
Multimodal Polysilsesquioxane Nanoparticles for Combinatorial
Therapy and Gene Delivery in Triple-Negative Breast Cancer
Ridhima Juneja,† Zachary Lyles,‡,§ Hemapriyadarshini Vadarevu,‡,‡ Kirill A. Afonin,†,‡

and Juan L. Vivero-Escoto*,†,‡

†Department of Chemistry, ‡The Centre for Biomedical Engineering and Science, and §Nanoscale Science Program, University of
North Carolina at Charlotte, Charlotte, North Carolina 28223, United States

*S Supporting Information

ABSTRACT: Multifunctional hybrid nanoparticles are being
developed to carry a wide variety of therapeutic and imaging
agents for multiple biomedical applications. Polysilsesquiox-
ane (PSilQ) nanoparticles are a promising hybrid platform
with numerous advantages to be used as a delivery system. In
this report, we demonstrate the ability of a stimuli-responsive
PSilQ-based platform to transport and deliver simultaneously
protoporphyrin IX, curcumin, and RNA interference inducers
inside human cells. This multimodal delivery system shows a
synergistic performance for the combined phototherapy and
chemotherapy of triple-negative breast cancer and can be used
for efficient transfection of therapeutic nucleic acids. The
current work represents the first report of using the PSilQ platform for the combined phototherapy and chemotherapy and gene
delivery.

KEYWORDS: Polysilsesquioxane nanoparticles, Combination therapy, Photodynamic therapy, Stimuli-responsive systems,
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1. INTRODUCTION

Hybrid nanoparticles designed with both inorganic and organic
components have attracted great attention in the last decade
because they not only retain the beneficial features of both
components but also gain an additional synergistic perform-
ance. Hybrid nanomaterials can be modified in a modular
fashion to render specific properties for the resultant
nanoparticles such as target specificity or biodegradability.1,2

In the field of nanomedicine, a variety of hybrid nanoparticles
such as nanoscale metal organic framework and silica-based
and nanoscale coordination polymers have been investigated
for drug delivery, biosensing, and imaging.3−6 The silica-based
hybrid nanoparticles known as polysilsesquioxane (PSilQ)
nanoparticles have been recently introduced as a promising
alternative for the efficient delivery of therapeutic agents.
PSilQ-based platforms offer similar biocompatibility and
chemical tunability as other silica-based materials but with
much higher drug loading capacity and degradable features
when compared to traditional silica-based nanoparticles.6−8

Our group and others have developed PSilQ platforms for
different therapeutic and imaging applications. Lin and co-
workers reported the synthesis and characterization of PSilQ
nanoparticles containing either cisplatin or gadolinium
molecules for cancer chemotherapy or magnetic resonance
imaging.9,10 Durand and co-workers pioneered the use of
PSilQ nanoparticles for near-infrared two-photon photo-
dynamic therapy and imaging.11,12 The same group recently

expanded the concept to include gene delivery.13 Khashab and
co-workers have also demonstrated the development of
enzymatically degradable PSilQ nanomaterials for in vitro
imaging.14 Our group has reported the synthesis of porphyrin-
based PSilQ nanomaterials to improve the photodynamic
therapy against cancer.15,16 Our strategy consisted of
developing porphyrin-based PSilQ nanoparticles with high
loading of porphyrin and redox-responsive properties to
enhance the delivery and biodegradability of the platform
under a reducing environment inside cancer cells.17

Triple-negative breast cancer (TNBC) is a highly aggressive
subtype of breast cancer. TNBC is characterized by intratumor
heterogeneity, high proliferative activity, poor prognosis, high
risk of relapse, and metastasis to the lungs and brain.18 The
effective treatment of TNBC requires a multimodal approach
that targets and inhibits multiple essential pathways of tumor
growth, invasiveness, or metastasis.19,20 Silica-based hybrid
nanoparticles that carry either more than one chemo-
therapeutic drug or different types of therapeutic agents have
shown promising results for the treatment of cancer.21−23 The
combination of chemotherapy with photodynamic therapies
and/or gene therapy is expected to improve the treatment of
TNBC. Herein, we report the design, synthesis, character-
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ization, and in vitro application of a stimuli-responsive
multimodal porphyrin-based PSilQ platform that effectively
combines all three aforementioned therapies.
The PSilQ platform, shown in Scheme 1, consists of the

redox-responsive protoporphyrin IX (PpIX) silane derivative 5
as the building unit for the PSilQ network (PSilQ NPs). PpIX
is a well-known PS that has great potential for use in PDT.
However, PpIX is poorly soluble in physiological conditions
and cannot be administered intravenously directly.24 There-
fore, improvement in the PDT efficacy can be achieved by
incorporating PpIX molecules into PSilQ NPs. Moreover,
compound 5 was rationally designed to include a redox-
responsive linker (Scheme 1 and Scheme S3), a disulfide bond,
which is selectively cleaved in the presence of a high reducing
environment such as that found inside cancer cells.25 These
nanoparticles are also loaded with curcumin (PSilQ(cur)
NPs), which exhibits pharmacological properties against
several diseases including cancer, oxidative stress, aging,
inflammation, and microbial infection.26 Curcumin has
shown good anticancer activity against TNBC.27,28 The surface
of the PSilQ(cur) NPs was modified with polyethyleneimine
(PEI, MW = 10 kDa) and polyethylene glycol (PEG, MW = 2
kDa) to afford PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs.
The first RNA interference (RNAi) therapeutic agent
(patisiran) has been approved by the FDA for clinical
applications in 2018.29 Therefore, there is an increasing
demand in developing clinically relevant nanoformulations
with a high level of silencing efficiencies. Dicer substrate (DS)
RNAs, used in this work as RNAi inducers,30 were designed for
a Dicer-assisted release of siRNAs that further silence green
fluorescent protein (GFP) expression. In this work, PSilQ NPs

with high loading of PpIX and curcumin were synthesized and
further modified to be suitable for efficient DS RNA delivery
(GFP-DS RNA-loaded PEG-PEI-PSilQ(cur) NPs). Spherical
nanoparticles with a diameter size of 40 ± 5 nm and high
loading of PpIX (24.4 ± 2.5 wt %) and curcumin (7.6 ± 1.5 wt
%) were obtained. The combined therapeutic effect of the
PSilQ(cur) NPs was evaluated against MDA-MB-231 cells. A
synergistic therapeutic effect was observed in the combination
of PpIX and curcumin. The PSilQ platform was more selective
toward MDA-MB-231 than the healthy breast MCF-10a cells
compared with PpIX. In addition, GFP-DS RNA transfection
studies showed significant GFP silencing when tested in MDA-
MB-231/GFP cells. Our results demonstrate the potential of
the PSilQ platform to be used for combinatorial therapy of
TNBC as well as a delivery vector for therapeutic nucleic acids.

2. EXPERIMENTAL SECTION
2.1. Synthesis of PSilQ and PSilQ(cur) Nanoparticles. The

direct microemulsion method was used as the approach for the
synthesis of PpIX-based redox-responsive PSilQ nanoparticles
(Scheme 1). The following procedure was followed: 0.22 g of dioctyl
sulfosuccinate sodium salt (0.495 mmol) was added to 10 mL of
nanopure water under gentle stirring for 30 min at room temperature,
which gave a translucent solution. Then, 0.4 mL of n-butanol was
added. Once the solution became clear, 0.1 mL of cyclohexane (oil
phase) was added. The final mixture was allowed to stir for 15 min to
give a single-phase transparent solution. To this mixture, a solution of
ligand 5 (1.6 mg) in 1:2 dimethyl sulfoxide/dimethyl formamide
mixture (0.1 mL) was added dropwise under continuous stirring at
room temperature. The synthesis of compound 5 is depicted in
Scheme S1 (Supporting Information). To promote the solubility and
condensation process of ligand 5, 0.1 mL of aqueous ammonia (28%)

