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ABSTRACT

HEMAPRIYADARSHINI VADAREVU.
Development of Silica Based Nanoparticles for Multimodal Therapeutic Delivery
(Under the direction of Dr. JUAN L. VIVERO-ESCOTO)

Chronic diseases like cancer are characterized by complex interactions between multiple pathways
leading to treatment resistance and invasiveness. Repeated cycles of cytotoxic monotherapies are
susceptible to drug resistance induced by the upregulation of cytoprotective genes. Some common
mechanisms that promote sustenance of cancer include hypoxia, antioxidant response, anti-
apoptotic protein synthesis, angiogenesis, and metastatic potential. Combinations that rely on
different therapeutic approaches such as chemo, photodynamic and gene therapy with independent
mechanisms of action remarkably enhance the therapeutic efficacy against cancer. In addition,
downregulation of survival mechanisms alongside administration of mainstay cytotoxic treatments
is a promising strategy for combination therapy.

The main challenge behind the use of combination therapy is the lack of efficient delivery systems
that allows the spatiotemporal release required for co-delivery of multiple therapeutic agents.
Recently, nanoparticulate delivery system have become a successful alternative for making stable
formulations of multiple drugs and for the protection of nucleic acid therapeutics against enzymatic
degradation. In particular, silica-based nanoparticles (SiNP) can be engineered to carry different
types of therapeutic agents, to enhance the target-specificity and to avoid side effects associated
with the drugs. The design, synthesis and characterization of mesoporous silica and hybrid
organosilica nanoparticles comprising bimodal combinations of small molecule drugs,
photosensitizers (PSs), and/or siRNA, are discussed in this Thesis. The therapeutic performance

of the synthesized nanomedicines is evaluated in cancer cell lines.
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LIST OF FIGURES

Figure 1. Mechanism of RNA. in vitro. Processing of long dsSRNA by RNase 11 Dicer into
small interfering RNA (siRNA) duplexes, loading of one of the siRNA strands on an
Argonaute protein possessing endonucleolytic activity, target recognition through siRNA
basepairing, and cleavage of the target by the Argonaute’s endonucleolytic activity
RSP RPPT 4

Figure 2. Mechanism of Photodynamic therapy. Photoactivation of PS to an excited triplet
state through intersystem crossing triggers the generation of singlet oxygen (*O.) by direct
energy transfer to cellular oxygen natively found in triplet state. Alternate type I mechanism
involving electron transfer to cellular oxygen leads to the generation of ROSs.

Figure 3 (A) Schematic representation for the fabrication of MSNPs and NANPs. The
surface of MSNPs were functionalized in a multi-step approach by grafting first with
phosphonate groups followed by coating with PEI and PEG polymers. Three different types
of NANP materials, globular (¢c(NANPs), planar (rNANPs) and fibrous (fNANPs) were
synthesized via one-pot assembly protocols. (B) Different characterization techniques were
used to confirm the fabrication of MSNPs, NANPs and NA-MS-NPs. (C) In vitro
experiments were carried out to validate cellular uptake, gene silencing, assessment of cell
growth and survival upon treatment with synthesized NA-MS-NPs.

Figure 4 A) Gel electrophoresis shows the binding effect of DNA-Alexa 488 to MSNP at
various N:P ratios. The presence of the green band indicates the decrease in electrostatic
complexation of DNA-Alexa488 to the MSNPs at lower N/P ratios. (B) The strong binding
at N/P = 10 was corroborated by analyzing the DNA duplexes remaining in the supernatant
solution after the binding with MSNs. (C) The treatment of DNA duplexes with quenching
pair Alexa488 and lowa Black with and without MSNP conjugation confirms the protection
from nuclease activity.

Figure 5 Physical characterization of both NANPs and MSNPs. (A) Atomic force
microscopy images and electro mobility shift assays of GFP functionalized NANPs
demonstrates uniformity and morphology. (B) Transmission electron microscopy images
demonstrate size, shape and distribution of NA-MS-NPs. (C) Complexation and release of
NANPs from MSNP demonstrate by competitive binding with heparin. NANPs are released
and stay intact post complexation with MSNPs
TP PR U ST TR PP PRSPPI 45

Figure 6 Immunostimulatory properties of MSNss carrying GFP functionalized NANs treated
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in (A) HEK-Blue hTLR3, (B) HEK-Blue hTLR 7, (C) HEK-Blue hTLR 9, and (D) THP1-
Dual cells demonstrate the cellular pathways which are activated by different NANPs.
Statistics: One-way ANOVA using Tukey’s multiple comparison test was performed

between different groups determine the statistical difference. * p<0.05
T TSROSO TP RSP OPRPROPRPPPN 48

Figure 7 MDA-MB-231 cells uptake of Alexa546-labeled NANPs or dsDNA loaded to
MSNPs. (A) Mean fluorescence intensity associated to NANPs (gray) and MSNPs (black)
obtained from flow cytometry experiments. (B) Mean fluorescence intensity associated to
dsDNA (gray) and MSNPs (black) at different concentration of the nanoparticle complex
obtained from flow cytometry experiments. (C) Confocal micrographs of MDA-MB-231
cells inoculated with Alexa546-labeled dSDNA loaded MSNPs (10 pg/mL). The cell nuclei
are observed in the blue channel after staining with Hoechst 33342 (C1). The fluorescence in
the FITC (green) channel (C2) indicates the localization of MSNPs. The fluorescence in the
TRITC (red) channel shows the presence of Alexa546-labeled dsDNA (C4). The merged
micrographs (C4 - C5) show the colocalization and localization of Alexa546-labeled dsDNA
loaded MSNs inside MDA-MD-231 cells. The insets in (C6 - C7) clearly demonstrates the
release of Alexa546-labeled dsDNA from MSNPs. Scale bar =40 um
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Figure 8 Confocal micrographs of MDA-MB-231 cells inoculated with NIR700-labeled
dsDNA loaded MSNPs (10 pg/mL). The fluorescence in the FITC (green) channel indicates
the localization of MSNPs. The fluorescence in the TRITC (red) channel shows the labeling
of organelles; CellLight® Early Endosomes-RFP (A), CellLight® Late Endosomes-RFP (B)
or Lysotracker (C). The presence of Alexa546-labeled dsDNA is indicated in purple. The
merged micrographs show the co-localization and localization of IR700-labeled dsSDNA
loaded MSNPs inside MDA-MD-231 cells. The insets clearly demonstrate the escape from
endosomes/lysosomes and the release of IR700-labeled dsSDNA from MSNPs. Scale bar =
10 pm.

Figure 9. (A) Percent GFP expression post treatment with DS RNA using MSNPs obtained
using flow cytometry. (B) Fluorescence microscopy imaging for GFP gene silencing in
MDA-MB-231 cells/GFP. Controls cells bright field and no treated. Cells treated with anti-
GFP NA-MS-NPs. Scale bar =400 um. Cytotoxicity results of anti-BCL2-fNA-DOX-MS-
NPs (gray/stripes), anti-BCL2-RNA-DOX-MS-NPs (light gray/stripes), non-functionalized
fNA-DOX-MS-NPs (gray), non-therapeutic dSSDNA-DOX-MS-NPs (light gray), and DOX-
MS-NPs (dark gray) at a concentration of 10 pg/mL for A-375 cells (C) and 50 pg/mL for
MD-MB-231 cells (D). Statistics: One-way ANOVA was performed between different
groups determine the statistical difference. ****p<0.0001, ***p<0.001, ** p<0.01, and *
p=<0.05
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Figure 10. (a) TEM image of as-made MSNPs (diameter =41 + 3 nm; n = 50). (b) DLS
plots and (c) TGA graphs for as-made MSNPs (purple), PEI-MSNPs (orange), and PEG-
PEI-MSNPs (black (d) N2 isotherms for as made MSNPs (purple) and PEI-MSNPs (orange).
............................................................................................................................................... 64

Figure 11. pH-dependent release of DNA-Alexa488 from MSNPs. The release of DNA-
Alexa488 was measured in solution by using a fluorescence spectrometer at two different
pHs; pH = 7.4 (circles) and pH = 5.2 (squares)
PSSR RSURTSRSRIN 65

Figure 12. (a) Normalized fluorescence intensity associated to NANPs (gray) and MSNPs
(black) obtained from flow cytometry experiments. (b) Normalized fluorescence intensity
associated to dsDNA-Alexa546 (gray) and MSNPs (black) obtained from flow cytometry
experiments. (c) Confocal micrographs of MDA-MB-231 cells inoculated with Alexa546-
labeled dsDNA. The cell nuclei are observed in the blue channel after staining with Hoechst
33342. The fluorescence in the TRITC (red) channel shows the presence of Alexa546-
labeled dsDNA. The merged micrographs show no internalization of Alexa546-labeled
dsDNA inside MDA-MD-231 cells
OSSOSO U TSP TP POUPURTUPPPRPN 65

Figure 13. Temperature-dependent internalization of internalization of Alexa546-labeled
dsDNA loaded FI-MSNPs at 4 °C (black) and 37 °C (gray)
SRRSO PSTPSRRPN 66

Figure 14. Cytotoxicity results of NA-MS-NPs, dsSRNA-MS-NPs and MSNPs for A-375
(left) and MDA-MB-231 (right) cells
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Figure 15. Cytotoxicity results of non-functionalized NA-DOX-MS-NPs, dsSRNA-DOX-
MS-NPs and DOX-MSNPs for A-375 (left) and MDA-MB-231 (right) cells
SO TSOP PSR PRTRSTRPN 67

Figure 16. Cytotoxicity results of BCL2-functionalized fNA-DOX-MS-NPs, BCL2-RNA.-
DOX-MS-NPs, control NPs and DOX-MSNPs for A-375 (left) and MDA-MB-231 (right)
cells
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Figure 17. PpIX-PSilQ NPs are fabricated using the PplX silane derivative (4) as a building
block through microemulsion method. The physicochemical properties of the nanoparticles,
such as SEM, DLS, {-potential, UV—vis, and TGA, are evaluated. The in-vitro
performances, including the phototherapy, ROS generation, and internalization of PpIX-
PSilQ NPs, are determined using A375 cells. The cell death mechanisms associated with the
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phototherapeutic outcome of PpIX-PSilQ NPs, like apoptosis, necrosis, and ferroptosis,
against A375 cells are studied
OSSPSR 72

Figure 18. Characterization of PpIX-PSilQ NPs. (A) DLS and SEM image of PpIX-PSilQ
NPs. Scale bar = 100 nm. (B) TGA plot for PplX (blue) and PpIX-PSilQ NPs (red). (C) UV-
vis spectrum of PplX (blue) and PpIX-PSilQ NPs (red). (D) Flow cytometry data of PpIX-
PSilQ nanoparticles (red) and free PplX (blue) at different concentrations (25 and 50 uM
PpIX) in A375 cells after 24 h of incubation. Statistics: two-way ANOVA using Tukey’s
multiple comparison test; ** p <0.01. (E) Confocal microscopy images of A375 cells after
24 h incubation with PpIX-PSilQ NPs (25 uM PplX). Image(s) show merged fluorescent
channels of Hoechst-33342 nuclear stain dye (blue), PpIX fluorescence (red), and
brightfield. Scale bars = 50 pm and 20 pm
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Figure 19. Reactive oxygen species generated by PpIX-PSilQ NPs. Quantification of ROS
positive cells by flow cytometry of (A) PpIX-PSilQ nanoparticles (50 and 100 uM
equivalent of PplX) and (B) PplX (10 and 50 uM) in the presence or absence of light. Data
are represented as mean + SD. Statistics: two-way ANOVA using Tukey’s multiple
comparison test: *** p <0.001, ** p <0.01, * p<0.05, and ns: p > 0.05
SRS PSTORSSRPN 83

Figure 20. (A) Apoptotic (red solid bars) and necrotic (red checkered bars) cells after PDT
treatment with PpIX-PSilQ NPs (50 and 100 uM equivalent of PplX). (B) Apoptotic (blue
solid bars) and necrotic (blue checkered bars) cells after PDT treatment with PpIX (10 and
50 uM). (C) Reaction rate values of NADP* generation for control (black), PpIX-PSilQ NPs
(50 uM PplX eq.) (red), and PpIX (50 uM) (blue). (D) Quantification of lipid peroxidation
using confocal microscopy in A375 cells treated with control (black), PpIX-PSilQ NPs (50
MM PplIX eq.) (red), and PpIX (50 uM) (blue) in the red (solid bars) and green (dashed bars)
channels. Data are represented as mean £ SD. Statistics: two-way ANOVA using Tukey’s
multiple comparison test: **** p <0.0001, *** p <0.001, ** p<0.01, * p<0.05, and ns: p
>0.05
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Figure 21. Lipid peroxidation detected by BODIPY™ 581/591 C-11 sensor. Confocal
micrographs of A375 cells inoculated with (A-D) PpIX-PSilQ nanoparticles or (E-H) PpIX
after light irradiation. The red channel depicts the presence of BODIPY 581/591 C-11 (AE).
The green channel shows the fluorescence corresponding to the oxidized version of
BODIPY 581/591 C-11 (B,F). Merged image of the red and green channels (C,G) with the
brightfield image (D,H). Scale bar = 50 pum
USSR RSURRRRN 87

Figure 22. Phototoxicity of PpIX-PSilQ nanoparticles. PpIX-PSilQ nanoparticles (red) and
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PpIX (blue) treated A375 cells in the absence (solid) or presence (dashed) of Ferrostatin-1 (2
uM). Irradiation with red light (630 nm; 24.5 mW cm—2) for 20 min (n = 6)
OSSPSR 88

Figure 23. The carboxylic acid groups were activated through an EDC/NHS coupling
reaction to afford compound 2. Following activation, molecule 3 was synthesized by adding
serine as a trifunctional linker. Finally, the isocyanate silane precursor reacted with the
alcohol group through a nucleophilic acyl reaction to produce the PplX silane monomer 4
used for the fabrication of PpIX-PSilQ NPs
PSSR RSURTSRSRIN 99

Figure 24. (A) SEM image of PpIX-PSilQ NPs. Scale bar= 200 nm. (B) Colloidal stability
of the PpIX-PSilQ NPs in complete cell culture media supplemented with serum for 24 h
monitored using DLS, hydrodynamic sizes are represented by (circles) and Pdl represented
as (squares). (C) Leakage of PplX in the presence (circles) and absence (squares) of
reducing agent (DTT)
SRS SPRPRN 100

