensburg, Germany). All samples were incubated either in normoxic (21% O,)
or hypoxic conditions (1% O,) for 14 days at RT. To generate the hypoxic condition, we
used a hypoxia box saturated with a gas mixture of 1% O + 5% CO;, + 94% Nj. First, the
500 pL media was placed in a hypoxia box closed with rubber cap and saturated with 1%
O;, then 500 uL of PMO-PFC (1 mg/mL in media) was added by syringe and oxygen level
measured (denoted by H1). In another case, 500 pL of PMO-PFC (1 mg/mL in media) was
flushed by 100% O, and then added to 500 uL media in hypoxic box (measurement denoted
by H2). Similar experiments were performed for normoxic conditions and measurements
are denoted by N1 and N2, respectively.

3.7. Cell Viability of Samples on Cell Culture Plates

First, PMO-PFC, Ru(PMO-PFC), and Ru(PMO-PFC)PDL particles (1 mg/mL) were
dispersed in ethanol and sonicated for 5 min. Then, the suspensions (20 uL) were placed on
a culture plate and dried at RT. The cells were thawed from —80 °C and carefully seeded
on the culture plate with pre-warmed media. After overnight incubation at 37 °C and 5%
CO,, cells were washed with PBS and harvest by trypsinization. Then, cells were collected
by adding pre-warmed media and centrifuged for 3 min. The supernatant was discarded,
and cell pallet was collected by adding 1 mL pre-warm media. Cells were counted in
hemocytometer and the particles-coated plate was incubated with 10* cells for 1 d and
7 d under hypoxic and normoxic condition at 37 °C and 5% CO,. For control, the cells
were seeded on a plate without particles. For the control experiment, to show the no toxic
impact of the small volume of ethanol added during the sample preparation on the FB cell
viability, the same amount of ethanol (20 uL) was placed on a culture plate and dried at
RT and then used for control cell experiments. After incubation period, the samples with
cells were washed with PBS (2 x) and incubated with cell proliferation reagent WST-1 assay
(10 vol% in media) for 4 h. Cell viability was measured at 460 nm by scanning the plate
with a UV-vis spectrophotometer.

3.8. Co-Staining of Cells

Cells were seeded separately on the samples and incubated for 1 d and 7 d at 37 °C
and 5% CO; under hypoxic and normoxic condition. Then, the cells were fixed with
paraformaldehyde (4%). After 10 min, samples were washed with PBS (2x) and the nuclei-
staining was performed with Hoechst 33342 dye [stock solution (16.2 mM), diluted 1:2000
in PBS] at RT for 10 min. Then, samples were washed with PBS (2x) and incubated with
0.1% Triton X-100 in PBS for 10 min at RT. Samples were then washed with PBS (3x),
and co-stained with phalloidin Alexa Fluor 488 [5 uL of the methanolic stock solution
(6.6 uM) of phalloidin Alexa Fluor 488, diluted in 200 puL of PBS containing 3% bovine
serum albumin] for f-actin staining. Samples were kept overnight at RT and stored in the
dark. Afterward, the samples were washed with PBS (2x) and ready for imaging.

3.9. Quantification of the Reactive Oxygen Species (ROS)

The cells were seeded separately onto the samples in a 96-well cell culture plate and
incubated for 1 d and 7 d at 37 °C under hypoxic (1% O,) condition. After the incubation pe-
riod, all samples were washed with PBS (2x) and then reacted with
2’ 7'~dichlorofluorescin diacetate (DCFH-DA, 10 uM) for 30 min at 37 °C in cell culture
media. The relative fluorescence intensity was measured (Ex = 485 nm and Em = 530 nm)
by a UV-vis spectrophotometer.

3.10. Characterization

Scanning electron microscopy (SEM) was performed on a Zeiss cross beam 340 scan-
ning electron microscope to determine the morphology of the particles. The average size of
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NPs from the SEM image was measured by Image] software. Zeta potential measurements
and dynamic light scattering (DLS) were conducted using a Malvern Zetasizer Nano Series.
A Nikon ECLIPSE Ts2R fluorescence microscope was used to determine the cell morphol-
ogy and fluorescence imaging. Cell viability was measured using a Tecan Infinite 200 PRO
spectrophotometer.

3.11. Statistical Methods

All experiments were performed at least three times. The results are shown as average
values with standard deviations. Significance tests were conducted using a single factor
ANOVA test. Significance levels were depicted as * for p < 0.05, ** for p < 0.01, and *** for
p < 0.001, where p is the probability value and a statistical measurement used to validate a
hypothesis against observed data.