Scheme 1. Schematic Representation of the Synthesis and Characterization of the GFP-DS RNA-Loaded PEG-PEI-PSilQ(cur)
Platforma

aPpIX is part of the framework of the PSilQ system chemically bound through disulfide and silica bonds (5) (PSilQ NPs). Curcumin is
encapsulated during the microemulsion reaction to fabricate PSilQ(cur) NPs. The surface PSilQ(cur) NPs are further functionalized with PEI and
PEG to afford PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs. GFP-DS RNA is electrostatically attached to the PEG-PEI-PSilQ(cur) NPs. The
physicochemical properties of the PSilQ(cur) materials such as TEM, DLS, ζ-potential, UV−vis and fluorescence spectroscopy, TGA, and UHPLC
analysis are evaluated. The in vitro performances including the combined phototherapy and chemotherapy, GFP silencing, ROS, and 1O2
generation of the GFP-DS RNA-loaded PEG-PEI-PSilQ(cur) NP platform are determined using MDA-MB-231 cells.
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followed by 0.2 mL of an aqueous solution of NaOH (2 M) was
added to the solution. The reaction mixture was allowed to stir for 48
h at room temperature. The nanoparticles were obtained by
disrupting the microemulsion with an excess of acetone, which
afforded the precipitation of the PSilQ NPs as dark brown precipitate.
The PSilQ NPs were collected by centrifugation (13,000 rpm for 10
min) and washed sequentially with acetone, ethanol, and dimethyl
formamide to remove any unreacted reagents. The washed PSilQ NPs
were stored in ethanol at 4 °C.
Curcumin was used as a model drug for encapsulation into the

hydrophobic core of the PSilQ NPs. To synthesize this material, 0.4
mL of curcumin solution (5 mg/mL in dimethyl sulfoxide) was added
to the oil-in-water microemulsion described above before the addition
of the PpIX-based ligand 5. The resultant PSilQ(cur) NPs were
collected by centrifugation and washed with different solvents, as
described above. The washed PSilQ(cur) NPs were stored in ethanol
at 4 °C. The supernatant and washing solutions were stored to
quantify the loading of curcumin using ultrahigh-performance liquid
chromatography (UHPLC).
2.2. Modification of PSilQ(cur) Nanoparticles with Poly-

ethyleneimine (PEI) Polymer. To modify the surface of PSilQ(cur)
NPs with a PEI polymer (MW = 10 kDa), 10 mg of PSilQ(cur) NPs
was redispersed in 1.0 mL of nanopure water. PEI solution (5 mg of
PEI in 0.25 mL of ethanol) was added dropwise to the nanoparticle
dispersion under gentle stirring at room temperature for 2 h. The PEI-
PSilQ(cur) NPs were collected by centrifugation (15,000 rpm for 10
min) and washed three times with ethanol to remove the excess of
PEI. The final PEI-PSilQ(cur) NPs were stored in ethanol at 4 °C.
The amount of amine groups chemically available on the surface of
PEI-PSilQ(cur) NPs was indirectly quantified by using the Kaiser’s
test.31

2.3. Functionalization of PEI-PSilQ(cur) Nanoparticles with
Polyethylene glycol (PEG) Polymer. PEI-PSilQ(cur) NPs were
further functionalized with a PEG (MW = 2 kDa) polymer, as shown
in Scheme 1. For this, 10 mg of PEI-PSilQ(cur) NPs was redispersed
in 9 mL of ethanol. To this dispersion, an ethanolic solution of
bifunctional methoxy/succinic anhydride PEG polymer (3 mg in 1
mL of ethanol) was added dropwise under stirring conditions. The
reaction mixture was allowed to stir for 24 h at room temperature.
The PEG-PEI-PSilQ(cur) NPs were collected by centrifugation
(15,000 rpm for 10 min) and washed twice with ethanol to remove
any unreacted bifunctional PEG polymer. The PEG-PEI-PSilQ(cur)
NPs were redispersed and stored in ethanol at 4 °C. The amount of
amine groups chemically available on the surface of PEG-PEI-
PSilQ(cur) NPs was indirectly quantified using the Kaiser’s test.31

2.4. Release of PpIX from PSilQ NPs in a Reducing
Environment. As a proof of concept, the release of PpIX molecules
from PSilQ NPs was investigated under a simulated reducing
environment. Three separate dispersions of PSilQ NPs at a
concentration of 2 mg/mL in 5 mL of dimethyl formamide were
used. Before starting the time-dependent measurements, the PSilQ
NPs were washed several times with dimethyl formamide to remove
any physisorbed PpIX. Then, the dispersion of nanoparticles was
stirred at 37 °C, and after regular time intervals of 30 min, the
nanoparticles were centrifuged down, and the absorbance of the
supernatant was measured at 408 nm. The supernatant was returned
to the original vial, and the nanoparticles were redispersed. This
process was repeated four times to determine the background release
of PpIX. After that, dithiothreitol was added to two of the
nanoparticle dispersions to reach a final concentration of 10 μM
and 10 mM. The absorbance was measured at defined intervals of
time (0−28 h) following the protocol described above. The values of
absorbance were used to calculate and plot the percentage of PpIX
release versus time. The PSilQ NP dispersion not treated with
dithiothreitol was used as the control experiment. The data are
presented as the average ± SD of three independent experiments.
2.5. Measurement of Intracellular Reactive Oxygen Species.

2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) is a com-
monly used cell-permeable fluorescent probe for measuring intra-
cellular reactive oxygen species (ROS).32 MDA-MB-231 cells were

seeded in a 24-well plate at a density of 2 × 104 cells and incubated at
37 °C in 5% CO2 atmosphere for 24 h. The cells were incubated for
24 h with PSilQ NPs or PSilQ(cur) NPs, each at three different
concentrations of PpIX (22.0, 44.0, and 66.0 μM). One hour before
irradiation, the cell media were removed, and the cells were washed
twice with phosphate buffer solution. MDA-MB-231 cells were
incubated with 100 μL of DCFH-DA (10 μM) in low-serum (1 vol
%) media in the dark at 37 °C and 5% CO2. Subsequently, the media
were removed, and the cells were washed with phosphate buffer
solution. MDA-MB-231 cells were exposed to red light (630 nm, 24.5
mW/cm2) for 20 min. Immediately after irradiation, the cells were
washed with phosphate buffer solution and harvested using trypsin.
The formation of 2′,7′-dichlorofluorescein was quantified by
monitoring fluorescence at 528 nm using a flow cytometer (BD
LSRFortessa cell analyzer). Results were analyzed using FlowJo
software. Cells not treated with nanoparticles but incubated with ROS
probe solution acted as the control experiment for this study. The
results are reported as the average ± SD of three independent
experiments.

Intracellular 1O2 generated by PSilQ NPs or PSilQ(cur) NPs was
quantified by an indirect method using the fluorescence of singlet
oxygen sensor green (SOSG) in the cell lysate.33 MDA-MB-231 cells
were seeded in a 96-well plate at a density of 2 × 104 cells per well and
incubated at 37 °C in 5% CO2 atmosphere for 24 h. The preseeded
MDA-MB-231 cells in a 96-well plate were treated with different PpIX
concentrations (22.0, 44.0, and 66.0 μM) of PSilQ NPs and
PSilQ(cur) NPs and incubated for 48 h at 37 °C in 5% CO2
atmosphere. After inoculation with nanoparticles, the cell media
were removed, and the cells were washed twice with phosphate buffer
solution to remove any non-internalized nanoparticles. Then, MDA-
MB-231 cells were lysed by adding 20 μL of 1% Triton X-100 to each
well and incubated for 30 min. Meanwhile, a stock solution of 1O2
probe (5 mM) was prepared in methanol by dissolving a 100 μg vial
of SOSG molecules in 33 μL of methanol. This solution was utilized
to make working solutions of 50 μM, which are used right after
preparation. Once the 30 min incubation time has ended, 12 μL of
this working solution of 1O2 probe (50 μM) was added to each well
for a final concentration of 5 μM. The lysate-containing 96-well plates
were illuminated with light (λ = 630 nm; fluence rate, 24.5 mW/cm2)
for 20 min. The absorbance and emission values for the lysates were
measured at excitation/emission of 505/520 nm using a microplate
reader. The following control groups were also evaluated: MDA-MB-
231 cells incubated with PSilQ NPs or PSilQ(cur) NPs but not
irradiated and cells not treated with NPs. The results are reported as
the average ± SD of three independent experiments.

2.6. Qualitative Analysis of Reactive Oxygen Species
Generation by Confocal Laser Scanning Microscopy. MDA-
MB-231 cells were seeded on the top of a cover glass in six-well plates
at a density of 1 × 105 cells per well and incubated for 24 h at 37 °C
in 5% CO2 atmosphere. The cells were treated with PSilQ(cur) NPs
in 2 mL of fresh media at a concentration of 30 μg/mL and incubated
for another 48 h. After removing the cell media, cells were washed
with phosphate buffer solution. The ROS probe (10 μM) was added
to the cells in low-serum media (1 vol %) and incubated for 30 min
under dark conditions. Once cell media were removed, the cells were
washed with phosphate buffer solution and exposed to red light
irradiation (630 nm, 24.5 mW/cm2) for 20 min. After irradiation, the
cells were washed with phosphate buffer solution and mounted for
microscopy analysis. Images were acquired using an Olympus
FluoView FV 1000 confocal laser scanning microscope.