Figure 25. (A) Calibration curve of PpIX in DMSO (Amax = 401 nm). (B) UV-vis spectrum
of PpIX-PSilQ nanoparticles in DMSO
SRS SPRPRN 100

Figure 26. (A) Phototoxicity and (B) cytotoxicity of PpIX-PSilQ nanoparticles (red) and
PplX (blue) in A375 cells. Irradiation with red light (630 nm; 24.5 mW cm) for 20 min (n

Figure 27. Intracellular ROS production in A375 cells using confocal microscopy for (A)
PpIX-PSilQ nanoparticles (25 uM equivalent of PplX) and (B) PplX (25 uM). Images are
an overlap of the green channel (DCF fluorescence) and brightfield. Scale bar = 50 um
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Figure 28. (A) Apoptotic (red solid bars) and necrotic (red checkered bars) cells treated
with PpIX-PSilQ NPs (50 and 100 uM equivalent of PplX) in the absence of light. (B)
Apoptotic (blue solid bars) and necrotic (blue checkered bars) cells treated with PpIX (10
and 50 uM) in the absence of light. Data are represented as mean + SD
TSRS PRPSRSPRN 101

Figure 29. Inactivation of glutathione peroxidase and lipid peroxidation by PpIX-PSilQ
nanoparticles. (A) Schematic depiction of the working principle of the GpX activity assay.
The generation of NADP™ is used to indirectly determine the catalytic activity of GpX. (B)
Kinetic profiles of NADP™ production for irradiated samples: control (black squares), PpIX-
PSilQ NPs (50 uM PplX eq.) (red squares), PpIX (50 uM) (blue squares); and non-
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irradiated samples: control (black triangles), PpIX-PSilQ NPs (50 uM PplX eq.) (red
triangles), and PpIX (50 uM) (blue triangles). Data are represented as mean £ SD. Statistics:
Two-way ANOVA using Tukey’s multiple comparison test: ****p < 0.0001, ***p <0.001,
**p <0.01, *p <0.05, and ns: p > 0.05
OSSPSR PSSP 102

Figure 30. Quantification of lipid peroxidation using confocal microscopy in A375 cells
treated with control (black), PpIX-PSilQ NPs (50 uM PplX eq.) (red), and PpIX (50 uM)
(blue) in the red (solid bars) and green (dashed bars) channels. Data are represented as mean
+SD
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Figure 31. Lipid peroxidation detected by BODIPY™ 581/591 C-11 sensor. Confocal
micrographs of A375 cells inoculated with (A-C) PpIX-PSilQ nanoparticles or (D-F) PpIX
in the absence of light. The red channel depicts the presence of BODIPY 581/591 C-11
(A/D), the green channel shows the fluorescence corresponding to the oxidized version of
BODIPY 581/591 C-11 (B/E), merged image of the red and green channels (C/F)
SRS SPRPRN 103

Figure 32. Cytotoxicity of PpIX-PSilQ nanoparticles (red) and PpIX (blue) in A375 cells in
the absence (solid) or presence (dashed) of Ferrostatin-1 (2 uM) (n = 6)
SRS SPRPRN 103

Figure 33. a. Schematic representation of the cytoprotective effect of autophagy in
photodynamic therapy b. Cellular process of autophagy and proposed interference
mechanisms using PSilQ nanoparticles- sip62-Ce6 PSilQ nanoparticles target early
autophagosomal formation and sequestration stage or Dp44mT-Ce6 PSilQ nanoparticles
target late stage autophagosome -lysosome fusion stage
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Figure 34. a) TEM images of Ce6-PSilQ NPs. b) Hydrodynamic diameter of Ce6-PSilQ
(blue) and Dp44mT-Ce6-PSilQ (red) NPs as measured by DLS. C) C-potential of Ce6-PSilQ
(blue) and Dp44mT-Ce6-PSilQ (red) NPs. d) Indirect determination of singlet oxygen
formation using DMA for Ce6 (green) and Ce6-PSilQ NPs (blue). e) UV-vis spectra of Ce6
(green) and Ce6-PSilQ NPs (blue). f) Fluorescence spectra of Ce6-PSilQ (blue) and
Dp44mT-Ce6-PSilQ (red) NPs
TSRS PRPSRSPRN 121

Figure 35. a) Cellular uptake of Ce6-PSilQ (blue) by HT29 cells. Confocal microscopy
images of HT29 cells treated with Ce6 PSilQ NPs b) Hoescht 33342 channel ¢ ) Lysotracker
green channel d) Ce6 PSilQ channel e) grayscale dpi channel f) merged blue, green, and red
channels g) merged blue, green, red, and grayscale channels. Scale bar measures 20 um
OSSPSR 123
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Figure 36. a) ROS production in HT29 cells treated with Ce6-PSilQ NPs (blue), Dp44mT-
Ce6-PSilQ (red) NPs, Ce6 (green), Dp44mT/Ce6 (purple) b) Phototoxicity analysis of HT29
cells treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-PSilQ (red) NPs ¢) Dark cytotoxicity
analysis of HT29 cells treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-PSilQ (red) NPs.
Data are represented as mean + SD. Statistics: two-way ANOVA using Tukey’s multiple
comparison test: **** p <0.001, *** p <0.001, ** p<0.01, * p<0.05, and ns: p > 0.05.

Figure 37. a) Autophagy flux analysis of HT29 cells treated with Ce6-PSilQ NPs (blue),
Dp44mT-Ce6-PSilQ (red) NPs, Ce6 (green), Dp44mT/Ce6 (purple), serum starved (orange)
and chloroquine (black). b) Apoptosis analysis of HT29 cells treated with Ce6-PSilQ NPs
(blue), Dp44mT-Ce6-PSilQ (red) NPs, Ce6 (green) and Dp44mT/Ce6 (purple). c) Necrosis
analysis of HT29 cells treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-PSilQ (red) NPs,
Ceb (green) and Dp44mT/Ce6 (purple). Data are represented as mean + SD. Statistics: two-
way ANOVA using Tukey’s multiple comparison test: **** p <0.001, *** p <0.001,
**p<0.01, *p<0.05,and ns: p > 0.05
SRS SPRPRN 127

Figure 38. a) Cellular uptake of sip62-Ce6-PSilQ NPs in HT29 cells recorded in SiRNA
(FITC) and Ce6 (red) channels b) Silencing of p62 gene in HT29 cells after treatment with
Ce6-PSilQ NPs (black), siNeg-Ce6-PSilQ NPs (light grey), and sip62-Ce6-PSilQ NPs (dark
grey). ¢) Phototoxicity of siNeg-Ce6-PSilQ NPs (down triangles, light grey), and sip62-Ce6-
PSilQ NPs (up triangles, dark grey) in HT29 cells. d) Apoptosis/necrosis analysis of HT29
cells treated with siNeg-Ce6-PSilQ NPs (horizontal bars, light grey) and sip62-Ce6-PSilQ
NPs (dark grey) at different concentrations. Data are represented as mean + SD. Statistics:
two-way ANOVA using Tukey’s multiple comparison test: *** p <0.001, ** p<0.01, * p <
0.05, and ns: p > 0.05
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Figure 39. Cellular uptake of SiNeg™ ¢ Ce6 PSIIQ NPS..........cccccovevevieeeirrcreeeee e 138
Figure 40 Confocal image of Autophagy flux observed in Ce6 PSilQ NPs after irradiation

(Scale bar= 20 pm)

Figure 41 Confocal image of Autophagy flux observed in Dp44mT Ce6 PSilQ NPs after
irradiation (Scale bar = 40 pum)
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1. Introduction
1.1. Introduction to silica nanoparticles used in drug delivery

The rise of nanomaterials for cancer research and other biomedical applications comes from the
unique ability to control the characteristics and outcome of the particles in biological

conditions. Designing multifunctional nanomaterials with tailored physico-chemical properties
using bottom-up chemistry enables bioimaging, sensing, and therapeutic applications. The design
and synthesis of inorganic-organic hybrid materials with well-defined structures have attracted
great interest in drug delivery systems [1]. Nanomaterials with specific structures comprising
organic and inorganic building blocks can combine their individual characteristics and utilize the
resultant synergy in enhancing bioavailability of drugs [2]. The combination of silicate
precursors and organic species have been used to form hybrid materials characterized by large
specific surface areas and tunable uniform pore sizes. Silicate materials with well-ordered
hexagonal mesopores were first reported by employing quaternary ammonium cationic surfactant
(cetyltrimethylammonium bromide (CTAB)) as pore template in the mesoporous order [3]. This
formed the basis of mesoporous silica nanoparticles (MSN) synthesis which was further coupled
with efficient surfactant etching techniques to maintain the mesoporous framework intact
wherein cargo can be loaded and stored until release is prompted by external stimuli [3]. MSNs
are a class of silica nanoparticles formed using classical silica precursors such as
tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS). Drug loading or functionalization of
MSNSs occurs after the base material is synthesized and purified. This is the difference between
MSNSs and other commonly known lipid and polymer-based nanocarriers. Alternately,
polysilsesquioxane matrices are formed by hydrolysis and condensation reactions of bridged
organosilica precursors (also known as bridged organosilane or organo-bridged silane or bridged

silsesquioxane) in a synthesis method commonly known as sol-gel process aided by the co-



operative self-assembly of structure directing agents [4, 5]. Polysilsesquioxane nanoparticles
make another class of silica-based nanoparticles used for drug delivery. Drug molecules
conjugated to two or more (n) mono-functional silane, e.g, (3-Aminopropyl)triethoxysilane
(APTES), 3-(Triethoxysilyl)propyl isocyanate (TESPIC) molecules form the bridged (n=2) or
pendant (n>2) precursors that are subsequently added to the sol-gel process along with a
structural template like microemulsion or surfactant. Unlike MSNs, drugs are chemically
embedded into polysilsesquioxane nanoparticles during the sol-gel process. Silica and
organosilica nanoparticles offer controllable size, composition, morphology, porous structure and
pore size, surface chemistry, and dispersibility. Myriads of reports in the literature have shown
that silica nanoparticles can robustly transport imaging or therapeutic contents in vivo [6].

The following sections will focus on some therapeutic strategies under research for cancer
treatment, their mechanisms of cytotoxicity against cancer cells and the role of nanoparticles,

also including silica based formulations as effective drug delivery systems.

1.2. Introduction to RNA interference (RNAI) therapy

RNA interference (RNAI) is a sequence-specific, post-transcriptional gene silencing mechanism
mediated by double-stranded RNA (dsRNA) with sequences homologous to the target gene. The
phenomenon of RNAI was first reported in Caenorhabditis elegans, where the injected dsSRNA
molecules caused silencing of complementary messenger RNA (mRNA) and blocked function of
the target gene much effectively than single stranded antisense oligonucleotides [7]. Further
studies in mammalian cells showed sequence specific gene silencing in mammalian cells
mediated by double stranded siRNA duplexes without inducing interferon [8]. As seen in Figure
1, RNAi is initiated by dsRNAs processed by an endonuclease enzyme called Dicer. This

enzyme cleaves dsRNA into duplexes with approximately 19 nucleotide (nt) base pairs and 2 nt



overhangs at the two 3"ends [9]. These duplexes are referred to as short interfering RNA
(siRNA) that associate with the RNA-induced silencing complex (RISC), a large protein
complex comprised of Argonaute (Ago) proteins. In humans, Ago2 protein of the Ago family
specifically possesses an active catalytic domain for cleavage activity [10]. Within the RISC, the
sense strand of the siRNA is degraded by nucleases. The antisense strand directs the RISC to the
target mMRNA. At the cleavage site, Ago2 breaks the phosphodiester bond on the mRNA and
releases the fragments, which manifests as gene silencing. The siRNA loaded RISC sustains its
gene silencing activity for a long time in the cell, making RNAI an attractive targeted therapeutic
mechanism [11]. Proof of concept studies employing RNAI showed that human diseases with a
gain of function genetic mutation or overexpression of disease-causing genes are suitable targets
for RNAI based therapeutics [12, 13]. Two decades after RNAi was discovered, the first SIRNA
based drug Patisiran was approved by FDA in August 2018 for the treatment of polyneuropathy
[14]. Givosiran is the second siRNA drug to be approved in November 2019 for the treatment of
acute hepatic porphyria. Recently, the third siRNA-based therapy (lumasiran) was approved in

November 2020 for the treatment of primary hyperoxaluria type 1 (PH1) [14] [15].


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/patisiran
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/givosiran

RNAI is useful for the treatment of diseases harboring non-druggable aberrant pathways.
Preclinical studies of RNAI therapeutics for the treatment of hypercholesterolemia, viral hepatitis,
Huntington’s disease, and cancer have revealed great translational potential [16] [17] [18] [19].
Initially, RNAi-based clinical trials focused on direct localized delivery of siRNA to well-known

therapeutic targets such as vascular endothelial growth factor (VEGF). For instance,
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Figure 1. Mechanism of RNAI in vitro. Processing of long dsRNA by RNase Il Dicer into small
interfering RNA (SiRNA) duplexes, loading of one of the siRNA strands on an Argonaute protein
possessing endonucleolytic activity, target recognition through siRNA basepairing, and cleavage of the
target by the Argonaute’s endonucleolytic activity.

Image from [20]



VEGF-specific siRNA is administered directly into the vitreal cavity of the eye to treat age-related
macular degeneration [21]. RNAi-based genetic medicine for the treatment of respiratory syncytial
virus (RSV) is locally delivered to the lungs [22]. However, RNAI therapy development for
systemic delivery to target diseases like cancer necessitate the search for robust delivery systems.

1.2.1. Prospects of RNAI in cancer therapy

Heterogeneity associated with cancer across different stages and subtypes, offers several targets
for RNAI. Oncogenes, mutated tumor suppressor genes, and genes contributing to tumor
progression are some common examples of target classes amenable to gene silencing by RNAI
[23], which are discussed in this section. In addition to cancer therapy, RNAI has been applied in
drug discovery settings to silence the expression of dominant mutant oncogenes, gene
amplifications, translocations, and viral oncogenes to determine their influence on critical
cellular pathways [24]. The understanding obtained from such studies has led to improvement in
the efficacy of existing cancer therapies by specifically silencing resistance associated genes. To
better appreciate the prospects of RNAI therapy for cancer, potential targets are described below:
Biomolecules involved in carcinogenesis.