4. Conclusions

We demonstrate a simple yet effective method to encapsulate non-aqueous drug load-
ing and oxygen-carrying periodic mesoporous organosilica PMO-PFC nanomaterial. The
loading efficiency of the aqueous drug rutin was estimated at around 92%. Under hypoxic
and normoxic conditions, this nanosystem provided O, content for 14 days. The release
experiment also suggests that drug release is pH sensitive. The viability of healthy cells
was improved by rutin-coated particles in normoxic conditions, according to cell viability
tests. Furthermore, the anticancer impact of rutin and O, carrying PMO-PFC particles is
supported by the reduction in cell viability of Colo 818 cells under hypoxic conditions.
Under hypoxia, rutin-coated PMO-PFC particles resulted in higher cell proliferation of
healthy fibroblast cells than malignant colo818 cells. The ROS experiment also revealed that
rutin encapsulated O, carrying nanoparticles induced more ROS in colo818 cells. Therefore,
the overall performance of the organic-inorganic hybrid PMO-PFC nanosystem makes it an
effective approach for loading low-soluble therapeutic agents and improving cell viability.
This nanosystem, we anticipate, may be integrated into hydrogels and even used as an
injectable O,-carrying biomaterial for local drug delivery.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms23084365/s1.

Author Contributions: R.K. and N.S.K. designed the experiments. R.K. performed all the exper-
iments and characterization of the materials. R.K. wrote the first draft, R.K. and N.S.K. edit the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: We thank the Deutsche Forschungsgemeinschaft (KE 1577 /7-2) for funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Haque, S.T.; Chowdhury, E.H. Recent progress in delivery of therapeutic and imaging agents utilizing organic-inorganic hybrid
nanoparticles. Curr. Drug Deliv. 2018, 15, 485-496. [CrossRef] [PubMed]

2. Guo, ],; Mattos, B.D.; Tardy, B.L.; Moody, V.M.; Xiao, G.; Ejima, H.; Cui, J.; Liang, K.; Richardson, J.J. Porous inorganic and hybrid
systems for drug delivery: Future promise in combatting drug resistance and translation to botanical applications. Curr. Med.
Chem. 2019, 26, 6107-6131. [CrossRef] [PubMed]

3. Manatunga, D.C.; Godakanda, V.U ; Silva, R.M,; Silva, KM.N. Recent developments in the use of organic-inorganic nanohybrids
for drug delivery. WIREs Nanomed. Nanobiotechnol. 2020, 12, €1605. [CrossRef] [PubMed]

4. Seaberg, J.; Montazerian, H.; Hossen, M.N.; Bhattacharya, R.; Khademhosseini, A.; Mukherjee, P. Hybrid nanosystems for
biomedical applications. ACS Nano 2021, 15, 2099-2142. [CrossRef]

5. Cai, A.Y;; Zhu, Y.J; Qi, C. Biodegradable inorganic nanostructured biomaterials for drug delivery. Adv. Mater. Interfaces 2020,

7,2000819. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23084365/s1
https://www.mdpi.com/article/10.3390/ijms23084365/s1
http://doi.org/10.2174/1567201814666171120114034
http://www.ncbi.nlm.nih.gov/pubmed/29165073
http://doi.org/10.2174/0929867325666180706111909
http://www.ncbi.nlm.nih.gov/pubmed/29984645
http://doi.org/10.1002/wnan.1605
http://www.ncbi.nlm.nih.gov/pubmed/31826328
http://doi.org/10.1021/acsnano.0c09382
http://doi.org/10.1002/admi.202000819

Int. ]. Mol. Sci. 2022, 23, 4365 12 0f13

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ilhan-Ayisigi, E.; Yesil-Celiktas, O. Silica-based organic-inorganic hybrid nanoparticles and nanoconjugates for improved
anticancer drug delivery. Eng. Life Sci. 2018, 18, 882-892. [CrossRef]

Liang, P; Liu, C.J.; Zhuo, R.X,; Cheng, S.X. Self-assembled inorganic/organic hybrid nanoparticles with multi-functionalized
surfaces for active targeting drug delivery. J. Mater. Chem. B 2013, 1, 4243-4250. [CrossRef]

Mir, S.H.; Nagahara, L.A.; Thundat, T.; Mokarian-Tabari, P.; Furukawa, H.; Khosla, A. Review—Organic-inorganic hybrid
functional materials: An integrated platform for applied technologies. . Electrochem. Soc. 2018, 165, B3137. [CrossRef]