We also used the transporting properties of the PSilQ platform for
visualizing the intracellular formation of 1O2 in vitro. SOSG molecules
were first loaded to the fabricated PSilQ(cur) materials. By using this
strategy, the PSilQ(cur) NPs are utilized to carry PpIX and,
additionally, SOSG molecules. To prepare PSilQ(cur) NPs loaded
with SOSG, 1 mg of PSilQ(cur) NPs was dispersed in 1.0 mL of
aqueous solution of SOSG (1.0 mM). The dispersion was stirred for
24 h under dark conditions. Afterward, the nanoparticles were washed
two times with phosphate buffer solution to remove any free SOSG
molecules before further use. The prepared SOSG-doped PSilQ(cur)
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NPs were redispersed in phosphate buffer solution (1 mg/mL). For in
vitro imaging, the preseeded cells were treated with PSilQ(cur) NPs
and SOSG-doped PSilQ(cur) NPs. MDA-MB-231 cells were seeded
on the top of a cover glass in six-well plates at a density of 1 × 105

cells per well and incubated for 24 h at 37 °C in 5% CO2 atmosphere.
The cells were treated with PSilQ(cur) NPs and SOSG-doped
PSilQ(cur) NPs in 2 mL of fresh media at a concentration of 5 μg/
mL and incubated for another 48 h. Next, the cells treated with
PSilQ(cur) NPs were further incubated for 1 h with SOSG solution at
a final concentration of 5 μM in the well plate. For comparison, the
concentration of ROS probe to incubate the cells was fixed at 5 μM
for all the sets. Subsequently, cell media were removed, and the cells
were washed with phosphate buffer solution and exposed to red light
irradiation (630 nm, 24.5 mW/cm2) for 20 min. After irradiation, the
cells were washed with phosphate buffer solution, incubated with
fresh media, and mounted for microscopy analysis. Images were
acquired using an Olympus FluoView FV 1000 confocal fluorescence
microscope.
2.7. In Vitro Phototoxicity. The in vitro cytotoxicity and

phototoxicity of PpIX, silica NPs, PSilQ NPs, PSilQ(cur) NPs, PEI-
PSilQ(cur) NPs, and PEG-PEI-PSilQ(cur) NPs were tested by using
the MTS assay. For this study, MDA-MB-231 cells were seeded in a
96-well plate at a density of 5 × 103 cells per well in 100 μL of
complete media and incubated at 37 °C in 5% CO2 atmosphere for 24
h. After removing the cell culture medium, PpIX (in DMSO; 0.01 vol
%), silica NPs, PSilQ NPs, PSilQ(cur) NPs, PEI-PSilQ(cur) NPs, and
PEG-PEI-PSilQ(cur) NPs were dispersed in complete media and
added to the MDA-MB-231 cells at different PpIX concentrations
(9−222 μM). The concentrations of silica NPs used for these
experiments are shown in Table S2. After 48 h of incubation in the
presence of PSilQ materials, the culture media were removed, and the
cells were washed twice with phosphate buffer solution. MDA-MB-
231 cells were illuminated with red light (630 nm) at a fluence rate of
24.5 mW/cm2 for 20 min. Control experiments were maintained in
the same conditions but in the dark for the same interval of time.
After irradiation, the media were replaced with fresh media, and the
cells were allowed to grow for an additional 24 h. To measure the
phototoxic and dark toxicity effects, the treated MDA-MB-231 cells
were subjected to cell viability assay using the Cell Titer 96 Aqueous
solution assay. To perform the assay, the cell media were removed,
and the cells were washed with phosphate buffer solution. Fresh
media (100 μL) together with 20 μL of CellTiter were added into
each well and incubated for 2−3 h at 37 °C in 5% CO2 atmosphere.
Cell viability (%) was calculated as follows: viability = (Asample/Acontrol)
× 100%, where Asample and Acontrol denote absorbance values of the
sample and control wells measured at 490 nm, respectively. The
results are reported as the average ± SD of four experiments. The IC50
values are determined using GraphPad Prism (v7.03 for Windows, La
Jolla, CA, USA), fitting the viability data to a sigmoidal curve
mathematical model.
2.8. Fabrication of Alexa488-Labeled dsDNA-Loaded or

GFP-DS RNA-Loaded PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur)
NPs. To prepare the Alexa488-labeled dsDNA or GFP-DS RNA-
loaded PEG-PEI-PSilQ(cur) or PEI-PSilQ(cur) materials, a molar
ratio of amines/phosphates (N/P) of 10 was used.34 Fluorescently
labeled dsDNAs were used because of their cost benefits when
compared to labeled dsRNA analogs. For loading of Alexa488-labeled
dsDNA to the NPs, 1 mg of PEG-PEI-PSilQ(cur) or PEI-PSilQ(cur)
NPs was suspended in 2 mL of the assembly buffer (pH = 8.2; 2 mM
Ca2+, Mg2+). To this, Alexa488-labeled dsDNA (35 μL of 10 μM
stock solution for N/P = 10) was added dropwise at room
temperature. The final material was fabricated by incubating the
dispersion for 30−45 min at 4 °C. The formed Alexa488-labeled
dsDNA-loaded PEG-PEI-PSilQ(cur) or PEI-PSilQ(cur) NPs were
centrifuged, washed, and redispersed in the assembly buffer to a final
concentration of 1 mg/mL. The same protocol was used for the
loading of GFP-DS RNA. Briefly, 1 mg of PEG-PEI-PSilQ(cur) or
PEI-PSilQ(cur) was dispersed in 2 mL of assembly buffer. To this, 35
μL of GFP-siRNA (N/P = 10) was added dropwise, and this was
incubated for 30−45 min at 4 °C, resulting in formation of GFP-DS

RNA-loaded PEG-PEI-PSilQ(cur) or PEI-PSilQ(cur) NPs. The final
material was centrifuged, washed, and redispersed in the assembly
buffer to a final concentration of 1 mg/mL.

2.9. Evaluation of Cellular Uptake of Alexa488-Labeled
dsDNA-Loaded PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) Nano-
particles. Flow cytometry and confocal laser scanning microscopy
were used to evaluate the uptake of the Alexa488-labeled dsDNA-
loaded PEG-PEI-PSilQ NPs in MDA-MB-231 cells. For flow
cytometry, MDA-MB-231 cells were cultured in a 24-well plate at a
density of 2 × 104 cells per well in 0.5 mL of medium and incubated
for 24 h at 37 °C and 5% CO2 atmosphere. A volume of 0.5 mL of
Alexa488-labeled dsDNA-loaded PEG-PEI-PSilQ(cur) or PEI-PSilQ-
(cur) NPs was added to the cultured cells at a concentration of 30 μg/
mL and incubated for 48 h. Afterward, the cells were washed,
trypsinized, and collected for analysis in a flow cytometer (BD
LSRFortessa cell analyzer) using mean FL-1 (green channel) and FL-
2 (red channel) for Alexa488 and PpIX fluorescence, respectively.
Free Alexa488-labeled dsDNA was also evaluated as the control
sample. The results are reported as the average ± SD of three
independent experiments with two replicates each.

For confocal laser scanning microscopy, the MDA-MB-231 cells
were seeded on a coverslip placed in six-well plates at a density of 5 ×
104 cells per well in 2 mL of DMEM and incubated at 37 °C in 5%
CO2 atmosphere for 24 h. After removing the culture medium, the
cells were incubated with Alexa488-labeled dsDNA-loaded PEG-PEI-
PSilQ(cur) and PEI-PSilQ(cur) NPs at a dose of 30 μg/mL in 2 mL
of complete media for 48 h. Then, cells were washed three times with
cold phosphate buffer solution. The cell nuclei were stained with
Hoechst 33342 for 15 min. All microscopy images were acquired with
an Olympus FluoView FV 1000 confocal laser scanning microscope.

2.10. Silencing of Green Fluorescent Protein Using Green
Fluorescent Protein (GFP)-DS RNA-Loaded PEG-PEI-PSilQ(cur)
and PEI-PSilQ(cur) NPs in MDA-MB-231/GFP Cells. The cell line
MDA-MB-231/GFP stably expressing green fluorescent protein (the
GFP gene was introduced using a lentivirus) was purchased from Cell
Biolabs, Inc. For analysis with flow cytometry, MDA-MB-231/GFP
cells were grown in 12-well plates at a concentration of 2 × 104 cells
per well for 24 h. The cells were then exposed to different
concentrations of GFP-DS RNA-loaded PEG-PEI-PSilQ(cur) and
PEI-PSilQ(cur) materials (60, 100, and 150 μg/mL) and incubated
for 48 h at 37 °C in 5% CO2 atmosphere. Next, the cells were washed
twice with phosphate buffer solution and incubated for an additional
24 h in fresh medium. After the incubation time, the cells were
washed twice with phosphate buffer solution to remove particles that
were not taken up. Cell dissociation buffer (100 μL) was added to
detach the cells from the culture plate. The cell suspension from each
well was collected in separate tubes and gently shaken before analysis.
The level of expression of GFP was determined by fluorescence-
activated cell sorting analysis on a FACSCalibur flow cytometer (BD
Biosciences). At least 15,000 events were collected and analyzed using
the CellQuest software. The data is reported in terms of the
percentage of GFP silencing. The results are reported as the average ±
SD of three independent experiments.