MRNAs expressed from mutated oncogenes are primary targets for RNAI intervention. In
corollary, gene products that negatively regulate the function of endogenous tumor suppressors
also make attractive targets for RNAI. For instance, proteins involved in oncogenesis such as Bcr-
Abl [25], EGFR [26], Her-2/neu [27], HIF-1, SMAD [28], loss or delay of cellular senescence
(hTER) [29], cell cycle regulation (pRb, p53 family) [30] and anti-apoptotic proteins such as FLIP

[31], Bcl-2, Bel-xL [32], Mcl-1 [33], and survivin [34] have been targeted by RNAI.



Target proteins involved in tumor-host interactions.

Cancer cells adapt to host environments with ever changing physio-chemical factors. Therefore,
neoplastic cells develop multiple survival strategies to gradually take control of the host
environment through angiogenesis, invasion/metastasis and immune evasion. Some examples of
RNAI technology to target proteins involved in tumor-host interactions are: anti-VEGF [35], anti-
cell adhesion molecule-1 (CEACAML1) [36], heparinase for reduced vascularization [37], CXCR4
in breast cancer cells [38], and EphA2-specific in pancreatic adenocarcinoma [39]. Moreover,
RNAI targeting interleukin-10 (IL-10) and other immunosuppressive cytokines represents a
plausible approach for addressing tumor immune evasion [40]. Finally, RNAI targeting Galectin-
1 was found to stimulate antitumor T-cell-mediated responses in mice [41].

Target proteins involved in tumor resistance to chemotherapy and/or radiotherapy.

RNAI targeting of multi-drug resistant (MDR) genes such as ABCBL1, 4 and 5 sensitize several
chemo resistant cancer cells in vitro [42]. RNAI technology has been used in these settings to
downregulate  DNA repair genes such as the excision repair cross-complementing 1
(ERCC1), DNA double-stranded break repair protein endo-exonuclease, ribonucleotide
reductase, double-strand break signaling/repair proteins ATM and DNA-dependent protein kinase
catalytic subunit, and enhance the sensitivity of cancer cells to chemotherapeutic agents or
irradiation [43]. These biomolecules serve as potential targets for RNAI intervention in
combination with chemotherapy or radiotherapy [44].

1.2.2. Limitations of RNAI therapy

Several concerns related to the use of RNAI therapy have been reported in literature. RNAI could
trigger unforeseen immune responses in vivo by activating toll-like receptors that recognize

foreign nucleic acids including dsRNA resulting in danger signals from the cells to trigger



proinflammatory responses [45]. RNAI may remain inaccessible to some gene products due to
physical hindrance posed by RNA-binding proteins or secondary structures. Therefore, RNAI
therapy for cancer should consider multiple sequences per target [46]. Moreover, RNAI is effective
only for proteins with rapid turnover. Targeting proteins with a long half-life may result in
therapeutic failure because silencing at the transcript level does not impact the pre-existing levels
of proteins [24]. Finally, the translation of RNAIi from a research tool to an effective therapeutic
strategy is prevented by the lack of efficient delivery methods to efficiently target cells through
systemic and cellular barriers while avoiding degradation [47]. For a sustained inhibitory effect,
viral vectors that can stably integrate into the genome and mediate long-term knockdown of
transcripts have been used [48]. Retrovirus, lentivirus, adeno-associated and adenovirus are some
examples of gene delivery systems used to transfer siRNA. However, one the use of viral vectors
is the restricted by dose-limiting toxicity [49]. Recently, exosome mimetic gene carriers produced
from engineered cells and expressing specific surface carriers have been under development to

promote target specificity, efficient SiRNA loading and siRNA release mechanisms [50].

1.2.3. siRNA delivery using nanoparticles

Nanoparticles have received considerable attention as vectors for gene delivery. Advantages of
non-viral gene delivery methods like nanoparticles include- high loading capacity, easier synthesis,
and purification methods than viruses, animal component free synthesis methods, lower overall
cost of production, ease of handling/processing such as freeze drying and resuspension at point of
use while virus lots must be maintained in liquids buffers at all times [51]. Nanoparticles are
particulate dispersions or solid particles with sizes in the range of 10-1000 nm. Nanocarriers can

protect RNAIi molecules from enzymatic degradation and immune recognition, have much higher



transportation efficiency across the cell membrane compared to other carriers and can prevent
premature excretion if the carrier size and surface coating are appropriate [46]. At the cellular
level, mechanism of siRNA release into the cytoplasm is dictated by charge-based destabilization
of endosomal membranes in the case of lipid based nanocarriers. Osmotic swelling induced by an
influx of protons is another mechanism of siRNA release for RNAI demonstrated by surface
functionalized nanocarriers bearing amine or other cationic groups endowing a pKa between 5 and
7 [52]. Nanocarriers applied to RNAI can be classified as organic and inorganic nanoparticles.

Organic nanoparticles can incorporate drugs by means of chemical bonding or physical
embedding. Organic nanocarriers fabricated from cationic polymers like polyethyleneimine (PEI),
poly-L-lysine (PLL), and natural polymers like chitosan have been used to carry siRNA [43]. PEI
polyplexes have shown high transfection efficiencies, but these systems have not succeeded been
translated to clinical application in vivo for systemic delivery due to extreme toxicity and
instability [53]. However, polyethylene glycol (PEG)-PEI siRNA polyelectrolyte nanocomplexes
have shown to reduce vehicle associated cytotoxicity [44]. For instance, these PEGylated
polyplexes containing vascular endothelial growth factor (VEGF)-targeted SiRNA were
accumulated in tumor regions, and the knockdown of VEGF suppressed micro vessel formation,
thereby inhibiting tumor growth [45]. Further, Patil and co-workers showed Bcl2 gene silencing
and successful apoptosis induction in A2780 ovarian carcinoma cells using polymeric micelles
assembled from a multifunctional triblock co-polymer (PAMAM-PEG-PLL) [54]. Han et al also
demonstrated PLDCX1 gene silencing and consequent inhibition of tumor growth in an orthotopic
in vivo model of ovarian cancer using Arg-Gly-Asp (RGD) peptide-labeled chitosan nanoparticle

(RGD-CH-NP) as a novel tumor targeted delivery system [55].



In addition to polymers, lipids constitute another class of organic nanomaterials for siRNA
delivery. Philip Felgner pioneered the use of synthetic cationic lipids to bind lipids to nucleic acids
to enable their transfection into cells [56]. This formed the basis of lipid nanoparticle (LNP) design
for nucleic acid delivery. LNP formulations encapsulating siRNA have been applied to the
treatment of viral infections. A multicomponent LNP system comprising a mixture of amino lipids
(DLin-MP-DMA), PEG lipids (PEG-CDMA), and neutral lipids (cholesterol and dipalmitoyl
phosphatidylcholine) was described for fully encapsulating short synthetic hairpin RNAs
(sshRNAs) that target the internal ribosome entry site of the hepatitis C virus (HCV) [57] [58].
This system showed the efficacy of sshRNA against the HCV genome in reducing HCV
infection in vivo. The suitability of LNPs for nucleic acid delivery was evidenced by the world
through the success of SPIKEVAX (COVID-19 Vaccine, mMRNA) made by ModernaTX Inc, and
the Pfizer-BioNTech COVID-19 vaccine to prevent Coronavirus Disease 2019 (COVID-19)
caused by SARS-Cov-2. Stable nucleic acid-lipid particles (SNALPs) were synthesized by
Geisbert et al to deliver antiviral sSiRNA constructs to prevent viral infections of Zaire Ebola virus
(ZEBOV) and Marburg virus (MARV) [59]. A combination of modified siRNAs targeting the
ZEBOV L polymerase (Lpol), viral protein (VP) 24 (VP24), and VP35 formulated in SNALPs
were able to protect the tested non-human primate model from lethal ZEBOV infection [60]. In
the realm of cancer therapy, siRNA encapsulated in neutral liposomes for RNA interference
reported by Sood et al is a successful example of 1,2-dioleoylsn-glycero-3-phosphatidylcholine
based liposomal siRNA, which induced repression of EphA2 oncogene and proangiogenic
cytokine interleukin 8 (IL-8) [19]. This strategy was highly effective in reducing in vivo target

gene expression in an orthotopic mouse model of ovarian cancer.
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In addition to organic nanoparticles, there is ongoing research for robust inorganic carriers of
SiRNA that permit high loading capacity of siRNA and can also be selectively surface
functionalized to enable specific targeting applications without compromising the stability of the
nano formulation. MSNs surface coated (outer) or functionalized (inner pores) with cationic
moieties are commonly used inorganic nanoparticles for siRNA delivery because of their unique
properties such as uniform mesopores, easy functionalization, biocompatibility, high surface to
volume ratio, large pore volume to hold siRNA therapeutics [61-63]. Spherical mesoporous silica
nanoparticles (MSNs) with core size range from 50 to 200 nm and modified with
polyethyleneimine (PEI) or PEI- polyethylene glycol (PEG) or polyamidoamine (PAMAM) are
applied for siRNA binding [64]. For instance, MSNs loaded with siRNA in the amine modified
inner pores and outer surface coated with PEI and fusogenic peptide KALA (~30 amino acids)

inhibited VEGF expression and tumor angiogenesis, leading to tumor growth suppression [65]. A

nanoparticle construct was engineered by Ngamcherdtrakul and co-workers for the targeted
delivery of siRNA to tumors. The construct comprised of MSNs coated with cross-linked PEI-
PEG copolymer, carrying HER2 specific siRNA, and coupled to the anti-HER2 monoclonal
antibody (trastuzumab) [66]. The construct was designed to enhance tumor-specific cellular uptake
and maximize siRNA knockdown efficacy. One dose of the sSiHER2 MSNSs reduced HER2 protein
levels by 60% in trastuzumab-resistant HCC1954 (HER2+) xenografts [66]. Multiple doses
administered intravenously  significantly  inhibited tumor growth. In terms of
immunocompatibility, the sSIHER2-loaded MSNs demonstrated an excellent safety profile in terms
of blood compatibility and low cytokine induction, when exposed to human peripheral blood
mononuclear cells. A similar PEI-PEG functionalized MSN platform, surface conjugated to

trastuzumab antibodies was also used for the targeted delivery of PLK1 siRNA for metastasis
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inhibition in triple negative breast cancer. Where PLK1 pharmacological inhibitors have shown to
impart adverse side effects and siPLK1 encapsulated in lipid nanoparticles without a targeting
agent only provided a narrow therapeutic window in clinical trials, the sequence specificity of
SiPLK1 when combined with the tumor targeting ability of the trastuzumab-MSN platform
improved treatment efficacy for metastatic breast cancer [67].

In addition to surface functionalized mesoporous silica nanoparticles, gold-thiol chemistry has
been utilized for siRNA binding and targeting antibody conjugation to gold nanoparticles and
subsequent targeted siRNA delivery to cancer cells [68]. Wang et al reported a gold nanorod
(GNR) platform where the citrate-stabilized GNRs were first coated with a zwitterionic amphiphile
moiety with low cytotoxicity, which produced stable dispersions at high ionic strength. Amine-
modified siRNA duplexes were converted into dithiocarbonate (DTC) ligands and adsorbed onto
the modified GNR surfaces, simplifying the charge screening process [69]. The DTC anchors were
effective at minimizing premature siRNA desorption and release, a common but often overlooked
problem in the use of inorganic nanoparticles as oligonucleotide carriers [69].

So far, only synthetic nanoparticles or bioprocessed viral vectors have been discussed as SiIRNA
delivery vehicles. Despite advances made towards safe and targeted siRNA delivery in preclinical
studies, charge based loading of siRNA onto external surface of inorganic nanoparticles has its
disadvantages. Premature release of sSiRNA due to their interaction with proteins, lipoproteins, and
the extracellular matrix is a notable limitation of inorganic siRNA carriers [7].

Recently exosome mimetic bio-harvested carriers have also been applied for siRNA delivery
specifically to harness the non-immunogenic delivery capabilities of the platform [50]. Alvarez-
Erviti and group harvested exosomes from self-derived dendritic cells to reduce immunogenicity

of the carriers [70]. Further, brain tissue targeting was achieved by engineering the dendritic cells
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to express Lamp2b, an exosomal membrane protein fused to neuron specific RVG peptide [71].
Produced exosomes were electroporated for loading with BACEL siRNA (a therapeutic target in
Alzheimer's disease). The therapeutic potential of this platform was evidenced by effective (~60%)
gene silencing in wild type mice. The RVG-targeted platform also prevented non-specific
accumulation in other tissues. Zhang et al. used serum-derived exosomes (EXOs) as vehicles to
deliver Myd88 siRNA to the lung [72]. siRNAs were first loaded into serum EXOs through
calcium-mediated transfection and then were intratracheally instilled in LPS-induced mouse
model. The siRNA-carriers were efficiently internalized by alveolar macrophages and achieved
specific gene silencing and modulated LPS-induced inflammation. The serum derived EXOs
themselves were neither inflammatory nor immunogenic when delivered into the lung [72].

RNA nanoparticles (RNA NPs) present a class of rationally designed multistranded RNA
constructs that simultaneously incorporate various functionalities with promising therapeutic
capabilities [73-75]. Using natural or artificially selected RNA motifs and modules, RNAs are
programmed to form a wide variety of stable 3D nanostructures such as cubes, rings and fibers
[76-78].

Therapeutic nucleic acids, proteins, or small molecules can be individually attached to the
programmed RNA monomers, which form RNA NPs. The assembly of the monomers brings the
desired functionalities together, thus providing precise control over their structure, composition,
and modularity [79]. The use of functional RNA NPs in vivo provides a higher concentration and
desired stoichiometry of therapeutic moieties locally [80]. RNAI is progressively investigated for
possible treatment of various diseases through the functionalization of RNA NPs with sSiRNAs [77,

81].
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Simultaneous use of multiple different RNA therapeutics is expected to have significant
synergistic effects [82]. One well-known example is a combinatorial RNAi (co-RNAI) used for
highly effective simultaneous multiple gene suppression preventing the possibility of mutation-
assisted escape from RNAIi [81, 83]. For example, nanocubes and nanorings were modified to
package multiple siRNAs that simultaneously target different regions of the HIV-1 genome,
limiting viral escape due to mutations [74, 84]. The therapeutic composition of RNA NPs can be
easily altered by swapping the functionalized monomers [77] .