Oshiro Junior, J.; Paiva Abugafy, M.; Berbel Manaia, E.; Lallo da Silva, B.; Chiari-Andréo, B.; Aparecida Chiavacci, L. Drug
delivery systems obtained from silica based organic-inorganic hybrids. Polymers 2016, 8, 91. [CrossRef]

Motealleh, A.; Dorri, P.; Kehr, N.S. Self-assembled monolayers of chiral periodic mesoporous organosilica as a stimuli responsive
local drug delivery system. J. Mater. Chem. B 2019, 7, 2362-2371. [CrossRef]

Motealleh, A.; Kart, D.; Czieborowski, M.; Kehr, N.S. Functional nanomaterials and 3D-printable nanocomposite hydrogels for
enhanced cell proliferation and for the reduction of bacterial biofilm formation. ACS Appl. Mater. Interfaces 2021, 13, 43755-43768.
[CrossRef] [PubMed]

Liechty, W.B.; Kryscio, D.R,; Slaughter, B.V.; Peppas, N.A. Polymers for drug delivery systems. Annu. Rev. Chem. Biomol. Eng.
2010, 1, 149-173. [CrossRef] [PubMed]

Gullén, B.; La-Chau, T.A.; Moreira, M.T.; Lema, ].M.; Eibes, G. Rutin: A review on extraction, identification and purification
methods, biological activities and approaches to enhance its bioavailability. Trends Food Sci. Technol. 2017, 67, 220-235. [CrossRef]
Ganeshpurkar, A.; Saluja, A.K. The pharmacological potential of rutin. Saudi Pharm. J. 2017, 25, 149-164. [CrossRef] [PubMed]
Wu, H.; Su, M,; Jin, H; Li, X.; Wang, P; Chen, ].; Chen, J. Rutin-loaded silver nanoparticles with antithrombotic function. Front.
Bioeng. Biotechnol. 2020, 8, 1356. [CrossRef] [PubMed]

Ghanbari-Movahed, M.; Mondal, A.; Farzaei, M.H.; Bishayee, A. Quercetin- and rutin-based nano-formulations for cancer
treatment: A systematic review of improved efficacy and molecular mechanisms. Phytomedicine 2022, 97, 153909. [CrossRef]
Negahdari, R.; Bohlouli, S.; Sharifi, S.; Maleki Dizaj, S.; Rahbar Saadat, Y.; Khezri, K,; Jafari, S.; Ahmadian, E.; Gorbani Jahandizi, N.;
Raeesi, S. Therapeutic benefits of rutin and its nanoformulations. Phytother. Res. 2020, 35, 1719-1738. [CrossRef]

Julio, A ; Caparica, R.; Costa Lima, S.A; Fernandes, A.S.; Rosado, C.; Prazeres, D.M.F; Reis, S.; Santos de Almeida, T.; Fonte, P.
Ionic liquid-polymer nanoparticle hybrid systems as new tools to deliver poorly soluble drugs. Nanomaterials 2019, 9, 1148.
[CrossRef]

Zhang, S.; Han, Y. Preparation, characterisation and antioxidant activities of rutin-loaded zein-sodium caseinate nanoparticles.
PLoS ONE 2018, 13, e0194951. [CrossRef]

Ahmad, N.; Ahmad, R.; Naqvi, A.A.; Alam, M.A.; Ashafaq, M.; Samim, M.; Igbal, Z.; Ahmad, E]J. Rutin-encapsulated chitosan
nanoparticles targeted to the brain in the treatment of Cerebral Ischemia. Int. J. Biol. Macromol. 2016, 91, 640-655. [CrossRef]
Hu, B.; Dai, F; Fan, Z.; Ma, G.; Tang, Q.; Zhang, X. Nanotheranostics: Congo red /Rutin-MNPs with enhanced magnetic resonance
imaging and HyO,-responsive therapy of Alzheimer’s disease in APPswe/PS1dE9 transgenic mice. Adv. Mater. 2015, 27,
5499-5505. [CrossRef] [PubMed]

Kunjiappan, S.; Panneerselvam, T.; Govindaraj, S.; Parasuraman, P.; Baskararaj, S.; Sankaranarayanan, M.; Arunachalam, S.;
Babkiewicz, E.; Jeyakumar, A.; Lakshmanan, M. Design, in silico modelling, and functionality theory of novel folate receptor
targeted rutin encapsulated folic acid conjugated keratin nanoparticles for effective cancer treatment. Anti-Cancer Agents Med.
Chem. 2020, 19, 1966-1982. [CrossRef] [PubMed]