For microscopy analysis, MDA-MB-231/GFP cells were seeded in
a 24-well plate at a density of 1 × 104 cells per well in 0.5 mL of
complete medium and incubated for 24 h at 37 °C in 5% CO2
atmosphere. The cells were then exposed to three different
concentrations of GFP-DS RNA-loaded PEG-PEI-PSilQ(cur) and
PEI-PSilQ(cur) NPs (60, 100, and 150 μg/mL) and incubated for 48
h at 37 °C in 5% CO2 atmosphere. Next, the cells were washed twice
with phosphate buffer solution and incubated for an additional 24 h in
fresh medium. Finally, the plates were imaged to assess the GFP
expression using the EVOS FL Imaging System (inverted four-color
imaging system).

2.11. Influence of the Photochemical Internalization Effect
on the Transfection of GFP-DS RNA in MDA-MB-231/GFP
Cells. To assess the effect of photochemical internalization on the
transfection efficacy of PEG-PEI-PSilQ and PEI-PSilQ NPs, MDA-
MB-231/GFP cells were grown in 12-well plates at a concentration of
2 × 104 cells per well and incubated for 24 h at 37 °C in 5% CO2
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atmosphere. The cells were then exposed to three different
concentrations of GFP-DS RNA-loaded PEG-PEI-PSilQ(cur) and
PEI-PSilQ(cur) NPs (60, 100, and 150 μg/mL) and incubated for 48
h at 37 °C in 5% CO2 atmosphere. Next, the cells were washed twice
with phosphate buffer solution, subjected to light irradiation at a
fluence rate of 24.5 mW/cm2 for 5 min, and incubated for an
additional 24 h in fresh medium. After the incubation time, the cells
were washed with phosphate buffer solution twice to remove particles
that were not taken up. Cell dissociation buffer was added (100 μL)
to detach the cells from the culture plate. The cell suspension from
each well was collected in separate tubes and gently shaken before
analysis. The data is reported in terms of percentage of GFP silencing.
The results are reported as the average ± SD of three independent
experiments.
2.12. Statistical Analysis. In this work, the phototherapeutic

effect, ROS generation, uptake of nanoparticles, and transfection
efficiency were analyzed by either one- or two-way univariate analysis
of variance (ANOVA) model with the Bonferroni post hoc test. A
value of p < 0.05 was considered statistically significant. Statistical
analyses were performed by using GraphPad Prism (v7.03 for
Windows, La Jolla, CA, USA).

3. RESULTS AND DISCUSSION
3.1. Synthesis of Redox-Responsive PpIX Silica

Derivative 5. The synthesis of the redox-responsive PpIX
silane ligand was performed through a series of sequential
reactions, as shown in Scheme S1. First, the carboxylic acid
groups in the PpIX molecule were activated using N-hydroxy
succinimide through a coupling reaction mediated by a 1-ethyl-
3-(3′-dimethylaminopropyl)carbodiimide intermediate to af-
ford the PpIX derivative 2. Compound 2 reacted with cysteine
hydrochloride in the presence of diisopropylethylamine,
yielding molecule 3. Cysteine was used to produce the
redox-responsive PSilQ platform. The thiol group in
compound 3 was activated through a disulfide exchange
reaction with dipyridine disulfide to afford 4. The final reaction
between compound 4 and 3-mercaptopropyl triethoxysilane
was carried out through another disulfide exchange reaction to
produce the final redox-responsive PpIX silane ligand 5.
Compounds 2−5 were characterized using spectroscopic
techniques, as depicted in the Supporting Information.
3.2. Synthesis of PSilQ, PSilQ(cur), PEI-PSilQ(cur), and

PEG-PEI-PSilQ(cur) Nanoparticles. The synthesis of PSilQ
NPs was performed by using the microemulsion method.35

This approach relies on the preferred distribution of a
hydrophobic ligand into the oil droplet of the oil-in-water
microemulsion. The use of microemulsions as nanoreactors
has proven to be an effective method to reduce the
polydispersity in the nanoparticle size. In addition, the
hydrophobic nature of the nanodroplet can be used to
solubilize and encapsulate a wide spectrum of hydrophobic
drugs. In this work, we used dioctyl sulfosuccinate sodium salt
as the surfactant, n-butanol as the cosurfactant, cyclohexane as
the oil phase, and water as the continuous phase of the
microemulsion system. Aqueous ammonia and NaOH
solutions were added to enhance the solubility and accelerate
the condensation of the PpIX silane precursor 5 (Scheme S2).
By using this synthetic approach, PSilQ NPs with narrow size
distribution and high loading of PpIX molecules were obtained
(Figure 1 and Table 1). Moreover, we co-encapsulated
curcumin inside PSilQ NPs as a model drug (PSilQ(cur)
NPs). Curcumin is a well-known naturally occurring plant-
derived compound that is extracted from the Indian spice
turmeric.36 Several studies have confirmed the anticancer effect
of curcumin against different types of cancer such as breast

cancer, cervical cancer, ovarian cancer, pancreatic cancer,
prostate cancer, and neuroblastoma.37−40

To further functionalize the PSilQ(cur) NPs, we took
advantage of the negative charge produced by the carboxylate
groups on the surface the PSilQ(cur) NPs, which are made
available after the deprotonation of the carboxylic acids in
compound 5 under physiological pH. The nanoparticles were
modified through the electrostatic interaction with the
positively charged polyethyleneimine (PEI, MW = 10 kDa)
polymer to afford PEI-PSilQ(cur) NPs (Scheme 1 and Scheme
S2). This modification allows the PEI-PSilQ(cur) platform to
be used as a gene carrier by using the electrostatic binding of
the cationic PEI polymer with the negatively charged dsDNA
or RNA.41,42 Finally, the PEI-PSilQ(cur) NPs were further
modified with polyethylene glycol (PEG, MW = 2 kDa) using
coupling chemistry, as described in the Supporting Informa-
tion, to fabricate PEG-PEI-PSilQ(cur) NPs. PEG molecules
enhance the biocompatibility of nanoparticles and circulation
time in vivo.43,44

3.3. Characterization of PSilQ, PSilQ(cur), PEI-PSilQ-
(cur), and PEG-PEI-PSilQ(cur) Nanoparticles. The phys-
icochemical properties of the different PSilQ materials were
characterized using transmission electron and scanning
electron microscopy (TEM and SEM, respectively), dynamic
light scattering (DLS), ζ-potential, UV−vis and fluorescence
spectroscopy, thermogravimetric analysis (TGA), Kaiser’s
assay, ultrahigh-performance liquid chromatography
(UHPLC), and 1O2 generation. TEM and SEM were used to
analyze the particle size and morphology of the fabricated
PSilQ NPs. The nanoparticles are spherical in shape with an
average diameter of 40 ± 5 nm (n = 50 particles), as depicted

Figure 1. (a) TEM image of PSilQ NPs (diameter = 40 ± 5 nm; n =
50). (b) SEM image of PSilQ NPs. (c) DLS plot for PSilQ (blue),
PSilQ(cur) (red), PEI-PSilQ(cur) (green), and PEG-PEI-PSilQ(cur)
(purple) NPs. (d) Normalized UV−vis spectra of PpIX molecule
(black) and PSilQ NPs (blue) in dimethyl formamide. (e) TGA plot
for PSilQ (blue) and PSilQ(cur) NPs (red). (f) Release profile of
PpIX in the presence of dithiothreitol at 10 mM (black) and 10 μM
(red) concentrations and in the absence of the reducing agent (blue).
The release profile was carried out at 37 °C. The plot shows the
average ± SD of three independent experiments.