1.3. Photodynamic therapy.

Photodynamic therapy (PDT) is a form of non-invasive therapy based on the local, systemic, or
topical application of a photosensitive drug which accumulates in pathological tissues [85]. PDT
relies on photosensitizer molecules to generate reactive oxygen species (ROS), which will damage
cells. Phototoxicity occurs only in the areas where photosensitizer localizes, enabling selective
destruction [86]. PDT is used in the treatment of inflammatory conditions and bacterial infections
related to dermatology, oncology, gynecology and urology [87]. In the context of cancer therapy,
PDT is generally applied as an adjuvant therapy to Kill residual tumor cells post-surgery or pre-
surgery to shrink tumors [88]. In the past few years, the field of PDT has seen a surge in the number

of endogenous PSs developed using synthetic methods [89].

1.3.1 Mechanisms in PDT

PDT depends in three components; a photosensitizer (PS), light and oxygen. First, the PS
molecules absorb light at the right wavelength, which activates the PSs to a singlet state. Part of
the energy gained is dissipated as fluorescence and the remaining energy is transferred to the

excited triplet state through an intersystem crossing process [86]. Once the PS is in the triplet state,


https://www.sciencedirect.com/topics/medicine-and-dentistry/gynecology

14

two photochemical mechanisms can happen, Type | or Type Il (Figure 2). In type | mechanism,
radical species are formed by hydrogen abstraction or electron transfer to cellular oxygen
molecules. This leads to the formation of ROS, initially in the form of superoxide radicals (O2)
then forming H.O; catalyzed by superoxide dismutase. The accumulated H>O> transforms into
highly cytotoxic hydroxyl radicals (OH"), causing cell death by oxidative stress [90]. In Type Il
mechanism, the energy in the triplet state is transferred to oxygen to afford singlet oxygen, which
is a highly oxidizing molecule. Singlet oxygen will quickly react with molecules in the
environment to afford cytotoxicity. Contribution by each mechanism to phototoxicity depends on

the tissue, oxygen levels and the photosensitizer [91].
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Figure 2. Mechanism of Photodynamic therapy. Photoactivation of PS to an excited triplet state
through intersystem crossing triggers the generation of singlet oxygen (*O2) by direct energy
transfer to cellular oxygen natively found in triplet state. Alternate type I mechanism involving
electron transfer to cellular oxygen leads to the generation of ROSs.

Image from [92]
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Although primary ROS are short-lived, from ns to ms depending on the specific ROS, PDT induces
long term oxidative stress in treated cells due to irreversible oxidation of cellular lipids and proteins
[92]. The products of PDT initiate a cascade of damaging events to the cell such as DNA damage
(8-hydroxydeoxyguanosine) or impair RNA-protein translation (8-oxo-7,8-dihydro-2'-guanosine)
[93]. Additionally, oxidation of phospholipid membrane constituents by PDT is also a likely cause
of cell death [94]. Proteins, specifically the ones involved in energy metabolism are highly
susceptible to PDT-generated ROS. Rupture of polypeptide backbone or crosslinked protein
aggregates are some of the toxic products generated by PDT [95]. Collectively, the oxidative
modification of biologically relevant biomolecules (proteins, DNA/RNA and lipids) disrupts the
redox balance inside the cells, which is better known as oxidative stress. In case of excessive
damage, cell death occurs usually via apoptosis or necrosis depending on which intracellular
substrates are affected [92]. In the clinic, necrotic cell death is not a desired pathway for therapy
because it can trigger inflammatory responses [92]. However, there are reports claiming
contribution of necrosis or necrosis-like cell death in triggering anti-tumor immune response
mediated by antigen-specific T-cells [92, 96]. A major advantage of this PDT-triggered
immunological response is the therapeutic targeting of distant tumor cells (metastasis) that were
not subjected to PDT, also known as abscopal effect [97]. A cell death mechanism that has been
recently associated to PDT is ferroptosis , which is an iron-dependent cell death mechanism caused
by extreme lipid peroxidation [98]. Mechanistically, PDT stimulates secretion of IFN-y which
further downregulates the expression of Xc- (cysteine transporter) and initiates ferroptosis [99].

In addition to PS concentration and light fluence (PDT dose), subcellular localization of the PS in
the specific organelles plays a major role in the type of cell death mechanism that dominates [85,

100]. Apoptotic cell death in PDT is commonly observed for PS molecules that localize in the
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mitochondria or lysosomes [101]. Plasma membrane localization of PS molecules causes necrotic
cell death and apoptotic cell death together with elevated expression of autophagy markers is
observed in the case of PS localization in endoplasmic reticulum and Golgi apparatus of PDT
treated cells [100, 102]. Blocking apoptosis and ferroptosis with zZVAD-fmk and Ferrostatin-1
respectively, showed that therapeutic efficacy of PDT is negatively affected for lysosome localized
PS molecules [103]. On the other hand, inhibition of necrosis using necrostatin-1 did not impact
PDT efficacy [103]. Further, PS molecules localized in the ER and Golgi apparatus were found
sensitive only to apoptosis inhibition [86].

Tumor cells subjected to sublethal oxidative damage or those in the vicinity of PDT treated cells
can activate cell survival mechanisms, which produces resistance to PDT [104]. For example,
surviving cells may activate antioxidant response to reinstate intracellular homeostasis, which is
regulated by NRF2 [105]. Another survival mechanism in response to PDT is the facilitation of
refolding or degradation of carbonylated proteins via proteotoxic stress response (e.g. HSF1,
XBP1, ATF6, ATF4) [106, 107]. Autophagy stimulated because of mitochondrial, or ER stress
may prevent apoptotic cell death and by that means promote survival in sub-lethally damaged
tumor cells following PDT [108]. Autophagy is an independent outcome in PDT protocols
characterized by up-regulated LC3B, Atg7, Beclin-1, mostly reported to exert a pro-survival role
by catabolizing the damaged organelles and biomolecules[109]. Autophagy came to be identified
as an index for health and disease when Yoshinori Ohsumi was awarded the Nobel Prize for
Physiology or Medicine (2016) for characterizing morphological changes associated with
autophagic mechanisms, that are evolutionarily conserved from yeast to higher eukaryotes [110].
As lysosomal catabolic processes, selective and non-selective autophagy play pivotal roles in

maintaining cellular homeostasis by metabolizing intracellular stressors like damaged organelles,
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oxidized biomolecules, and their aggregates. ROS production by PDT primarily results in the
oxidation of biomolecules, thereby leading to protein misfolding or formation of protein
aggregates [111]. These forms of proteotoxic stress initiate degradation-recycling mechanisms by
sequential addition of ubiquitin chains to the damaged substrates[109]. Ubiquitinylation is a
downstream effect of proteotoxicity through which terminally misfolded proteins and protein
complexes are tagged for proteasomal and autophagic degradation, eventually reducing
proteotoxic stress[112]. It can be inferred that, when the adaptive responses to misfolded and
aggregated proteins are constitutively active in tumor cells, the threshold for the PDT mediated
induction of cell death will be higher [104]. Disrupting the cytoprotective effects of the ubiquitin
proteasomal and autophagy systems by interfering with the function of chaperones has shown to
enhance proteotoxic stress and stimulate cell death after PDT[113]. Thus, the proteotoxic stress
pathway is seemingly an important target for pharmacological interventions to enhance the
therapeutic efficacy of PDT [104].

Autophagic activity is known to be upregulated beyond basal levels in response to stressful stimuli
induced by several human metabolic and inflammatory diseases (hypoxia, nutritional deprivation),
also notably by some methods used to treat these conditions (ROS, DNA damage)[114-116].
Partly, what appears to be PDT resistance is contributed by autophagy promoted cell survival [117,
118]. The rationale for combining autophagy inhibitors with PDT is to enable higher sensitivity of
cells to apoptosis[119]. Increase in cell death by autophagy inhibition is reported to be a stage of
pathway and context dependent occurrence. For example, negative regulation of autophagy at
different stages of the cellular process, such as genetic knockdown of autophagy inducers,
prevention of autophagosome maturation, and blocking lysosome fusion evince different

responses in some instances [114]. The dissimilarities in the interaction of autophagy inhibitors
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with different therapies based on the stage and type (chemical or genetic) of intervention,
highlights the premise of context dependent co-activity [120, 121]. Identification of the stage of
autophagic intervention that yields a therapeutic benefit with PDT helps in designing effective
treatment protocols.
1.3.3 Delivery strategies for photosensitizers.

One of the main issues limiting the clinical use of PDT is the lack of accumulation of PSs at optimal
concentrations in the targeted tissues [122]. Nanoplatforms enable precise drug delivery to the
desired location to improve the therapeutic effect against cancer and other disease. Nanoparticles
have been used extensively as carries for PSs to improve the PDT outcome [123]. PS molecules
can be immobilized to nanoplatforms by covalent or non-covalent interactions. Since most PSs are
highly hydrophobic substances that aggregate in aqueous environments, their encapsulation in
nanoparticles has a major impact on their colloidal stability and bioavailability in vivo. This
phenomena has been demonstrated by several reports [123-125]. Organic nanoparticles have been
exercised for the delivery of PSs. For instance, an increase in PDT efficiency with the use of water-
soluble polymer polyacrylamide (PAA) to carry photosensitizers like methylene blue (MB) and
porphyrins was observed in the treatment of C6 glioma cells [126]. Another polymer, N-2-
hydroxypropylmethylacrylamide (HPMA) was used in PDT protocol for the treatment of
neuroblastoma and ovarian cancer [127]. Inorganic nanoparticles have also been used as carriers
for PSs. Platforms such as gold NPs and silica nanoparticles can be used to create photosensitive
conjugates as a potential way to increase colloidal stability and selectivity of PDT [128, 129].
Bouramtane and co-workers synthesized core-shell hybrid nanoparticles formed by a silica core
and carbohydrate xylan-based shell carrying a 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin

(TPPOH), and evaluated their anticancer activity in colorectal cancer cells [130]. The xylan-
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TPPOH conjugate (PX) was used to coat the silica nanoparticles (PX SNPs). The obtained
nanoparticles were characterized and their therapeutic potential for PDT evaluated against
colorectal cancer cell lines. The phototoxic analysis showed that PX SNPs were 40-fold and 10-
fold more effective against HCT116 cells and HT-29 cells respectively compared to free TPPOH
[130]. Hui Lin et al demonstrated ease of functionalization and resultant stability of hydroxylated
benzene-bridged periodic mesoporous organosilica nanoconjugates with PpIX [131]. The
platform showed improved PDT efficacy in metabolic inactivation of tumor cells and for anti-
bacterial applications compared to free PplX.

Hone et al demonstrated that gold nanoparticles (AuNP) functionalized with phthalocyanine boost
singlet oxygen generation (SOG) capacity of the photosensitizer [132]. Compared with the free
photosensitizer, the composites of photosensitizer, gold and phase transfer reagent were
demonstrated to achieve a higher singlet oxygen generation (SOG). They showed that the AUNPs
could be used to efficiently deliver photosensitizer in PDT to improve the cytotoxic efficacy of
photosensitizer against HeL a cells in vitro. Irradiation of the nanoparticle composite treated Hela
cells resulted in a decrease in cell viability to 43% as compared to the free phthalocyanine and
50% increase of SOG observed for the phthalocyanine-nanoparticle composite as compared to the
free photosensitizer [132]. Wang et al. used biocompatible AuNPs as a vehicle to deliver 5-
aminolevulinic acid (5-ALA) for photodynamic therapy, and they demonstrated that tumor cells
can be effectively killed by 5-ALA-conjugated nanoparticles, while fibroblasts were minimally
damaged, showing promise of selective killing of tumor cells and sparing healthy cells [133].
Next generation of nanoparticulate PSs are under development to improve the absorption of light

in the NIR to overcome issues related to light tissue penetration [91].
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Lanthanide-doped upconversion nanoparticles (UCNPS) present one such platform developed to
achieve NIR-triggered PDT. As an anti-stokes shifting material, UCNPs are the most efficient
materials for converting NIR light to UV and visible light [134, 135]. The emitted high energy
radiation can in return activate attached PS molecules to produce singlet oxygen and kill cancer
cells [136]. Therefore, UCNPs are applied as transducers to activate a conventional photosensitizer
that is sensitive to visible light by using a NIR light source. Additionally, the use of NIR photons
minimizes phototoxicity, which is beneficial for bioimaging, diagnosis, and therapy [137]. UCNP-
based theranostic agents have been reported for simultaneous diagnosis and treatment of diseases.
NIR-responsive PDT agents with dual photosensitizers were prepared by Yuel Lee and co-workers
[138]. They selected 808 nm wavelength excitation instead of the 980 nm wavelength for
irradiation to minimize overheating by the light source. For efficient photosensitizer activation
using the 808 nm NIR wavelength excitation, NaYF4:Yb,Er,Nd@NaYF4:Yb,Nd was selected as
Nd-doped UCNPs with a core-shell structure [139]. The dual photosensitizers, Chlorin e6 and
Rose Bengal, were activated by the red and green emission of UCNPs. The dual photosensitizer
system showed a synergistic ROS generation as compared to the single photosensitizer system
[140]. The ROS production achieved by NIR, and PDT induced apoptosis in cancer cells [140].