Gul, A.; Kunwar, B.; Mazhar, M.; Faizi, S.; Ahmed, D.; Shah, M.R.; Simjee, S.U. Rutin and rutin-conjugated gold nanoparticles
ameliorate collagen-induced arthritis in rats through inhibition of NF-«B and iNOS activation. Int. Immunopharmacol. 2018, 59,
310-317. [CrossRef] [PubMed]

Tian, R.; Long, X; Yang, Z.; Lu, N.; Peng, Y.Y. Formation of a bovine serum albumin diligand complex with rutin and single-walled
carbon nanotubes for the reduction of cytotoxicity. Biophys. Chem. 2020, 256, 106268. [CrossRef] [PubMed]

Senthil Kumar, C.; Sivakumar, M.; Ruckmani, K. Microwave-assisted extraction of polysaccharides from Cyphomandra betacea
and its biological activities. Int. J. Biol. Macromol. 2016, 92, 682-693. [CrossRef]

Ravi, G.S.; Charyulu, R.N.; Dubey, A.; Prabhu, P.; Hebbar, S.; Mathias, A.C. Nano-lipid complex of rutin: Development,
characterisation and in vivo investigation of hepatoprotective, antioxidant activity and bioavailability study in rats. AAPS
PharmSciTech 2018, 19, 3631-3649. [CrossRef]

Zeng, C.; Zheng, R.; Jiang, W.; He, C.; Li, J.; Xing, J. Chitosan coated chlorogenic acid and rutincomposite phospholipid liposomes:
Preparation, characterizations, permeability and pharmacokinetic. Pak. J. Pharm. Sci. 2018, 8, 2095-2102.

Kumar, V.; Chaudhary, H.; Kamboj, A. Development and evaluation of isradipine via rutin-loaded coated solid—Lipid nanoparti-
cles. Interv. Med. Appl. Sci. 2018, 10, 236-246. [CrossRef]

Wigerup, C.; Pdhlman, S.; Bexell, D. Therapeutic targeting of hypoxia and hypoxia-inducible factors in cancer. Pharmacol. Ther.
2016, 164, 152-169. [CrossRef]

Ashammakhi, N.; Darabi, M.A.; Kehr, N.S.; Erdem, A.; Hu, S.k.; Dokmeci, M.R.; Nasr, A.S.; Khademhosseini, A. Advances in
controlled oxygen generating biomaterials for tissue engineering and regenerative therapy. Biomacromolecules 2019, 21, 56-72.
[CrossRef]

Chin, K.; Khattak, S.F,; Bhatia, S.R.; Roberts, S.C. Hydrogel-perfluorocarbon composite scaffold promotes oxygen transport to
immobilized cells. Biotechnol. Prog. 2008, 24, 358-366. [CrossRef] [PubMed]


http://doi.org/10.1002/elsc.201800038
http://doi.org/10.1039/c3tb20455c
http://doi.org/10.1149/2.0191808jes
http://doi.org/10.3390/polym8040091
http://doi.org/10.1039/C8TB02507J
http://doi.org/10.1021/acsami.1c13392
http://www.ncbi.nlm.nih.gov/pubmed/34464080
http://doi.org/10.1146/annurev-chembioeng-073009-100847
http://www.ncbi.nlm.nih.gov/pubmed/22432577
http://doi.org/10.1016/j.tifs.2017.07.008
http://doi.org/10.1016/j.jsps.2016.04.025
http://www.ncbi.nlm.nih.gov/pubmed/28344465
http://doi.org/10.3389/fbioe.2020.598977
http://www.ncbi.nlm.nih.gov/pubmed/33324624
http://doi.org/10.1016/j.phymed.2021.153909
http://doi.org/10.1002/ptr.6904
http://doi.org/10.3390/nano9081148
http://doi.org/10.1371/journal.pone.0194951
http://doi.org/10.1016/j.ijbiomac.2016.06.001
http://doi.org/10.1002/adma.201502227
http://www.ncbi.nlm.nih.gov/pubmed/26270904
http://doi.org/10.2174/1871520619666190702145609
http://www.ncbi.nlm.nih.gov/pubmed/31267878
http://doi.org/10.1016/j.intimp.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29679855
http://doi.org/10.1016/j.bpc.2019.106268
http://www.ncbi.nlm.nih.gov/pubmed/31707064
http://doi.org/10.1016/j.ijbiomac.2016.07.062
http://doi.org/10.1208/s12249-018-1195-9
http://doi.org/10.1556/1646.10.2018.45
http://doi.org/10.1016/j.pharmthera.2016.04.009
http://doi.org/10.1021/acs.biomac.9b00546
http://doi.org/10.1021/bp070160f
http://www.ncbi.nlm.nih.gov/pubmed/18293995