Table 1. Structural Properties of PSilQ Materials

material
DLS size (d, nm)

(n = 5)
ζ-potential (mV)

(n = 5)

PSilQ NPs 225 ± 25 −35 ± 3
PSilQ(cur) NPs 229 ± 45 −38 ± 2
PEI-PSilQ(cur) NPs 314 ± 18 +10 ± 1
PEG-PEI-PSilQ(cur)
NPs

271 ± 20 +7.0 ± 0
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in Figure 1a,b. The hydrodynamic diameter and ζ-potential of
the different PSilQ materials were characterized by DLS and
the electrophoretic mobility in phosphate buffer solution (1
mM) (Figure 1c and Table 1), respectively. The PSilQ NPs
showed a hydrodynamic diameter of 255 ± 25 nm, which is
larger than the physical diameter measured by TEM and SEM.
Aggregation of the nanoparticles in phosphate buffer solution
and swelling caused by the hydration of the silica network of
the PSilQ NPs may account for this observation.45,46 A
negative value of −35 ± 3 mV for the ζ-potential was
measured, which is indicative of the presence of carboxylate
groups on the surface of the PSilQ NPs (Table 1). The co-
encapsulation of curcumin to afford PSilQ(cur) NPs had a
negligible effect on the hydrodynamic diameter and ζ-potential
of the nanoparticles (229 ± 40 nm and −38 ± 2 mV,
respectively). Nevertheless, after surface modification of the
PSilQ(cur) NPs with a PEI polymer, both the hydrodynamic
diameter and ζ-potential increased from 229 ± 40 to 314 ± 18
nm and from −38 ± 2 to +10 ± 1 mV, respectively. The
increase in aggregation is due to the reduction in electrostatic
repulsion but is also indicative of the successful coating of
PSilQ(cur) NPs with a PEI polymer. Further functionalization
of the PEI-PSilQ(cur) NPs with a PEG polymer reduced the
hydrodynamic diameter but without much variation in the ζ-
potential (271 ± 20 nm and + 7 mV, respectively). The steric
effect due to the PEG chains increased the repulsion between
nanoparticles in dispersion, which resulted in the decrease in
the hydrodynamic diameter.
To study the colloidal stability of the PSilQ platform, PEG-

PEI-PSilQ(cur) and PSilQ(cur) NPs were redispersed in cell
media containing fetal bovine serum. The hydrodynamic
diameter of these dispersions was measured over a period of 15
h. There is a reduction of ∼125 and ∼60 nm on the initial
hydrodynamic diameter value for PEG-PEI-PSilQ(cur) and
PSilQ(cur) NPs compared with the one observed in phosphate
buffer solution. Because of the interaction of the nanoparticles
with serum, it was observed that both nanomaterials are
colloidally stable in cell culture media supplemented with fetal
bovine serum over a period of 15 h (Figure S1).
The UV−vis spectrum of free PpIX and PSilQ NPs in

dimethyl formamide showed the characteristic Soret and Q
bands for porphyrin molecules (Figure 1d). A red shift from
408 to 418 nm for the Soret band of the PSilQ NPs was
observed when compared with free PpIX. This effect can be
explained by the close packing of the PpIX molecules in the
framework of the PSilQ platform, which results in a
bathochromic shift typical of J-aggregates for porphyrins as
has been reported for other nanoparticles.13,47 The fluo-
rescence spectra of free PpIX and PSilQ NPs revealed a
sevenfold decrease in the fluorescence intensity for the
nanoparticle formulation in comparison with free PpIX (Figure
S2). The decrease in fluorescence intensity is accounted by the
self-quenching effect due to the close proximity and strong
intermolecular forces between hydrophobic PpIX molecules in
this type of nanoparticulate system. This observation has also
been reported in other polymeric systems and PSilQ platforms
containing porphyrins.15,48

Thermogravimetric analysis and UV−vis spectroscopy were
used to determine the amount of PpIX loaded to the PSilQ
NPs. TGA showed a loss in total organic content in three
batches in the range of 46−52%, which correspond to 24.4 ±
2.5 wt % of PpIX (450 ± 50 μmol/g; n = 3) (Figure 1e and
Table S1). The PpIX loading was further corroborated by

UV−vis spectroscopy by measuring the absorbance of PpIX in
PSilQ NPs in dimethyl formamide (25.8 ± 10.0 wt %; n = 3).
To quantify the amount of primary amines chemically

available on the surface of the PSilQ NPs after functionaliza-
tion with a PEI polymer, the ninhydrin-based Kaiser’s test was
performed.31 The amounts of chemically accessible primary
amines obtained for PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur)
NPs were 328 ± 10 and 536 ± 45 nmol per mg of
nanoparticles (n = 3), respectively (Table S1).
The loading of curcumin into PSilQ(cur) NPs was

determined indirectly by analyzing the amount of curcumin
left in the supernatant after particle synthesis.49 Curcumin
concentration was calculated using UHPLC. The analysis
showed negligible amount of curcumin present in the
supernatant, ∼1.0 wt % of the total amount of curcumin
added, as an indication that the other 99.0 wt % of the
curcumin was incorporated into the PSilQ(cur) NPs (201.5
nmol/mg; 7.6 ± 1.5 wt %). Furthermore, TGA (Figure 1e)
showed an increase of 8.5 ± 1.5 wt % in the percentage of
organic content for PSilQ(cur) NPs compared to PSilQ NPs.
This data additionally confirms the loading of curcumin
obtained by UHPLC.
The stability of the PEG-PEI-PSilQ(cur) and PEI-PSilQ-

(cur) NPs under physiological and acidic conditions was
determined indirectly by measuring the amount of primary
amines associated to the PEI on the surface of the
nanoparticles after different times of incubation (24 and 48
h). Figure S3 shows the results for the three different pH levels
tested in this experiment: pH 7.4, 6.2, and 5.5. No statistically
significant difference was observed in the amount of amine
groups on the surface of the nanoparticles for the PEG-PEI-
PSilQ(cur) or PEI-PSilQ(cur) materials at different pH levels
even after 48 h of incubation (two-way ANOVA, p > 0.9).
These results demonstrate that both PEG-PEI-PSilQ(cur) and
PEI-PSilQ(cur) NPs are stable under physiological and acidic
conditions.

3.4. Triggered Release via Reductive Environment.
Recently, efforts have been made for the development of
stimuli-responsive delivery systems.50,51 We have shown in
previous reports that by using a disulfide bond as part of the
building unit for the fabrication of porphyrin-based PSilQ NPs,
redox-responsive properties can be observed in the degradation
of the platform.10,15 Some advantages have been demonstrated
by using this approach: (1) the presence of the disulfide bond
can further enhance the degradable properties of the PSilQ
platform,52 and (2) there is an “off/on” effect that provides
higher specificity at the targeted tumor tissue.48 The “off” state
is due to the self-quenching effect associated to the closed
proximity of the photosensitizers encapsulated in the PSilQ
NPs that reduce the generation of 1O2. The “on” state is
related to the degradation of the PSilQ NPs after internal-
ization by cancer cells due to the reducing environment, thus
releasing photosensitizers as individual molecules, which
efficiently generate 1O2 (Scheme S3). In this work, the
controlled release of PpIX under a high reducing environment
was investigated. The reducing agent concentrations of 10 μM
and 10 mM were selected for this study because those are
typical concentrations found in extracellular (2−20 μM) and
intracellular (2−10 mM) conditions.25,53 As depicted in Figure
1f, there is minimal leakage of PpIX from the PSilQ NPs before
the addition of the reducing agent dithiothreitol. However, a
burst release of ∼10−15% PpIX was observed immediately
after the addition of the reducing agent (10 mM). This is
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attributed to the cleavage of the disulfide bond on the surface
of the PSilQ NPs. A plateau was reached at about 24 h. The
amount of PpIX released from the PSilQ NPs in the presence
of dithiothreitol was ∼50% of the amount originally loaded to
the NPs. For the experiments using 10 μM dithiothreitol and
without dithiothreitol, ∼20% of PpIX was released over 24 h.
The release of PpIX observed for these samples could be
attributed to the hydrolysis of the silica bond.54 Overall, the
results demonstrate that the presence of dithiothreitol at a
concentration of 10 mM triggers the reduction of disulfide
bonds within the PSilQ NPs framework, resulting in the
selective release of PpIX molecules.
3.5. Photostability and 1O2 Generation Studies in