A major issue for cancer treatment is the precise delivery of the therapeutic agent in the tumor
tissue. Nanoparticle-based delivery systems have two interrelated mechanisms to target tumors,
passive, and active accumulation [141]. Passive accumulation of nanoparticles relies on the
fenestration and leaky vasculature characteristic of primary tumor tissues, also known as enhanced
permeability and retention effect (EPR) [142]. Active accumulation involves the use of targeting
agents such as antibodies, peptides, or small molecules [141, 142]. Nanoparticles carrying PSs

have used different cell surface binding groups such as folic acid, antibodies, polysaccharides like
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pectin, amylose, inulin, dextran, etc [1]. Zinc phthalocyanine containing upconversion liposomes
conjugated to folic acid showed excellent PDT activity for tumor treatment through folate receptor
targeting [143]. A 4-component antibody-phthalocyanine-polyethylene glycol-gold nanoparticle
conjugate is described by Stuchinskaya and group for use as a potential drug for targeted
photodynamic cancer therapy [144]. AuNPs (4 nm) were stabilized with a self-assembled layer of
a zinc-phthalocyanine derivative as the PS and a heterobifunctional polyethylene glycol. Anti-
HER2 monoclonal antibodies were covalently bound to the nanoparticles via a terminal carboxy
moiety on the polyethylene glycol. The nanoparticle conjugates were stable towards aggregation,
and under irradiation with visible red light efficiently produced cytotoxic singlet oxygen. Cellular
experiments demonstrated that the nanoparticle conjugates selectively target breast cancer cells
that overexpress the HER2 epidermal growth factor cell surface receptor [144]. Bharatiraja and
co-workers synthesized chlorin e6 (Ce6)-conjugated and folic acid (FA)-decorated silica
nanoparticles (silica-Ce6-FA) for targeted delivery of photosensitizer to the cancer cells [145]. The
formulated particles were efficiently taken up by folate receptor-positive MDA-MB-231 cells,
which was confirmed by comparative analysis with folate receptor-negative HepG2 cells [145].
The folate receptor-targeted silica-Ce6-FA was highly accumulated inside the MDA-MB-231 cells
than free Ce6. The cell-killing effect of silica-Ce6-FA was higher when compared with free Ce6
under PDT treatment. The PDT-induced mitochondrial damage and apoptotic cell death were

detected in silica-Ce6-FA-treated cells [145].

1.4. Nanoparticle mediated combination therapies for cancer.

Current clinical approaches to treat cancer involved the use of two or more therapeutic agents

[146]. However, two main challenges are associated with that approach; first, the different
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pharmacokinetic (PK) and pharmacodynamic (PD) profile of the drugs that makes complicated to
find the optimal administration regimen; and second, the increase in side-effects due to the
combination. Nanotechnology has played an important role in the improvement of PK and PD of
single therapeutic agents. In the case of combination therapy, by carrying two or more drugs in
the same nanoparticles, this strategy ensures their delivery at the same location with spatiotemporal
controlled release [147]. Below, there is a description of the three main categories for combination
therapy.

1.4.1 Combination of multiple chemotherapy agents.

In clinical settings, this therapy is also known as drug cocktail therapy. This type of combination
therapy is preferred for patients in an advanced stage of cancer [146]. Combination therapy
involves two or more chemotherapy agents, which can be delivered simultaneously or sequentially.
The interaction of anticancer drugs with different mechanisms of action creating synergistic or
additive therapeutic effects are ideal candidates for combination therapy [148]. Combinations of
anticancer agents are administered to cancer patients to reduce dose-associated toxicity and to
minimize the risk of developing multidrug resistance. One of the most important parameters in
combination chemotherapy is the molar ratio between the drugs being administered, which has
shown to influence the overall outcome of the cancer therapy [148]. These are some examples of
nanoparticles formulated for loading two or more chemotherapy agents: liposomal formulation
CPX 351 which contains cytarabine and daunorubicin at a molar ratio of 5:1 [149]; liposome CPX
571 loaded with irinotecan and cisplatin at a molar ratio of 7:1 [150]; and polymeric nanoparticles
loaded with paclitaxel (PTX) and gemcitabine (GEM) at a molar ratio of 7:1 [151]. Lipid bilayer
coated mesoporous silica nanoparticles (LB MSNs) were used to co-deliver PTX and GEM for the

treatment of human pancreatic cancer in mice. PTX was incorporated in a lipid bilayer coating the
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MSNSs [152]. The ratiometric PTX incorporation and delivery by LB-MSNP could suppress GEM-
inactivating, cytidine deaminase (CDA) expression, contemporaneous with induction of oxidative
stress as the operating principle for PTX synergy. To demonstrate the in vivo efficacy, mice
carrying subcutaneous PANC-1 xenografts received intravenous (IV) injection of PTX/GEM-
loaded LB-MSNP [152]. Drug co-delivery provided more effective tumor shrinkage than GEM-
loaded LB-MSNP, free GEM, or free GEM plus Abraxane (commercial PTX). Comparable tumor
shrinkage required coadministration of 12 times the amount of free Abraxane. IV injection of
MSNP-delivered PTX/GEM in a PANC-1 orthotopic model effectively inhibited primary tumor
growth and metastasis. The enhanced in vivo efficacy of the dual delivery carrier was achieved
with no trace of local or systemic toxicity.

1.4.2 Combination of chemotherapy and gene/protein therapy.

The primary goal of this combinational approach is to sensitize the cells or the immune system to
interfere in the different cancer signal pathways and processes. By disrupting cancer signals and
pathways, it is possible to trigger the concatenation of chemical responses in the cell [57]. Some
of the strategies involve the combination of drugs with genes/proteins that allow to: 1) increase
vascular permeability and facilitate drug penetration, 2) inhibit angiogenesis in tumor, 3) induce
apoptosis, 4) efflux transporter inhibitors, and 5) target tumor cells at the molecular level [153,
154]. The chemical responses to these approaches tamper angiogenesis or proteasomes to improve
therapeutic efficacy or raise the genetic barriers to minimize the potential risk of multi drug
resistance ( MDR ) development, thus attaining a synergistic therapeutic efficacy [155].

Wang et al. developed a core—shell biodegradable nanoparticles system through self-assembly of
cationic amphiphilic copolymers for simultaneous delivery of drugs and DNA or siRNA [156].

PTX, indomethacin, or pyrene were loaded in the hydrophobic core of nanoparticles, whereas
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plasmid DNA was assembled on the surface of the nanoparticle [156] . The co-delivery of
paclitaxel with an interleukin-12-encoded plasmid using these nanoparticles suppressed cancer
growth more efficiently than the delivery of either paclitaxel or the plasmid in a 4T1 mouse breast
cancer model [157]. Moreover, the co-delivery of paclitaxel with Bcl-2-targeted small interfering
RNA (siRNA) increased cytotoxicity in MDA-MB-231 human breast cancer cells [156].

Therapeutic proteins tend to be attached at the surface of the nanoparticle carrier to facilitate
specific recognition by the targeted cellular pathways. For example, liposomes were decorated
with a cell penetrating peptide (CPP-RH83) to target cancer cells [158]. Dox was loaded in the
liposomes core and the tumor necrosis factor related apoptosis-inducing ligand (TRAIL) was
encapsulated within the PAMAM dendrimer nanoparticles [159]. The results showed DOX-loaded
M-PAMAM complexed with TRAIL plasmid showed much stronger antitumor effect than M-
PAMAM containing DOX or TRAIL plasmid. Further, the treatment of mice bearing C26 colon
carcinoma with this developed co-delivery system significantly decreased tumor growth rate [159].
Similarly, Zhou and group developed a MSN-based codelivery system for targeted simultaneous
delivery of doxorubicin (DOX) and Bcl-2 small interfering RNA (siRNA) into breast cancer cells
[160]. The multifunctional MSNs (MSNs-PPPFA) were prepared by modification of
polyethylenimine—polylysine copolymers (PEI-PLL) via the disulfide bonds, to which a targeting
ligand folate-linked poly(ethylene glycol) (FA-PEG) was conjugated [161]. The multifunctional
nanocarrier has the ability to encapsulate DOX into the channels of MSNs, while simultaneously
carrying siRNA via electrostatic interaction between cationic MSNs-PPPFA and anionic siRNA.
The folate-conjugated MSNs showed enhanced cellular uptake in folate expressing MDA-MB-231

breast cancer cells. The delivery of Bcl-2 siRNA downregulated the Bcl-2 protein expression, and
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thus targeted codelivery of DOX and Bcl-2 siRNA by DOX@MSNs-PPPFA/Bcl-2 siRNA in
MDA-MB-231 cells induced greater cell apoptosis than singular DOX therapy [161] .
Multifunctional mesoporous silica nanoparticles (MSNPs) has been developed to overcome
doxorubicin (DOX) resistance in a multidrug resistant (MDR) human breast cancer xenograft by
co-delivering DOX and siRNA that targets the P-glycoprotein (Pgp) drug exporter. The Pgp
SiRNA selection from among a series of drug resistance targets was achieved by performing high
throughput screening in a MDR breast cancer cell line, MCF-7/MDR. Following the establishment
of an MDR xenograft model in nude mice, Meng et al demonstrated that a 50 nm MSNPs,
functionalized by a polyethyleneimine-polyethylene glycol (PEI-PEG) copolymer, provides
protected delivery of stably bound DOX and Pgp siRNA to the tumor site [162]. Compared to free
DOX or the carrier loaded with either drug or siRNA alone, the dual delivery system resulted in
synergistic inhibition of tumor growth in vivo. Analysis of multiple xenograft biopsies
demonstrated significant Pgp knockdown at heterogeneous tumor sites that correspond to the
regions where DOX was released intracellularly and induced apoptosis [162].

1.4.3. Combination of chemotherapy and photodynamic therapy.

With the development of new photosensitizers, this combinational approach has surfaced in past
few decades. PDT has been reported to reinforce chemotherapy or re-sensitize resistant tumors to
chemotherapy [163]. Wang and co-workers reported a chemo-PDT combinatorial therapies such
as hollow mesoporous silica nanocages loaded with DOX and hematoporphyrin
[164]. Hematoporphyrin molecules doped in the nanoparticles and allowed for PDT in addition to
DOX induced chemotherapy. The combination therapy combining exhibited synergy and high

therapeutic efficacy for cancer therapy in vitro [165].
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Juneja and co-workers demonstrated the ability of a stimuli-responsive polysilsesquioxane
(PSilQ)-based platform to co-deliver protoporphyrin IX (PS) and curcumin (chemotherapy agent)
and RNA interference inducers inside human cells [166]. This multimodal delivery system showed
a synergistic performance for the combined phototherapy and chemotherapy in triple-negative
breast cancer cells. The platform also demonstrated efficient transfection of nucleic acids and
constituted the first instance of using the PSilQ platform for the combined phototherapy and
chemotherapy and gene delivery. Zhang et. al. also reported a chemo-PDT platform using MSNs
co-loaded with Ce6 and cisplatin [167]. After 660 nm light irradiation (10 mW/cm?), the cellular
reactive oxygen species (ROS) level combination treated cells was elevated. As a result of these
properties, the chemo-PDT platform exhibited very potent anticancer activity against A549R cells,
giving a half-maximal inhibitory concentration (ICso) value for the combination therapy much
lower than that of cisplatin or PDT alone [167].

1.5. Outline of the dissertation

This thesis work describes three independent research articles dealing with the use of silica-based
nanoparticles (MSNs or PSilQ nanoparticles) for the effective treatment of cancer using chemo,
photodynamic, gene therapy or their combination.

Chapter 1 gives as an introduction to the different types of silica-based nanoparticles, explores the
basic concepts behind RNAIi and photodynamic therapies, and describes different combine
therapies where nanoparticles have play an important role.

Chapter 2 depicts the design, synthesis, and therapeutic performance of NANP-loaded mesoporous
silica nanoparticles (NANP-MS-NPs). This project took advantages of the capability of NANPs to
carry therapeutic siRNA and the ability of MSNs to transport anticancer drugs and genes. In

particular, the chemotherapeutic drug (Doxorubicin) and gene therapy (anti-Bcl2 dsRNA
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functionalized NANPs) were tested in this work. Feasibility of the combine therapy was evaluated
in cancer cells. Overall, this chapter shows the development of an MSN based gene silencing
platform and its extended applications.

Chapter 3 describes the synthesis, characterization, and cell death mechanism investigation of
protoporphyrin-loaded PSilQ NPs (PpIX-PSilQ NPs). The project explores the effect of PpIX-
PSilQ NPs in the cell death mechanism of cancer cells. Apoptosis and necrosis were investigated
as common mechanisms; however, a special emphasis was made on ferroptosis as a novel cell
death mechanism for PDT. This chapter demonstrated that cancer cells treated with PpIX-PSilQ
NPs also undergo cell death through ferroptosis.

Chapter 4 depicts the synthesis, characterization, and therapeutic performance of multifunctional
chlorine €6 loaded PSilQ NPs (Ce6-PSilQ NPs). This project also investigates the cell survival
impact of autophagy on PDT. Combine therapy nanoparticles that includes an autophagy inhibitor
(Dp44mT) were synthesized. Additionally, siRNA-based silencing of autophagy related gene
(p62/SQSTM1) in co-ordination with PDT was also tested. The combine therapy with Dp44mT
and Ce6-PSilQ NPs demonstrated an additive effect to improve the PDT outcome against cancer
cells.

Chapter 5 provides concluding remarks on the use of silica nanoparticles for multi-therapeutic
strategies with special emphasis on the projects described in Chapters 2-4; moreover, it the

describes future directions for each project.
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2. Combination of Nucleic Acid and Mesoporous Silica Nanoparticles:
Optimization and Therapeutic Performance In Vitro

Citation:
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Afonin K, Vivero-Escoto JL. Combination of Nucleic Acid and Mesoporous Silica
Nanoparticles: Optimization and Therapeutic Performance In Vitro. ACS Appl Mater Interfaces.
2020 Sep 2;12(35):38873-38886. doi: 10.1021/acsami.0c07106. Epub 2020 Aug 18. PMID:
32805923; PMCID: PMC7748385.