Int. ]. Mol. Sci. 2022, 23, 4365 13 0f 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Goh, F; Gross, ].D.; Simpson, N.E.; Sambanis, A. Limited beneficial effects of perfluorocarbon emulsions on encapsulated cells in
culture: Experimental and modeling studies. J. Biotechnol. 2010, 150, 232-239. [CrossRef]

Steg, H.; Buizer, A.T.; Woudstra, W.; Veldhuizen, A.G.; Bulstra, S.K.; Grijpma, D.W.; Kuijer, R. Control of oxygen release from
peroxides using polymers. J. Mater. Sci. Mater. Med. 2015, 26, 1-4. [CrossRef] [PubMed]

Asakura, A.; Ward, C.L.; Corona, B.T.; Yoo, ].J.; Harrison, B.S.; Christ, G.J. Oxygen generating biomaterials preserve skeletal
muscle homeostasis under hypoxic and ischemic conditions. PLoS ONE 2013, 8, e72485. [CrossRef]

Gholipourmalekabadi, M.; Zhao, S.; Harrison, B.S.; Mozafari, M.; Seifalian, A.M. Oxygen-generating biomaterials: A new, viable
paradigm for tissue engineering? Trends Biotechnol. 2016, 34, 1010-1021. [CrossRef]

Camci-Unal, G.; Alemdar, N.; Annabi, N.; Khademhosseini, A. Oxygen-releasing biomaterials for tissue engineering. Polym. Int.
2013, 62, 843-848. [CrossRef] [PubMed]

Ng, S.M,; Choi, ].Y,; Han, H.S.; Huh, ].S.; Lim, J.O. Novel microencapsulation of potential drugs with low molecular weight and
high hydrophilicity: Hydrogen peroxide as a candidate compound. Int. |. Pharm. 2010, 384, 120-127. [CrossRef]

Karimi, B.; Ganji, N.; Pourshiani, O.; Thiel, W.R. Periodic mesoporous organosilicas (PMOs): From synthesis strategies to
applications. Prog. Mater. Sci. 2022, 125, 100896. [CrossRef]

Guimaraes, R.S.; Rodrigues, C.F.; Moreira, A.F,; Correia, I.]. Overview of stimuli-responsive mesoporous organosilica nanocarriers
for drug delivery. Pharmacol. Res. 2020, 155, 104742. [CrossRef]

Motealleh, A.; Schifer, A.H.; Fromm, O.; Kehr, N.S. 3D-printed oxygen-carrying nanocomposite hydrogels for enhanced cell
viability under hypoxic and normoxic conditions. Biomacromolecules 2021, 22, 4758-4769. [CrossRef]

Guan, B.; Cui, Y,; Ren, Z.; Qiao, Z.A.; Wang, L.; Liu, Y.; Huo, Q. Highly ordered periodic mesoporous organosilica nanoparticles
with controllable pore structures. Nanoscale 2012, 4, 6588-6596. [CrossRef] [PubMed]

Park, S.S.; Shin, J.H.; Zhao, D.; Ha, C.S. Free-standing and bridged amine-functionalized periodic mesoporous organosilica films.
J. Mater. Chem. 2010, 20, 7854-7858. [CrossRef]

Riess, J.G. Understanding the fundamentals of perfluorocarbons and perfluorocarbon emulsions relevant to in vivo oxygen
delivery. Artif. Cells Blood Substit. Biotechnol. 2009, 33, 47—63. [CrossRef] [PubMed]

Lu, N;; Tian, Y.; Tian, W.; Huang, P; Liu, Y.; Tang, Y.; Wang, C.; Wang, S.; Su, Y.; Zhang, Y.; et al. Smart cancer cell targeting
imaging and drug delivery system by systematically engineering periodic mesoporous organosilica nanoparticles. ACS Appl.
Mater. Interfaces 2016, 8, 2985-2993. [CrossRef]