Solution. Photobleaching is one of the most frequent
drawbacks for the long-term use of photosensitizers.55 It
occurs due to the degradation and loss of fluorescence
intensity of the PS molecule under light conditions. To
evaluate the photostability of the NPs, PSilQ and PSilQ(cur)
NPs were exposed to red light (630 nm) at a fluence rate of
24.5 mW/cm2 for 20 min. Free PpIX at the same
concentration of the one loaded into the nanoparticles was
used as the control. There is a 20% decrease in fluorescence
intensity for both nanomaterials after irradiation with red light
(Figure S4). However, there is a greater reduction of more
than 60% in the fluorescence of PpIX molecules as an
indication of photobleaching. Photodegradation is mainly
associated with the chemical decomposition of the photo-
sensitizer molecules in the presence of ROS.55 We hypothesize
that the “off” state of the PSilQ and PSilQ(cur) NPs due to the
self-quenching effect is the primary cause for the improved
photostability of the nanoparticles in comparison with free
PpIX molecules.
The production of reactive oxygen species is usually

associated with the phototoxic effect; nevertheless, for
photodynamic therapy, the generation of singlet oxygen
(1O2) molecules is essential for producing a phototoxic
effect.56 We have shown that despite the “off” state of the
porphyrins localized in the framework of the PSilQ NPs,
generation of 1O2 still occurs due to the molecules on the
surface of the nanoparticles.15 To verify the ability of PSilQ
and PSilQ(cur) NPs to produce 1O2, 9,10-anthracene
dipropionic acid, a singlet oxygen probe, was used.57 The
absorbance of this singlet oxygen probe at 378 nm was
monitored in the presence of each nanoparticle after light
exposure (630 nm; fluence rate, 24.5 mW/cm2) at different
irradiation times (0, 5, 10, 15, and 20 min). As shown in Figure
S5, the absorption intensity of 9,10-anthracene dipropionic
acid at 378 nm decreased gradually as a function of irradiation
time, indicating that 1O2 molecules are produced by both
PSilQ and PSilQ(cur) NPs. Control experiments in the
absence of light did not show a significant change in the
absorption intensity of the singlet oxygen probe at 378 nm.
3.6. Phototherapy and Chemotherapy Using the

PSilQ and PSilQ(cur) Platform To Treat MDA-MB-231
Cells. Photodynamic therapy (PDT) is a localized therapeutic
approach for potential eradication of malignant tissues. PDT
has been used to treat different types of cancer such as skin
cancer, head and neck cancer, and lung cancer in clinical
settings.58 Recently, the first clinical trial to treat breast cancer
with PDT was performed (NCT02872064). In particular, the
treatment of TNBC is presenting major challenges, requiring
the implementation of multimodal strategies to obtain
improved outcomes.19,20 The use of PDT in combination

with other therapies such as chemotherapy and/or gene
therapy can be very impactful in treating TNBC. The
phototoxicity and cytotoxicity of PSilQ materials in MDA-
MB-231 cells were evaluated using the MTS assay (Figure 2

and Table 2). PSilQ NPs showed a dose-dependent photo-
toxicity against MDA-MB-231 cells upon light irradiation at
24.5 mW/cm2 for 20 min with an IC50 value of 76.7 μM. In the
case of PSilQ(cur) NPs, there was a 3.5-fold reduction in the
IC50 for PpIX (IC50 = 21.7 μM) compared to PSilQ NPs under
the same irradiation conditions. Curcumin has been recently
used as a photosensitizer when irradiated with blue light.59

However, as shown in Figure S6, curcumin induced a similar
toxic effect under dark and red light (630 nm) conditions
toward MDA-MB-231 cells (IC50 = 58.5 μM). The lack of
absorbance in the red region for the molecule of curcumin can
explain the absence of phototoxicity.60 The IC50 value of
PSilQ(cur) NPs based on the curcumin was 9.9 μM, which is
five times lower than that for free curcumin. These results
showed a synergistic effect between curcumin and PpIX. The
anticancer activity of curcumin is associated to the regulation
of multiple signaling pathways.26 Particularly for TNBC cells,
NF-κB, PI3K/Akt, and TGF-β pathways are some of the main
targets for curcumin.28 The mechanisms and signaling
pathways that are involved in the combinatorial effect of
PpIX and curcumin against MDA-MB-231 cells have yet to be
investigated. Bare silica nanoparticles were used as a control
material to rule out any possibility of phototoxicity due to

Figure 2. Combined phototoxicity and cytotoxicity of PpIX (black),
silica nanoparticles (dotted line), PSilQ NPs (blue), PSilQ(cur) NPs
(red), PEI-PSilQ(cur) NPs (green), and PEG-PEI-PSilQ(cur) NPs
(purple) against MDA-MB-231 cells. The amount of curcumin for
each experimental point is reported in Table S2. Incubation time was
48 h, followed by irradiation at 24.5 mW/cm2 for 20 min. Data points
show the average and SD of four experiments.

Table 2. IC50 Values for Combined Phototoxicity and
Cytotoxicity of PpIX, Curcumin, and PSilQ Materials in
MDA-MB-231 Cellsa

IC50 (PpIX/μM) IC50 (curcumin/μM)

material light dark light dark

PpIX 4.9 46.4 NA NA
curcumin NA NA 49.1b 54.7b

PSilQ NPS 76.7 91.6 NA NA
PSilQ(cur) NPs 21.7 170.0 9.9 78.2
PEI-PSilQ(cur) NPs 9.3 94.1 4.3 43.3
PEG-PEI-PSilQ(cur) NPs 12.2 115.3 5.1 53.0

aNA, not applicable. bIndicates no statistical difference between
values (one-way ANOVA, p > 0.5).
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silica. After light irradiation at 24.5 mW/cm2 for 20 min, there
was no reduction in the viability of MDA-MB-231 cells.
The combined phototoxicity and cytotoxicity of the

PSilQ(cur) NPs after modification with PEI and PEG
polymers were also determined. Cell survival analysis showed
that PEI- and PEG-functionalized materials have slightly higher
toxicity than PSilQ(cur) NPs based on PpIX (IC50 = 9.3 and
12.2 μM, respectively) and curcumin content (IC50 = 4.3 and
5.1 μM, respectively) (Figure 2 and Table 2). This increase in
cell death efficiency can be attributed to the cationic surface of
PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs, which render
higher cellular internalization than PSilQ(cur) NPs.
In dark conditions, PpIX encapsulated into the PSilQ NPs is

less cytotoxic than free PpIX (IC50 = 46.4 μM vs 91.6 μM)
(Figure S7 and Table 2). In the case of the PSilQ(cur) NPs,
the cytotoxicity of PpIX is reduced even further compared to
that of free PpIX (IC50 = 170.0 μM). This effect has been
observed before, and it is most likely due to the antioxidant
properties of curcumin.61 The cytotoxicity of curcumin
encapsulated in PSilQ(cur) NPs is slightly lower than that of
free curcumin (IC50 = 78.2.4 μM vs 54.7 μM). As shown in
Figure S7 and Table 2, PEI coating increased the cytotoxicity
of the NPs for PpIX (IC50 = 94.1 μM) due to the high density
of positive charges from PEI, but further functionalization with
PEG polymer reduced the toxic effect (IC50 = 115.3 μM). The
cytotoxicity of curcumin encapsulated in PEG-PEI-PSilQ(cur)
and PEI-PSilQ(cur) NPs (IC50 = 43.3 and 53.0 μM,
respectively) is similar to the one observed for free curcumin
(IC50 = 54.7 μM).
Similarly, the importance of having a therapeutic effect in

TNBC cells is to avoid toxicity in normal breast cells. To assess
the combined phototoxicity and cytotoxicity of the NPs against
healthy cells, normal human epithelial cell line MCF-10A was
incubated with PSilQ(cur) NPs and treated under the same
conditions as was used for MDA-MB-231 cells. Both the
phototoxicity and dark toxicity of free PpIX are at least 100-
fold higher than those observed for PpIX encapsulated in
PSilQ(cur) NPs (Figure S8 and Table S3). These differences
are due to the mechanisms that either free PpIX or PSilQ(cur)
NPs use for internalization in mammalian cells. PpIX, the main
component of heme, is usually internalized by protein
transporters,62 while NPs usually undergo endocytosis for
cellular uptake.
3.7. Measurement of Intracellular Reactive Oxygen

Species Generated by PSilQ and PSilQ(cur) Nano-
particles. The generation of reactive oxygen species is a
critical factor in producing the phototoxic effect of PS
molecules against cancer cells. To investigate the intracellular
production of 1O2 by PSilQ or PSilQ(cur) NPs, we utilized an
indirect method using the singlet oxygen sensor green (SOSG)
probe.63 SOSG is a cell-impermeable compound, highly
selective for 1O2, which is used to quantify 1O2.