2.1. Introduction

RNA interference (RNAI) triggered by exogenous RNA duplexes has gained prominence as a
therapeutic specific gene silencing mechanism, and advances have demonstrated its utility in
treating complex diseases [8, 168] with already two therapies (Onpattro®[169] and
Givlaari™[170]) recently approved by FDA. RNAIi presents substantial opportunity as a
therapeutic procedure for intractable cancers by providing a massive number of targets that
conventional strategies do not render [23]. Although appealing as a therapeutic concept, clinical
positioning of RNAI therapies is hindered by inefficient delivery and immunotoxicity related
roadblocks. Nucleic acid nanoparticles (NANPS) present an alternative to traditional therapeutic
nucleic acids, adding an additional layer of customizability [15]. These complexes are composed
entirely of nucleic acids (DNA, RNA, or their analogs), and use rational design and the innate
structure of nucleic acids to assume a plethora of complex three-dimensional structures [171, 172].
The limitless possibilities of these unique structures allow for highly tunable properties including
size, charge, mass, thermodynamic and chemical stabilities, and multifunctionality of therapeutic
nucleic acids [74, 77-79, 81, 84, 173-176] as well as the potential to regulate their
immunostimulation [76, 177-185]. In addition to their roles of programmable scaffolds that
coordinate therapeutic nucleic acids, NANPs have the inherent ability to be used as logic gates and

biosensors, allowing for both therapeutic and diagnostic applications beyond the standards [73, 76,
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186-188]. Despite the promising advantages of NANP technology, there are several issues that
need to be overcome before their translation from benchtop to clinic such as poor resistance to
enzymatic degradation, inability to cross biological membranes, and the potential for deleterious
immune responses. Recently, our lab has demonstrated the use of polymeric and magnetic
nanoparticles as carriers for NANPs’ delivery and compared the stability and efficacy of various
NANP/delivery complexes [189, 190]. Both platforms were shown to efficiently protect and
deliver NANPs, confirming specific gene-knockdown by the released siRNA in various human
cancer cell lines. However, these systems are limited to the delivery of one type of therapeutic
agent — NANPs decorated with therapeutic nucleic acids and expanding the delivery platform
would make this approach amenable to a broader range of challenges. Therefore, there is the
critical need to develop delivery platforms that not only deliver NANPs, but also other therapeutic
agents such as conventional small molecule drugs. Mesoporous silica nanoparticles (MSNPs) are
an attractive alternative as a delivery vehicle for chemo, photo, and gene therapy. Several
advantages have been already demonstrated for the MSNPs platform as delivery system such as
biocompatibility, large surface area, and ability of multifunctionalization (e.g., therapeutic,
imaging and/or targeting agents) [2, 191-194]. MSNPs are ideal carriers for sSiRNAs because they
are efficiently internalized by mammalian cells, can be modified to protect the siRNA cargo from
enzymatic degradation, and can be engineered to escape from endosomes or lysosomes to release
their cargo into the cytoplasm [195-197]. Our group has previously developed silica-based
nanoconstructs as a strategy for the efficient transport and delivery of siRNA [166, 178, 198]. In
this project, the MSNPs shell is composed of polyethylene glycol (PEG)/polyethyleneimine (PEI)
to serve as the delivery vector for NANPs. Using similar platform, we have recently shown the

efficient transfection of siRNA for silencing of tenascin C in hepatic cells [198]. In addition, we
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have tested the platform’s potential as a delivery vector for fibrous NANPs carrying siRNA that
targets the green-fluorescent protein in human breast cancer cells [178]. Nevertheless, the
therapeutic performance and potential simultaneous co-delivery of NANPs with other therapeutics
using MSNs has not been demonstrated yet. Herein, we report on the synthesis, characterization,
optimization, and application in vitro of a nanoplatform that combines two promising
nanotechnologies, NANPs and MSNPs (NA-MS-NP). We evaluated the immunologic, safety, and
silencing performance of the NA-MS-NP system using different NANPs’ shapes, including
globular (cubic, cNANPSs), planar (ring, rNANPs) and fibrous (fiber, fNANPS). NA-MS-NPs
showed minimal immunostimulation with only the system containing globular NANPs activating
the interferon (IFN) production and toll-like receptor 7 (TLR7) pathways. NA-MS-NPs carrying
non-therapeutic NANPs are safe in vitro regardless of their shape, and the platform containing
fNANPs generated the highest silencing efficiency. Finally, we evaluated the combination effect
of the NA-MS-NP platform loaded with doxorubicin and targeting the anti-apoptotic BCL2 protein
in a triple negative human breast cancer (MDA-MB-231) and human melanoma (A-375) cell lines.
A significant co-operative therapeutic effect between doxorubicin and NANPs against BCL2 was

observed for melanoma cells.
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Figure 3 (A) Schematic representation for the fabrication of MSNPs and NANPs.
The surface of MSNPs were functionalized in a multi-step approach by grafting first
with phosphonate groups followed by coating with PEI and PEG polymers. Three
different types of NANP materials, globular (¢c(NANPs), planar (rNANPs) and
fibrous (fNANPs) were synthesized via one-pot assembly protocols. (B) Different
characterization techniques were used to confirm the fabrication of MSNPs, NANPs
and NA-MS-NPs. (C) In vitro experiments were carried out to validate cellular
uptake, gene silencing, assessment of cell growth and survival upon treatment with

synthesized NA-MS-NPs.
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2.2. Experimental
2.2.1. Synthesis of NANPs

RNA transcription was achieved by incubating DNA templates (containing T7 promoter regions)
at 37 °C with home-made T7 RNA polymerase, 100 mM DTT, and transcription buffer (400 mM
HEPES-KOH, 10 mM spermidine, 200 mM DTT, and 120 mM MgCl.) for 4 h. The reaction was
stopped with RQ1 DNase (Promega) for 30 minutes at 37 °C, and then purified with denaturing
gel electrophoresis (urea PAGE, 8M urea, 8% acrylamide) by extracting gel slices and eluting the
samples into 300 mM NaCl, 1x TBE overnight. On the following day, the samples were mixed
with 2x volume of 100% ethanol and chilled to -20 °C for a minimum of 3 h. The samples were
then spun at 14,000 x g for 30 min and the supernatant was disposed. An additional washing step
was performed by adding 90% ethanol, and centrifuging at 14,000 x g, followed by disposing of
the supernatant. Finally, the samples were dried using a SpeedVac concentrator, and then re-
suspended in double deionized endotoxin free water. The concentrations were measured using a

NanoDrop 2000.

The synthesis of all NANPs was completed using a “one-pot” assembly method [74]. Cubes and
rings (c(NANPs and rNANPs) both consist of six scaffold ssRNAs with 3’-side dicer substrate
antisense extensions and six complementary dicer substrate sense strands (appendix). Fibers
(fNANPs) consist of two with 3°-side dicer substrate antisense extensions and two complementary
dicer substrate sense strands (appendix). For cNANPs, the strands were mixed in equimolar
concentration and heated to 95 °C for two minutes, then cooled to 45 °C for another two minutes.
Afterwards, 5x assembly buffer (final concentration 89 mM tris-borate, 2 mM MgCl2, 50 mM

KCI) was added, and the solution was incubated at 45 °C for an additional 30 min. For rNANPs

and fNANPs, the strands were mixed in equimolar concentration and heated to 95 °C for two
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minutes, then cooled immediately on ice (~4 °C) for another two minutes. Afterwards, the 5x
assembly buffer was added, and the solution was incubated at 30 °C for 30 min. To confirm the
assembly of all structures, the NANPs were run in non-denaturing native-PAGE (8%, 37.5:1)

followed by ethidium bromide total staining.

2.2.2. Complexation of NA-MS-NPs
To enable NA-MS-NPs complexes formation, 0.1 mg of MSNPs were dispersed in 100 pL of 1x

assembly buffer (89 mM tris-borate, 2 mM MgCI2, 50 mM KCI) followed by slow addition of
either DNA/RNA duplexes or NANPs (cNANPs, rNANPs, or fNANPS) solution at a concentration
of 10 uM. Additional 1x assembly buffer was added to the mixture to make a final volume of 200
pL. The final solution was mixed by pipetting several times followed by incubation for 30 min at
room temperature. After that, NA-MS-NPs were separated from the dispersion by centrifugation
at 8-10k rpm and re-dispersed in 100 pL of 1x assembly buffer. The optimal N/P mole ratio of 10

was used for all the NANP-MSNP complexes fabricated in this work.

2.2.3. Characterization of NANPs, MSNPs and NA-MS-NPs
Atomic force microscopy (AFM) was used to investigate the morphology of the NANPs. Freshly

cleaved mica was modified with 1-(2-aminopropyl) silatrane (APS) according to established
protocol.[199, 200] Five microliters of the NANPs (1 uM) was deposited onto the mica surface
for two minutes. Unbound RNAs and excess salts were washed twice with 50 pL of deionized
water, and the mica surface was dried with argon gas. AFM imaging was done on MultiMode
AFM Nanoscope 1V system (Bruker Instruments, Santa Barbara, CA) in tapping mode. Images
were recorded with a 1.5 Hz scanning rate using a TESPA-300 probe, a resonance frequency of
320 Hz, and a spring constant of 40 N/m. Images were processed using FemtoScan Online

(Advanced Technologies Center, Moscow, Russia).
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The size and shape of the MSNPs were visualized using TEM (JEM-1230 TEM) operating at an
accelerating voltage of 80 kV. The samples for TEM were prepared by dispersing the MSNPs in
aqueous solution, and then deposited on a carbon-coated copper grid and air dried for at least 24
h. Particle size distributions were calculated by ImageJ based on a sample of at least 50 particles
from different images taken over different quartiles. The size is reported as the average + SD. The
hydrodynamic diameter of the nanoparticles was measured by dynamic light scattering (DLS)
using a Malvern Instrument Zetasizer Nano (red laser 633 nm). The equilibration time for each
sample was set to 3 min; and three measurements taken on each sample. The DLS measurements
were performed on dilute dispersion (0.1 mg/mL) of nanoparticles in 1 mM PBS. {-potential was
measured in phosphate buffer solution (0.1M) using the same equipment. Thermogravimetric
analysis was performed using a Mettler Toledo small furnace Thermo Gravimetric Analyzer. The
thermal degradation profiles were obtained for a heating rate of 1°C/min between 25 °C to 800 °C
followed by a 60 min hold at 800 °C. To determine the porous surface area and pore size the
nitrogen sorption isotherms were determined using Quantachrome Instruments Nova series surface
area and pore size analyzer. The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods were used to calculate the surface area and average pore diameter of the MSNPs,

respectively.

To image the NA-MS-NPs by TEM, a drop of the NA-MS-NP suspension (approx. 5 ulL) was
deposited on a lacey carbon-coated copper grid. Before the sample was completely dried, a drop
of the negative staining agent (Nano-W™) was added, followed by a second drop a minute later.
The sample was finally air-dried on the grid. Images were taken with a JEOL JEM 2100 LaB6
TEM. Particle size distributions were calculated measuring n=50 nanoparticles using ImageJ and

origin software, from different images taken at different quartiles and various magnifications.
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2.2.4. Nuclease degradation protection studies

To evaluate the ability of MSNPs to protect nucleic acids from enzymatic degradation, a dSDNA
carrying an Alexa Fluor 488 (Al488) fluorophore (5’ sense) and an lowa Black Quencher (3’ anti-
sense) were conjugated to MSNPs and treated with RQ1 DNase. MSNPs (0.33 mg/mL final) were
mixed with the labeled dSDNA (0.8 uM final) in a solution of 30 uL total following the protocol
described in section 2.2. To this solution, 3uL of RQ1 DNase was then mixed and the samples
were rapidly loaded into CFX96 RT-thermocycler where the temperature was held at 37° C. The
relative fluorescence was measured every 30 sec for 30 min using a Bio-Rad CFX96 Real-Time
System. As a positive control, DNA duplexes without MSNs in the presence of RQ1 DNase were

used.

2.2.5. Competitive assay to study the release of NANPs from NA-MS-NPs

NANPs and MSNPs were complexed at a N/P ratio of 10 for 30 minutes at room temperature
following the method described in section 2.2. After their attachment, aqueous heparin sulfate
(Sigma) was added to the solution at a nucleic acid:heparin ratio of 1:6 w/w and incubated at 370

C for 30 minutes. The samples were analyzed via a native-PAGE as described above.

2.2.6. Immune response by THP1-Dual™ cells and HEK-Blue™ hTLR 3 or 7 cells

THP1-Dual™ cells (InvivoGen) engineered to express SEAP upon NF-kB stimulation and
luciferase upon IRF stimulation were seeded at 40,000 cells per well in a 96 well-plate. The cells
were then transfected with NA-MS-NPs for a final concentration of 50 nM NANPs. To measure
their relative immunostimulation, 24 h post transfection, 20 pL of cell supernatant was mixed with
180 uL of prepared QUANTI-Blue™ solution (InvivoGen) and incubated for 75 minutes at 37 °C.

The absorbance at 620 nm was then measured using a plate-reader to quantify NF-xB stimulation.
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For IRF stimulation, 20 pL of suspension media was mixed with 50 uL of prepared QUANTI-

Luc™ gsolution, and the luminescence was measured immediately using a plate-reader.

HEK-Blue™ hTLR 3, 7, and 9 cells (InvivoGen) were used to assess contribution from specific
nucleic acid receptors in detecting NA-MS-NPs. HEK-Blue™ hTLR 3 or 7cells were plated in a
96 well plate at a density of 40,000 cells per well and allowed to adhere overnight. The next day,
the cells were treated with various NA-MS-NPs (50 nM NANPs) and incubated for 24 h at 37 °C
and 5% CO. atmosphere. Then, 20 pL of cell supernatant was mixed with 180 pL. of QUANTI-
Blue™ solution and incubated for 75 minutes at 37° C and 5% CO atmosphere. The absorbance
at 620 nm was measured to quantify the activation of the respective TLRs. Positive controls such

as Poly I:C and R848were used for TLR 3, and 7, respectively.

2.2.7. Cellular uptake of NA-MS-NPs
For this study, fluorescein-labeled MSNs (FI-MSNPs) and Alexa546 labeled NANPs were used.

Flow cytometry was utilized to evaluate the uptake of the Alexa546-labeled NA-FI-MS-NPs in
MDA-MB-231 cells. These cells were cultured in 24-well plate at a density of 2 x 10* cells per
well in 0.5 mL medium and incubated for 24 h at 37 °C and 5% CO> atmosphere. Alexa546-labeled
NA-FI-MS-NPs (0.5 mL) were added to the cultured cells at a concentration of 30 pg/mL, and
incubated for 24 h at 37 °C and 5% CO2 atmosphere. Afterwards, the cells were washed,
trypsinized and collected for analysis in the flow cytometer (BD LSR Fortessa™ cell analyzer)
using mean FL-1 (Green channel), and FL-2 (Red channel) for fluorescein and Alexa546

fluorescence, respectively. Free Alexa546-labeled NANPs were also evaluated as control samples.
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2.2.8. Cellular uptake and intracellular localization of Alexa546-labeled dsDNA
complexed with MSNPs

A similar protocol as described in section 2.7 was used to analyze the internalization of Alexa546-
labeled dsDNA-FI-MS-NPs by flow cytometry. To evaluate the temperature-dependent
mechanism of uptake associated to Alexa546-labeled dsDNA and FI-MSNPs in MDA-MB-231
cells. These cells were cultured in 24-well plate at a density of 2 x 10* cells per well in 0.5 mL
medium and incubated for 24 h at 37 °C and 5% CO> atmosphere. Alexa546-labeled dsDNA-FI-
MSNPs (0.5 mL) were added to the cultured cells at a MSNPs concentration of 10, 20 or 30 pg/mL,
and incubated for 4 h at 37 °C or 4 °C and 5% CO> atmosphere. Afterwards, the cells were washed,
trypsinized and collected for analysis in the flow cytometer (BD LSR Fortessa™ cell analyzer)
using mean FL-1 (Green channel), and FL-2 (Red channel) for fluorescein and Alexa546
fluorescence, respectively. Free and Alexa546-labeled dsDNA loaded to commercial

Lipofectamine 2000 (L2K) were used as controls.