Fang, R.; Jing, H.; Chai, Z.; Zhao, G.; Stoll, S.; Ren, F; Liu, E; Leng, X. Study of the physicochemical properties of the BSA:
Flavonoid nanoparticle. Eur. Food Res. Technol. 2011, 233, 275-283. [CrossRef]

Al-Shabib, N.A.; Khan, ].M.; Malik, A.; Alsenaidy, M.A.; Rehman, M.T.; AlAjmi, M.E; Alsenaidy, A.M.; Husain, EM.; Khan, R.H.
Molecular insight into binding behavior of polyphenol (rutin) with beta lactoglobulin: Spectroscopic, molecular docking and MD
simulation studies. J. Mol. Lig. 2018, 269, 511-520. [CrossRef]

Higuchi, T. Mechanism of sustained-action medication. Theoretical analysis of rate of release of solid drugs dispersed in solid
matrices. J. Pharm. Sci. 1963, 52, 1145-1149. [CrossRef]

Korsmeyer, RW.; Gurny, R.; Doelker, E.; Buri, P; Peppas, N.A. Mechanisms of solute release from porous hydrophilic polymers.
Int. ]. Pharm. 1983, 15, 25-35. [CrossRef]

Juhasz, A; Ungor, D.; Berta, K.; Seres, L.; Csapda, E. Spreadsheet-based nonlinear analysis of in vitro release properties of a
model drug from colloidal carriers. J. Mol. Lig. 2021, 328, 115405-115413. [CrossRef]

Wang, J.; Yi, J. Cancer Cell killing via ROS: To Increase or Decrease, That Is the Question. Cancer Biol. Ther. 2014, 7, 1875-1884.
[CrossRef]

Zhou, D,; Shao, L.; Spitz, D.R. Chapter One—Reactive Oxygen Species in Normal and Tumor Stem Cells. In Advances in Cancer
Research; Townsend, D.M., Tew, K.D., Eds.; Academic Press: San Diego, CA, USA, 2014; Volume 122, pp. 1-67.

Halliwell, B. Oxidative stress and cancer: Have we moved forward? Biochem. J. 2007, 401, 1-11. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jbiotec.2010.08.013
http://doi.org/10.1007/s10856-015-5542-z
http://www.ncbi.nlm.nih.gov/pubmed/26155978
http://doi.org/10.1371/journal.pone.0072485
http://doi.org/10.1016/j.tibtech.2016.05.012
http://doi.org/10.1002/pi.4502
http://www.ncbi.nlm.nih.gov/pubmed/23853426
http://doi.org/10.1016/j.ijpharm.2009.10.005
http://doi.org/10.1016/j.pmatsci.2021.100896
http://doi.org/10.1016/j.phrs.2020.104742
http://doi.org/10.1021/acs.biomac.1c01067
http://doi.org/10.1039/c2nr31662e
http://www.ncbi.nlm.nih.gov/pubmed/22976432
http://doi.org/10.1039/c0jm01278e
http://doi.org/10.1081/BIO-200046659
http://www.ncbi.nlm.nih.gov/pubmed/15768565
http://doi.org/10.1021/acsami.5b09585
http://doi.org/10.1007/s00217-011-1522-9
http://doi.org/10.1016/j.molliq.2018.07.122
http://doi.org/10.1002/jps.2600521210
http://doi.org/10.1016/0378-5173(83)90064-9
http://doi.org/10.1016/j.molliq.2021.115405
http://doi.org/10.4161/cbt.7.12.7067
http://doi.org/10.1042/BJ20061131
http://www.ncbi.nlm.nih.gov/pubmed/17150040

	Introduction 
	Results 
	Preparation and Characterization of Rutin-Coated Particles 
	Rutin Release Experiment 
	Cell Viability Experiment on PMO-PFC, Ru(PMO-PFC), and Ru(PMO-PFC)PDL 
	Reactive Oxygen Species (ROS) 

	Materials and Methods 
	Materials 
	Synthesis of Periodic Mesoporous Organosilica (PMO-PFC) 
	Loading of Rutin to PMO-PFC Particles 
	Coating of Poly-D-Lysine (PDL) to Ru(PMO-PFC) Particles 
	Rutin Release in DMEM Media 
	Measurement of O2 Content from PMO-PFC 
	Cell Viability of Samples on Cell Culture Plates 
	Co-Staining of Cells 
	Quantification of the Reactive Oxygen Species (ROS) 
	Characterization 
	Statistical Methods 

	Conclusions 
	References