64 This 1O2
probe emits strong green fluorescence after reacting with 1O2.
Lysed samples of MDA-MB-231 cells incubated with different
concentrations of PSilQ or PSilQ(cur) NPs were irradiated
with red light (630 nm) at 24 mW/cm2 for 20 min in the
presence of the 1O2 probe. The production of 1O2 is
concentration-dependent as seen in Figure 3a, which
corresponds to the amount of PpIX carried by the PSilQ or
PSilQ(cur) NPs. There is no statistical difference for 1O2
generation for either the PSilQ or PSilQ(cur) NPs at any of
the concentrations evaluated in this work (two-way ANOVA, p
> 0.5). This result corroborates that curcumin encapsulated in

the framework of the PSilQ(cur) NPs does not have a major
impact on the formation of 1O2. Control experiments were
carried out with MDA-MB-231 cells incubated in the presence
of PSilQ and PSilQ(cur) NPs under dark conditions (Figure
S9). In all experiments, minimal increase in fluorescence was
observed, suggesting that the PSilQ NPs under light irradiation
are mainly responsible for the generation of 1O2.
Singlet oxygen sensor green (SOSG) molecules were

passively loaded to the PSilQ(cur) NPs to further prove that
PSilQ(cur) NPs can generate 1O2 inside MDA-MB-231 cells.
This strategy has been used with other nanocarriers and has
the advantage of allowing the cell membrane-impermeable
SOSG molecule to be transported inside the cells.63 Figure 3b
shows a merged confocal image for cells incubated with SOSG-
loaded PSilQ(cur) NPs after irradiation with red light. Green
fluorescence from the 1O2 probe was observed inside the
MDA-MB-231 cells as an illustration showing that the SOSG
molecules were transported through the cell membrane and
able to detect the generation of 1O2. The control experiment,
where MDA-MB-231 cells are treated with the PSilQ(cur) NPs
followed by incubation with the 1O2 probe, did not show green
fluorescence inside the cells (Figure S10). The peripheral
fluorescence observed in the micrograph can be attributed to
generated 1O2 molecules that diffused out across the cell
membrane and reacted with the 1O2 probe that was
physisorbed on the membrane.
The ability of PSilQ and PSilQ(cur) NPs to produce other

reactive oxygen species in MDA-MB-231 cells was charac-
terized using 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), an ROS probe.65 Once inside the cells, the
diacetate group of DCFH-DA is removed by intracellular
esterases. The remaining molecule is then oxidized by ROS to

Figure 3. (a) Singlet oxygen quantification using SOSG for PSilQ
(blue) and PSilQ(cur) (red) NPs at three different concentrations of
PpIX (22.0, 44.0, and 66.0 μM) after red light irradiation (630 nm, 24
mW/cm2 for 20 min). (b) Confocal micrograph of MDA-MB-231
cells inoculated with SOSG-loaded PSilQ(cur) NPs. Arrows indicate
the fluorescence of NPs (purple) and SOSG (green) after light
irradiation. (c) In vitro detection of ROS using the DCFH-DA probe.
MDA-MB-231 cells were inoculated with PSilQ (blue) and
PSilQ(cur) (red) NPs and irradiated with red light (630 nm, 24
mW/cm2 for 20 min). The ROS-positive MDA-MB-231 cells were
quantified using flow cytometry. (d) Confocal image of MDA-MB-
231 cells treated with PSilQ(cur) NPs and red light in the presence of
the DCFH-DA probe. The strong green fluorescence depicts the
generation of ROS. Data points in (a) and (c) show the average and
SD of three independent experiments. Statistical analysis was
performed by two-way ANOVA; no statistical difference was found
(p > 0.5). Scale bar, 30 μm.
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produce 2′,7′-dichlorofluorescein, which emits green fluores-
cence.32 In this work, the cells were incubated with different
concentrations of nanoparticles and irradiated using red light
(630 nm, 24.5 mW/cm2) for 20 min. The positive cells
showing the green fluorescence produced by the oxidation of
DCFH-DA with ROS were quantified using flow cytometry.
The production of ROS for both nanomaterials PSilQ and
PSilQ(cur) NPs is concentration-dependent (Figure 3c).
There is no statistical significant difference between the
amount of reactive oxygen species generated by PSilQ and
PSilQ(cur) NPs (two-way ANOVA, p > 0.5). Confocal
micrographs showed strong green fluorescence in MDA-MB-
231 cells incubated with PSilQ NPs after light irradiation,
confirming the generation of ROS (Figure 3d). Control
experiments in the absence of light and nanoparticles depicted
a reduction of green fluorescence inside the MDA-MB-231
cells, presumably due to the presence of endogenous ROS
(Figure S11). The results from these experiments confirmed
that PSilQ and PSilQ(cur) NPs can efficiently transport PpIX
molecules inside the MDA-MB-231 cells and generate reactive
oxygen species, which are critical elements for the efficacy of
PDT. Moreover, the data also supports the fact that curcumin
is not a major player in the production of reactive oxygen
species under the conditions used for our experiments.
3.8. PSilQ(cur) Platform as Efficient Carrier for the

Intracellular Transport of Nucleic Acids. The multifunc-
tional capabilities of the PSilQ(cur) platform to carry the
genetic material were tested in vitro using the PEG-PEI-
PSilQ(cur) and PEI-PSilQ(cur) NPs. First, to study the
transport and internalization of genetic material, Alexa488-
labeled dsDNA was loaded to both PEG-PEI-PSilQ(cur) and
PEI-PSilQ(cur) NPs. MDA-MB-231 cells were incubated with
these materials (30 μg/mL) for 48 h. Flow cytometry showed
that the nanoparticles were internalized (Figure 4a) and
efficiently carried Alexa488-labeled dsDNA into MDA-MB-231
cells in comparison with free Alexa488-labeled dsDNA (Figure
4b). No statistical differences (one-way ANOVA, p > 0.7) were
found between PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs
for the cellular uptake of the nanoparticles nor Alexa488-
labeled dsDNA under the conditions used for the experiment.
The cellular internalization of Alexa488-labeled dsDNA-loaded
PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs was further
confirmed by confocal microscopy (Figure 4c−e). Both the
green and red channels depicted the presence of Alexa488-
labeled dsDNA and PEG-PEI-PSilQ(cur) or PEI-PSilQ(cur)
NPs, respectively (Figure 4c2−e2,c3−e3). The merged images
confirmed that NPs successfully underwent cellular uptake by
MDA-MB-231 cells and efficiently released Alexa488-labeled
dsDNA in the cytoplasm (Figure 4d4,e4). Control experiments
using only Alexa488-labeled dsDNA confirmed that the
presence of PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs is
required for the successful transport of nucleic acids inside
MDA-MB-231 cells (Figure 4c2,c3).
The combinatorial use of RNA interference (RNAi)

inducers in this study was motivated by the recent approval
of the first RNAi therapeutic agent (patisiran) by the FDA.29

The GFP-DS RNAs used for green fluorescent protein
silencing were designed to produce siRNAs upon cytosolic
processing by Dicer and further activation of RNAi.30 DS
RNAs have been previously utilized in various nano-
formulations, resulting in high levels of silencing efficien-
cies.66−68 GFP-DS RNAs were used to further verify the
delivery properties of PEG-PEI-PSilQ(cur) and PEI-PSilQ

NPs. MDA-MB-231 cells expressing green fluorescent protein
were used (MDA-MB-231/GFP). Different amounts of GFP-
DS RNA were loaded to PEG-PEI-PSilQ(cur) and PEI-
PSilQ(cur) NPs to evaluate the silencing of green fluorescent
protein. Table S4 shows the amount of loaded GFP-DS RNA
per concentration of nanoparticles. PEI-PSilQ(cur) NPs
showed a higher capacity of GFP-DS RNA loading than the
PEGylated version with a maximum loading of 138 nM versus
84 nM at 150 μg/mL. Control experiments using free GFP-DS
RNA and Lipofectamine 2000 (L2K) were also performed.
MDA-MB-231/GFP cells treated with the GFP-DS RNA-
loaded nanoparticles were analyzed by flow cytometry to
determine the transfection efficiency of the PEG-PEI-PSilQ-
(cur) and PEI-PSilQ(cur) NPs (Figure 5a). The flow
cytometry data proved that silencing of green fluorescent
protein is concentration-dependent but with the highest
concentration of nanoparticles (150 μg/mL) being statistically
the most efficient (one-way ANOVA, p < 0.05 and p < 0.01).
At this concentration, the efficiency values of GFP silencing
were 40.3 ± 1.5 and 54.4 ± 2.5% for PEG-PEI-PSilQ(cur) and
PEI-PSilQ(cur) NPs, respectively. Lipofectamine 2000 carrier
was used for the positive control experiment with a GFP
silencing efficiency of 63.1 ± 8.8%. Lipofectamine 2000 is
statistically more efficient for GFP silencing in comparison
with both nanoparticles at different concentrations (two-way
ANOVA, p < 0.05−0.0001), with the exception of PEI-
PSilQ(cur) NPs at 150 μg/mL, which is statistically similar to
Lipofectamine (two-way ANOVA, p > 0.7). Control experi-