For confocal laser scanning microscopy, MDA-MB-231 cells were seeded on a coverslip placed
in 6-well plates at a density of 5 x 10* cells per well in 2 mL of DMEM and incubated at 37 °C in
5% CO- atmosphere for 24 h. After removing the culture medium, the cells were incubated with
Alexab46-labeled dsDNA-FI-MSNPs at MSNPs concentration of 10 pug/mL in 2 mL of complete
media for 24 h. Then, cells were washed three times with cold phosphate buffer solution. The cell
nuclei were stained with DAPI and incubated for 15 min at 37 °C. All microscopy images were

acquired using an Olympus Fluoview FV 1000 confocal laser scanning microscope.

To determine intracellular localization, MDA-MB-231 cells were seeded on a coverslip placed
in 6-well plates at a density of 5 x 10° cells per well in 2 mL of DMEM and incubated at 37 °C in

5% CO, atmosphere for 24 h. IR700-labeled dsDNA-FI-MSNPs (2 mL) were added at a
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concentration of 10 pg/mL and incubated for another 6 h at 37 °C and 5% CO. atmosphere. Cells
were washed twice with PBS and were further incubated with either CellLight® Early Endosomes-
RFP or CellLight® Late Endosomes-RFP (Molecular Probes, Invitrogen, USA) for the labeling of
early or late endosomes, respectively. First, the appropriate volume of the CellLight® reagent was
calculated for the number of cells using the following formula according to the manufacturer
manual (https://www.thermofisher.com/order/catalog/product/C10589#/C10589):

(number of cells x desired PPC)

Volume of CellLight® reagent (mL) = (1x108CellLight® particles/mL)

Where the number of cells is the estimated total number of cells at the time of labeling, PPC is
the number of particle per cell, which is 30 for this experiment, and 1x10°® is the number of particles
per mL of the reagent. Using the previous formula, it was determined that 90 pL of either
CellLight® Early Endosomes-RFP or CellLight® Late Endosomes-RFP reagent was then added
to the cells in complete cell media (2 mL) and swirled gently. The cells were further incubated for
16 h at 37 °C and 5% CO atmosphere. Then, the microscopy images were acquired using

Olympus Fluoview FV 100 confocal laser scanning microscope.

2.2.9. Specific gene silencing

MDA-MB-231/GFP cells expressing green fluorescent protein (GFP) (Biolabs, Inc.) for both flow
cytometry and microscopy experiments were treated with NA-MS-NPs, where all NANPs were
functionalized with Dicer substrate (DS) RNAs against GFP. For analysis with flow cytometry,
MDA-MB-231/GFP cells were grown in 12-well plates at a concentration of 2 x 10* cells per well
for 24 h at 37 °C in 5% CO; atmosphere. The cells were transfected with NA-MS-NPs with a
NANPs concentration of 50 nM (ratio N/P=10) and incubated for 72 h at 37 °C (5% CO>). DS

RNAs targeting GFP loaded to MSNPs (dsSRNA-MS-NPs) were used as control. After the
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incubation time, the cells were washed with phosphate buffer solution twice to remove particles
which are not taken up. Cell dissociation buffer (100 pL) (Gibco) 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 GFP expression was determined by flow cytometry
(BD Bioscience) with at least 15,000 events collected and analyzed using the Cell quest software.

The data is reported in terms of percentage of GFP silencing.

For microscopy analysis, MDA-MB-231/GFP cells were seeded in a 24-well plate at a density
of 1 x 10* cells per well in 0.5 mL complete medium and incubated for 24 h at 37 °C and 5% COs.
The cells were then exposed to NA-MS-NPs at a NANPs concentration of 50 nM (ratio N/P=10)
and incubated for 72 h at 37 °C in 5% CO> atmosphere. DS RNAs targeting GFP loaded to MSNPs
(dsSRNA-MS-NPs) were used as control. 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).

2.2.10. Cytotoxicity of NA-MS-NPs

Non-functional NANPs were assembled to evaluate the cytotoxicity of NA-MS-NPs in the absence
of therapeutic DS RNA. MDA-MB-231 cells were seeded at a density of 5 x 102 cells per well in
a 96 well plate and incubated for 24 h at 37 °C and 5% CO, atmosphere. Cells were then treated
with DS RNAs, and DS RNA functionalized fNA-, rNA-, cNA-MS-NPs or DOX-MSNPs at
concentrations of 10, 20, 30 or 50 pg/mL and incubated for 48 h at 37 °C and 5% CO2 atmosphere.
Then, the cell media was removed, the treated cells were washed twice with PBS, and 100 pL of
fresh complete media was added to the wells. Cells were incubated for another 24 h at 37 °C and

5% CO2 atmosphere. Later, all cells were washed with PBS and replenished with 100 pL of fresh
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media and 20 uL of MTS solution. Following 2.5 h of incubation at 37 °C and 5% CO,, the
cytotoxicity was assessed by measuring the relative absorbance of the treatment groups with
respect to non-exposed cells at 490 nm using a micro-plate reader. Cytotoxicity analysis for A-375
cells was carried out using a similar protocol. For A-375 cells, an initial seeding density of 2 x 103

cells per well and complete DMEM cell culture media was used.

2.2.11. Evaluation of combined therapy

To evaluate gene silencing efficiency in combination with chemotherapy, DOX-MSNPs were
loaded with either just DS RNAs designed to target BCL2 protein, or DS RNA functionalized
fNANPs. A-375 cells were seeded at a density of 2 x 10° cells per well into 96 well plates and
incubated for 24 h at 37 °C and 5% CO; atmosphere. dsSDNA or non-functional fNANPs both
loaded to DOX-MSNPs were employed as control materials. A-375 cells were transfected with
MSNP at a concentration of 10, 20, 30 or 50 pg/mL. After incubation for 48 h at 37 °C and 5%
COg, the cell media was removed, the treated cells were washed twice with PBS, and 100 pL of
fresh complete media was added to the wells. After 24 h of incubation at 37 °C and 5% CO:
atmosphere, all wells were washed with PBS and replenished with 100 pL of fresh media and 20
uL of MTS solution. Following 2.5 h of incubation at 37 °C and 5% COg, the cytotoxicity was
assessed by measuring the relative absorbance of the treatment groups with respect to non-exposed
cells at 490 nm using a micro-plate reader. Combination therapy was also carried out for MDA-
MB-231 cells using the same protocol, but with an initial seeding density of 5 x 102 cells per well

and RPMI cell culture media.

2.2.12. Statistical analysis

All the data in the manuscript is reported as mean + SD unless mentioned otherwise. For the

nanoparticle size analysis using TEM, 160 nanoparticles were analyzed using Image J. The
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hydrodynamic size, C-potential, and Kaiser’s test were performed in triplicates or more. The
amount of DOX loaded was analyzed in triplicates using different batches of nanoparticles.
Immune response experiments were carried out in triplicate, and statistical analysis was performed
using a One-way ANOVA, followed a Tukey’s multiple comparison test. Cellular uptake using
flow cytometry was evaluated with a minimum of 5000 gated cells and quantified in triplicates.
The statistical analysis was performed with One-way ANOV A using Tukey’s multiple comparison
test. For the cell viability studies, the GraphPad prism was used to calculate the ECsg values (n=3).
Statistical analysis was done by One-way ANOVA using Tukey’s multiple comparison test. All
the statistical analysis was performed using GraphPad Prism (v8.2.0) with a p-value < 0.05 was

considered to be statistically significant.

2.3.Results and discussion
2.3.1. Synthesis and Characterization of MSNPs

Our group and others have demonstrated the tremendous potential of MSNPs for delivering a wide
variety of therapeutic and imaging agents [198, 201-203]. The versatility of this delivery platform
relies on MSNPs’ high surface area, tunable surface chemistry, biocompatibility and well-defined
pore structure. To promote the delivery of nucleic acid-based materials, we have previously
reported on a multistep synthetic approach, modifying the surface of MSNPs with
polyethyleneimine (PEI) and polyethylene glycol (PEG) polymers (Error! Reference source not f
ound.).[178, 198] Herein, we used this platform for delivery of NANPs. The physicochemical
properties of the MSNPs were fully characterized and are shown in the supporting information
(Figure 10and Table 1). As expected, the as-made MSNPs are spherical in shape with a diameter
of 41 + 3 nm (n = 50) according to TEM, a hydrodynamic diameter of 73 £ 1 nm (n=5) and a
highly negative surface charge of -50 £ 4 mV (n=5). The MSNPs presented a high surface area of

638 m?/g and pore diameter of 2.2 nm as determined using the nitrogen sorption isotherms. After
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functionalization with PEI and PEG polymers, a dramatic shift in the {-potential value from
negative (-50 £ 4 mV) to positive (+14 £ 1 mV) values was observed. In addition, a slight increase
in the hydrodynamic diameter to 118 £ 10 nm (n=5) was also determined. Both thermogravimetric
analysis and Kaiser’s test confirmed the presence of the polymers with a weight loss of 20.3 £ 1.5
and 28.1 £ 0.9 % wt, and the presence of primary amine groups with amounts of 1861 + 545 and

1207 + 327 nmol/mg, after modification with PEI and PEG, respectively (Table S1).

To prepare the DOX-loaded PEG-PEI-MSNPs, DOX molecules were loaded into non-
functionalized MSNPs under acidic conditions, which enhance the electrostatic interaction
between non-functionalized MSNPs and DOX molecules. Non-functionalized MSNPs’ surface is
negatively while DOX is positive charged due to the primary amine group in its structure [204].
This approach resulted in a high DOX loading amount of 16.7+1.6 % wt (n=3) for the final DOX-
loaded PEG-PEI-MSNPs, which is similar to what has been previously reported for MSNP
materials [205]. Unless stated otherwise, PEG-PEI-MSNPs and DOX-loaded PEG-PEI-MSNPs

are referred as MSNPs and DOX-MSNPs in the rest of the manuscript for simplicity.

2.3.2. Optimization of nucleic acids binding to MSNPs, pH-dependent release and
enzymatic stability

All initial optimization experiments in solution were performed using Alexa 488-labeled DNAs
rather than NANPs. The binding between nucleic acid material and MSNPs relies on the
electrostatically interaction between the negatively charged phosphate groups (P) of nucleic acids
and positive amine groups (N) on the MSNPs [178, 206]. First, we determined the optimal N/P
ratio for our system by gel electrophoresis varying the N/P ratio from 1 to 40 (Error! Reference s
ource not found.). Fluorescently labeled with Alexa488 dye DNA duplexes (DNA-Alexa488) that

are not complexed with MSNPs migrated freely through the gels, while the mobility of the
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duplexes electrostatically complexed with MSNPs was limited. We found out that for N/P ratios
larger than 10, there is a complete binding between the DNA-Alexa488 and MSNPs as indicated
by the lack of the free DNA-Alexa488 band. This result was further corroborated by the lack
fluorescence signal in the supernatant after centrifugation of the DNA-Alexa488-MSNP material
(Error! Reference source not found.). Previous reports have shown that N:P ratios > 8 for this M
SNP platform provide optimal electrostatic interactions [206]. Therefore, we chose to use N/P ratio

of 10 for this work since it shows strong binding and maximum loading of nucleic acids.

We also investigated the MSNPs ability to protect nucleic acids from enzymatic degradation using
a fluorescently quenched duplexes assembled form DNA strands tagged with an Alexa 488
fluorophore at the 5’-side and complementary strands with Iowa black quencher on the 3’-side.
These DNA duplexes are treated with RQ1 DNase. If there is not enzymatic protection, the
degradation of the duplexes and further spatial separation of fluorophore and quencher would lead
to activation of the fluorescence signal. However, in the absence of degradation, the close
proximity of the lowa Black completely would quench the fluorescence of Alexa 488 [189]. The
DNA duplexes were complexed with MSNPs and treated with RQ1 DNase (Error! Reference s
ource not found.). MSNPs successfully protected DNA duplexes from DNase degradation, as
evidenced by the minimal increase in fluorescence. Control experiment with only DNA duplexes

treated with DNase showed a dramatic increase in fluorescence signal.

Our data demonstrated that MSNPs can efficiently complex with and protect nucleic acids from
nuclease degradations. Nevertheless, it is also important to show that the nucleic material is
released once it reached the desired site inside the cells. We hypothesized that the release of nucleic
acids from MSNPs can be triggered by lowered pH such as the one found in endosomes or

lysosomes. To test this hypothesis, we evaluate the release of DNA-Alexa488 loaded to MSNPs
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in buffer solutions at pH 5.2, and 7.4. There is a remarkable release of about 60% of DNA-
Alexa488 compare with the sample at pH 7.4 (Figure 11. pH-dependent release of DNA-Alexa488
from MSNPs. The release of DNA-Alexa488 was measured in solution by using a fluorescence
spectrometer at two different pHs; pH = 7.4 (circles) and pH = 5.2 (squares).. This pH-responsive
release can be explained by the disruption of the interaction of the phosphonate groups in the
backbone of the RNA or DNA and the amine groups in the PEI polymer in the presence of protons

at acidic pH [64].
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Figure 4 A) Gel electrophoresis shows the binding effect of DNA-Alexa 488 to
MSNP at various N:P ratios. The presence of the green band indicates the decrease
in electrostatic complexation of DNA-Alexa488 to the MSNPs at lower N/P ratios.
(B) The strong binding at N/P = 10 was corroborated by analyzing the DNA
duplexes remaining in the supernatant solution after the binding with MSNs. (C)
The treatment of DNA duplexes with quenching pair Alexa488 and Iowa Black with
and without MSNP conjugation confirms the protection from nuclease activity.