Figure 4. MDA-MB-231 cells uptake of Alexa488-labeled dsDNA and
Alexa488-labeled dsDNA-loaded PEG-PEI-PSilQ(cur) and PEI-
PSilQ(cur) NPs. (a) Mean red fluorescence intensity associated to
PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs obtained from flow
cytometry experiments after inoculation with PEI-PSilQ(cur) (green),
Alexa488-labeled dsDNA-loaded PEI-PSilQ(cur) (light green), PEG-
PEI-PSilQ(cur) (purple), Alexa488-labeled dsDNA-loaded PEG-PEI-
PSilQ(cur) (light purple) NPs, and Alexa488-labeled dsDNA
(orange). (b) Mean green fluorescence intensity associated to
Alexa488-labeled dsDNA obtained from flow cytometry experiments
after inoculation with the same materials described in (a). Statistical
analysis by one-way ANOVA showed no difference in the internal-
ization for both (a) and (b) (p > 0.7). (c) Confocal micrographs of
MDA-MB-231 cells inoculated with Alexa488-labeled dsDNA (c1−
c4), Alexa488-labeled dsDNA-loaded PEI-PSilQ(cur) (d1−d4), and
Alexa488-labeled dsDNA-loaded PEG-PEI-PSilQ(cur) (e1−e4) NPs.
The cell nuclei are observed in the blue channel after staining with
Hoechst 33342 (c1, d1, e1). The fluorescence in the FITC (green)
channel (c2, d2, e2) indicates the localization of Alexa488-labeled
dsDNA. The fluorescence in the TRITC (red) channel shows the
presence of PSilQ(cur) NPs (c3, d3, e3). The merged micrographs
(c4, d4, e4) show the colocalization and localization of Alexa488-
labeled dsDNA and NPs inside MDA-MD-231 cells. The inset in (d4)
clearly demonstrates the release of Alexa488-labeled dsDNA from
PEI-PSilQ(cur) NPs. Scale bar, 40 μm.
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ments with free GFP-DS RNA showed 0% transfection. These
results confirmed that GFP-DS RNA indeed needs an efficient
carrier to be able to afford any transfection. The data
demonstrated that PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur)
NPs are promising platforms to efficiently transport and deliver
GFP-DS RNA inside MDA-MB-231/GFP cells. Fluorescence
microscopy was further used to confirm the results obtained by
flow cytometry (Figure 5b−e). Our negative and positive
control experiments depicted a higher population of MDA-
MB-231/GFP cells expressing green fluorescent protein, which
is silenced after transfection of GFP-DS RNA with L2K
(Figure 5b,c). The fluorescence micrographs clearly showed a
dramatic reduction in the expression of green fluorescent
protein after transfecting MDA-MB-231/GFP cells with GFP-
DS RNA using PEG-PEI-PSilQ(cur) or PEI-PSilQ(cur) NPs
as vectors at different concentrations (Figure 5d1−d3,e1−e3).
A concentration-dependent trend can be observed in the GFP
silencing, which was already quantitatively confirmed by flow
cytometry.
One of the main challenges for nanoparticle-based gene

delivery systems is to escape from the endolysosomal pathway
to efficiently deliver the genetic material in the cytoplasm.69

One alternative that has attracted attention in recent years is
the use of photosensitizers to enhance endolysosomal escape.
Photoinduced generation of reactive oxygen species could
disrupt the endolysosomal membranes to facilitate nano-
particle escape and enhance gene transfection; this effect has
been called photochemical internalization.70 In this work, by
taking advantage of the multimodal capabilities of the PSilQ
platform, we explore the photochemical internalization effect
on the delivery of GFP-DS RNA.

MDA-MB-231/GFP cells were transfected with the GFP-DS
RNA-loaded PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur) NPs
followed by irradiation with red light (630 nm) at a rate of 24.5
mW/cm2 for 5 min. This light fluence does not produce a
phototoxic effect but still allows the generation of reactive
oxygen species. Similar to the transfection experiments in the
absence of light, the silencing of green fluorescent protein is
concentration-dependent with the PEI-PSilQ(cur) NPs at 100
and 150 μg/mL and statistically has been the most efficient
method (one-way ANOVA, p < 0.05) (Figure S11). At these
concentrations, the efficiency values of GFP silencing were
47.1 ± 2.5 and 61.0 ± 0.3%. Both concentrations had
statistically similar transfection efficiency to that of Lipofect-
amine (two-way ANOVA, p > 0.07 and p > 0.99, respectively).
By comparing the GFP silencing in the absence and presence
of light for both the PEG-PEI-PSilQ(cur) and PEI-PSilQ(cur)
NPs at the same concentration, a clear trend is observed in the
enhancement of GFP-DS RNA transfection in those experi-
ments that have been irradiated with light (Figure S12), but
the differences are not statistically significant other than PEG-
PEI-PSilQ NPS at 60 μg/mL (two-way ANOVA, p < 0.01).
Nevertheless, these results confirmed that the photochemical
internalization effect induced by the PEI-PSilQ(cur) platform
can be a promising approach to enhance RNAi transfection.
Because of the recent success of RNAi in the clinic, any further
developments to enhance the therapeutic effect of this
innovative technology become of great importance.

4. CONCLUSIONS

We have designed and fabricated a novel redox-responsive
multimodal system based on the polysilsesquioxane nano-
particulate platform for the efficient delivery of PpIX,
curcumin, and RNAi-inducing agent (GFP-DS RNA) in
TNBC cells. The PSilQ(cur) NPs have high loading capacities
for PpIX (24.4 ± 2.5 wt %) and curcumin (7.6 ± 1.5 wt %).
This platform shows a synergistic effect for the phototherapy
and chemotherapy treatment against the cell line MDA-MB-
231. Interestingly, the PSilQ(cur) NPs are more selective to
kill MDA-MB-231 cells compared to normal MCF-10A breast
cells, which is relevant for future preclinical and clinical
applications of this platform. The modified PEG-PEI-PSilQ-
(cur) and PEI-PSilQ(cur) NPs efficiently carry and deliver
DNA and RNAi inducers. The transfection efficiency of this
platform is comparable to Lipofectamine 2000, which is the
gold standard for transfection in vitro. By using the
photochemical internalization approach, the transfection can
be further enhanced. These results contribute to the establish-
ment of the PSilQ nanoplatform that can serve multiple
functions and is deemed useful in future experiments for its
multimodality toward cancer therapeutics and other diseases.
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Figure 5. (a) GFP silencing efficiencies for GFP-DS RNA with L2K
(control, black), PEI-PSilQ(cur) (green), and PEG-PEI-PSilQ(cur)
(purple) NPs used as transfection vectors. Statistical analysis was
performed by two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001) to analyze the differences in GFP silencing between
L2K and the NPs at different concentrations. One-way ANOVA was
used to determine the statistical difference in GFP silencing for each
individual NP at different concentrations. Microscopy images of
MDA-MB-231/GFP cells (b) before and (c) after GFP-DS RNA
transfection with L2K or PEI-PSilQ(cur) NPs (d1−d3) or PEG-PEI-
PSilQ(cur) NPs (e1−3). The following concentrations of NPs were
used: 60 μg/mL (d1, e1), 100 μg/mL (d2, e2), and 150 μg/mL (d3,
e3). Scale bar, 400 μm.
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M. W. C.; Maynadier, M.; Chaleix, V.; Sol, V.; Garcia, M.; Gary-Bobo,
M.; Khashab, N. M.; Bettache, N.; Durand, J.-O. Porous Porphyrin-
Based Organosilica Nanoparticles for NIR Two-Photon Photo-
dynamic Therapy and Gene Delivery in Zebrafish. Adv. Funct.
Mater. 2018, 28, 1800235.
(14) Fatieiev, Y.; Croissant, J. G.; Julfakyan, K.; Deng, L.; Anjum, D.
H.; Gurinov, A.; Khashab, N. M. Enzymatically Degradable Hybrid
Organic-Inorganic Bridged Silsesquioxane Nanoparticles for In Vitro
Imaging. Nanoscale 2015, 7, 15046−50.
(15) Vega, D. L.; Lodge, P.; Vivero-Escoto, J. L. Redox-Responsive
Porphyrin-Based Polysilsesquioxane Nanoparticles for Photodynamic
Therapy of Cancer Cells. Int. J. Mol. Sci. 2016, 17, 56.
(16) Vivero-Escoto, J. L.; De Cillis, D.; Fritts, L.; Vega, D. L.
Porphyrin-Based Polysilsesquioxane Nanoparticles to Improve Photo-
dynamic Therapy for Cancer Treatment. Proc. SPIE 2014, 8931,
89310Z.
(17) Vivero-Escoto, J. L.; Vega, D. L. Stimuli-Responsive
Protoporphyrin IX Silica-Based Nanoparticles for Photodynamic
Therapy In Vitro. RSC Adv. 2014, 4, 14400−14407.
(18) Kalimutho, M.; Parsons, K.; Mittal, D.; Loṕez, J. A.; Srihari, S.;
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