2.3.3. Formation of NA-MS-NPs and NANPs’ integrity studies upon their release from
NA-MS-NPs.

Three representative NANPs (globular cNANPs, planar rNANPs, and fibrous fNANPS) were all
synthesized via one-pot assembly under the same buffer conditions. cNANPs are formed via
intermolecular Watson-Crick base pairing [176], while rNANP and fNANP designs both are
assembled via initial intramolecular formation of Watson-Crick base pairings that facilitates

magnesium-dependent intermolecular kissing loop interactions (Error! Reference source not f
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ound.) [84]. Each structure has the capacity to carry several DS RNAs against a specific target
gene such as GFP or BCL2. The assembly of the different NANPs are achieved by mixing
equimolar amounts of the constituent strands and undergoing a process of heating and cooling,
outlined in detail in the methods section. To assess the formation of the NANPs, AFM and gel
electrophoresis were carried out, demonstrating their morphologies and monodispersity. AFM
micrographs clearly showed the formation of each anticipated NANP, while the single band

observed in native-PAGE demonstrated their monodisperse assemblies.
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Figure 5 Physical characterization of both NANPs and MSNPs. (A) Atomic force
microscopy images and electro mobility shift assays of GFP functionalized NANPs
demonstrates uniformity and morphology. (B) Transmission electron microscopy
images demonstrate size, shape and distribution of NA-MS-NPs. (C) Complexation and
release of NANPs from MSNP demonstrate by competitive binding with heparin.
NANPs are released and stay intact post complexation with MSNPs.
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The formation of the NA-MS-NPs relies on the electrostatic interaction between the negative
charge associated to the phosphate backbone of NANPs and the positive charged of MSNPs. Based
on our optimization experiments described above, we maintained the same N/P ratio of 10 for the
assembly of NA-MS-NPs. TEM was used to visualize the NA-MS-NPs after staining the material
with a solution of organo-tungstate. Tungstate based compounds are commonly used for negative
stain EM which is accessible and convenient approach. The negative staining works by heavy
metal compounds embedded in a thin layer of biological macromolecule likes proteins or nucleic
acids highlighting their morphology [207, 208]. The TEM images for the NA-MS-NPs depicted a
denser surface from the negative staining as an indication of the presence of NANs on the surface
of the MSNs (Error! Reference source not found.). However, we were not able to distinguish the d
ifferent morphology or shapes of the NANs which can be attributed the drawbacks of negative
stain EM. Though negative stain EM is easy, the drying process involved can cause collapse or

denaturing of the biological or macromolecules.

To determine the ability of MSNPs to deliver intact NANPs, a heparin competition assay was
carried out in order to disrupt the electrostatic interactions between NANPs and MSNPs [189].
The highly negative charge of heparin outcompetes the NANPs binding with MSNPs, resulting in
the release of the NANPs. Gel electrophoresis was used to evaluate the release of the NANPs
(Error! Reference source not found.). The native-PAGE image clearly shows that the bands, ¢
orresponding to either cNANPs or rNANPs after their release from MSNPs in the presence
heparin, travel similar distance as the original NANSs. This is a clear demonstration that MSNPs
can effectively carry and release NANPs without affecting their morphology. Due to the size of

fNANPs and their inability to enter the gel, they were not evaluated using this technique.
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2.3.4. Immunostimulation by NA-MS-NPs in vitro

Recently we discovered that when NANPs are used with the delivery agent, the dimensionality,
size, and composition of NANPs dictate their immunostimulatory properties [76, 177, 178, 181,
182, 189]. Therefore, we characterized the immunostimulatory effects of NA-MS-NPs. We used
human monocytic cells, THP1-Dual (InvivoGen), engineered to express secreted alkaline
phosphatase (SEAP) and luciferase in response to NF-kB and IRF stimulation, respectively. We
also utilized HEK-Blue hTLR cells to address the contribution from specific receptors. These
model systems present a simple and straightforward way to measure immune signaling from
nucleic acids. Poly I:C and R848, known inducers of immune response, were used as positive
control in these studies. We observed differential immune stimulation for MSNPs carrying
different NANPs containing DS RNA against GFP. Specifically, MSNPs modified with cNANPs
elicited the greatest response in THP1-Dual cells in the IRF pathway, exhibiting the highest
production of interferons, consistently with previous results (Error! Reference source not found.)
ADDIN EN.CITE [181, 189]. Both TLR3 and 7 are responsible for RNA detection in endosomal
compartments, with TLR3 recognizing dsSRNA and TLR7 ssRNA detection [209]. Our data show
that all the NA-MS-NPs generated a response in HEK-Blue hTLR3 cells; however, MSNPs by
themselves also initiated an immune response, which was not predicted with this cell line (Error!
Reference source not found.). Upon contacting the manufacturer, it was determined that the HEK-
Blue hTLR3 cells express (lower) endogenous TLRS, which can be activated by PEI [210, 211].
Furthermore, the NF-kB stimulation in the THP1-Dual cells may be also attributed to the presence
of PEI on the nanoparticles (Error! Reference source not found.). Moreover, cNA-MS-NPs were
able to activate TLR7, while the other NA-MS-NPs were not (Error! Reference source not found.).
Additionally, these cNA-MS-NPs were demonstrated to provoke an interferon response (Error!

Reference source not found.). This particular performance of cNANPs has already been observed
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for polymeric delivery agents [212]. These results demonstrate that not only the immune response
of NANPs is important to be determined, but also the one associated to the carrier can have a major
impact in the overall immune response of the nanocomplex. Interestingly, this concept also adds
an additional layer of customizability for the therapeutic activity of NA-MS-NPs. Wherein the
NANPs can be used as both a traditional therapeutic (RNA1, aptamer, anti-sense, etc.) and as an

adjuvant, MSNPs can also be customized to produce its own additive immune response.
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Figure 6 Immunostimulatory properties of MSNs carrying GFP functionalized NANs
treated in (A) HEK-Blue hTLR3, (B) HEK-Blue hTLR 7, (C) HEK-Blue hTLR 9, and
(D) THP1-Dual cells demonstrate the cellular pathways which are activated by different
NANPs. Statistics: One-way ANOVA using Tukey’s multiple comparison test was
performed between different groups determine the statistical difference. * p<0.05.
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2.3.5. Cellular uptake and co-localization studies for dsDNA loaded MSNPs

Our group and others have already demonstrated the ability of MSNPs to deliver nucleic acid
materials [178, 195, 198]. Nevertheless, in this work for the first time, we are showing the delivery
of NANPs with different shapes using MSNPs. To carry out these experiments NANPs and
MSNPs were labeled with Alexa546 and fluorescein, respectively. Flow cytometry was used to
determine the efficiency of internalization of the Alexa546 labeled-NA-FI-MS-NPs in MDA-MB-
231 cancer cells. The flow cytometry data show comparable internalization of all NA-FI-MS-NPs
regardless of the NANPs’ morphology (Error! Reference source not found.). These results show t
hat MSNPs can efficiently deliver NANPs regardless of the shape. Previous reports have shown
that in the case of polymeric nanoparticles the shape is an important factor for their internalization
[213]. However, it appears that this is not the case for the NA-MS-NPs, most likely due to the
strong electrostatic interaction between both nanoparticles. Control experiments of NANPs in the

absence of delivery vector show no internalization of nanoparticles (Figure 12).

We performed a deeper investigation on the cellular uptake and co-localization of MSNPs in
MDA-MB-231 cells. For cost efficiency, these experiments were carried out using Alexa 546-
labeled dsDNA rather than NANPs. Similar to the results found for NA-MS-NPs, the flow
cytometry data showed that both the Alexa546-labeled dsDNA and FI-MSNPs are efficiently
internalized by MDA-MB-231 cells (Error! Reference source not found.). Control experiments w
ith Alexa546-labeled dsDNA in the absence of FI-MSNPs showed no internalization of DNA
(Figure 12). These data were further confirmed by confocal microscopy. Confocal images show
the presence of FI-MSNPs (green) and Alexa546-labeled dsDNA (red) inside the cells. It is clear
after merging the green and red channels with the DIC that most of the Alexa546-labeled dsDNA

loaded FI-MSNs (yellow) has been internalized by the cells (Error! Reference source not found.). T
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his is convincing evidence that the MSNPs successfully carried the dsDNA across the cell
membrane. In addition, we detected spots in the micrographs where the green and red fluorescence
do not completely overlap, which can be indicative that dsSDNA has been released from the MSNs
(Error! Reference source not found.). As described above, we hypothesize that the main m
echanism to account for the release of dsDNA is the displacement of dSDNA driven by acidic pH

in organelles associated to the endolysosomal pathway.[63]
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Figure 7 MDA-MB-231 cells uptake of Alexa546-labeled NANPs or dsDNA
loaded to MSNPs. (A) Mean fluorescence intensity associated to NANPs (gray) and
MSNPs (black) obtained from flow cytometry experiments. (B) Mean fluorescence
intensity associated to dsDNA (gray) and MSNPs (black) at different concentration
of the nanoparticle complex obtained from flow cytometry experiments. (C)
Confocal micrographs of MDA-MB-231 cells inoculated with Alexa546-labeled
dsDNA loaded MSNPs (10 ng/mL). The cell nuclei are observed in the blue channel
after staining with Hoechst 33342 (C1). The fluorescence in the FITC (green)
channel (C2) indicates the localization of MSNPs. The fluorescence in the TRITC
(red) channel shows the presence of Alexa546-labeled dsDNA (C4). The merged
micrographs (C4 - C5) show the colocalization and localization of Alexa546-
labeled dsDNA loaded MSNs inside MDA-MD-231 cells. The insets in (C6 - C7)
clearly demonstrates the release of Alexa546-labeled dsDNA from MSNPs. Scale
bar =40 pm.
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MSNPs have already been shown to be internalized through endocytic mechanisms and to be
trafficked by the endolysosomal pathway [214]. A temperature-dependent experiment was carried
out to evaluate whether the internalization of Alexa546-labeled dSDNA loaded FI-MSNPs follow
an energy-dependent or passive mechanism. Supporting Figure 13 shows that the internalization
of Alexa546-labeled dsDNA loaded FI-MSNPs is reduced under low temperature (4 °C) when
compared to physiological temperature (37 °C), thus confirming that these complexes are indeed

uptaken by the cells through endocytic pathways [215].

Figure 8 Confocal micrographs of MDA-MB-231 cells inoculated with NIR700-
labeled dsDNA loaded MSNPs (10 pg/mL). The fluorescence in the FITC (green)
channel indicates the localization of MSNPs. The fluorescence in the TRITC (red)
channel shows the labeling of organelles; CellLight® Early Endosomes-RFP (A),
CellLight® Late Endosomes-RFP (B) or Lysotracker (C). The presence of Alexa546-
labeled dsDNA is indicated in purple. The merged micrographs show the co-
localization and localization of IR700-labeled dsDNA loaded MSNPs inside MDA-
MD-231 cells. The insets clearly demonstrate the escape from endosomes/lysosomes
and the release of IR700-labeled dsDNA from MSNPs. Scale bar = 10 um.
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To determine the colocalization of dsSDNA duplexes loaded to MSNPs inside the cells; early-,
late-endosomes or lysosomes were stained using CellLight® Early Endosomes-RFP, CellLight®
Late Endosomes-RFP or Lysotracker, respectively. For this experiment, to avoid any overlap with
the organelle markers, DNA duplexes were labeled with IR700 fluorophore (IR700-labeled
dsDNA). Confocal micrographs showed that FI-MSNPs are co-localized with early-, late-
endosomes or lysosomes (Error! Reference source not found.). However, a major localization is o
bserved with lysosomes (Error! Reference source not found.). In several instances, nanoparticles
were not co-localized with any of the organelles as an indication of endolysosomal escape, most
likely due to the so-called “proton sponge effect” associated to PEI polymers [63]. Moreover,
similar to what was shown above, the release of IR700-labeled DNA duplexes is also corroborated
in these experiments. Overall, these results corroborate that the nanoconstructs are efficiently
endocytosed by the MDA-MB-231 cells, transport through the endolysosomal pathway, escape
from endosomes/lysosomes most likely due the “proton sponge effect” and deliver DNA duplexes

in the cytoplasm.

2.3.6. Specific gene silencing
We have previously demonstrated that NANPs functionalized with DS RNA against GFP silence

its expression when transfected into GFP expressing human cell lines using magnetic nanoparticles
or polymeric micelles [189, 190]. In this work, we assessed the NA-MS-NPs silencing efficacy
using MDA-MB-231 cell line modified to overexpress GFP. NANPs were functionalized with
RNA duplexes against GFP. In these experiments, NA-MS-NPs depicted silencing-dependent
efficacy based on the shape of NANPs (Figure 9). The fNANPs and DS RNAs showed the higher
knock-down efficiency against GFP with 54% and 68% silencing, respectively when compared to

other NA-MS-NPs (One-way ANOVA, p <0.05). In the case of cNANPs and rNANPs, a silencing
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efficiency of 40% and 33% was determined, respectively. Previous report using polymeric
micelles or magnetic nanoparticles as vectors did not show differences in GFP silencing efficiency
depending on NANPs’ dimensionality [189, 190]. Considering that based on our results all NA-
MS-NPs internalize the cells with a similar efficiency and all NANPs carry equal number of DS
RNAs; the different in silencing found in this study is most likely due to differences in electrostatic
binding between NANPs and MSNPs, which can influence the intracellular release of NANPs. We
hypothesize that cNANPs and rNANPs are likely to have stronger bindings to MSNPs than
fNANPs or DS RNAs. A stronger electrostatic binding will result in fewer released NANPs, which

will impact their processing by Dicer and final knock-down of the target protein.

Fluorescence microscopy was further used to confirm the results obtained by flow cytometry.
Our negative control experiment depicted a higher population of MDAMB-231/GFP cells
expressing green fluorescent protein, which is silenced after transfection with NA-MS-NPs (Figure
9). The fluorescence micrographs clearly showed a significant reduction in the expression of GFP
after transfecting MDA-MB-231/GFP cells with NA-MS-NPs. Based on our experimental results,

fNANPs are the most efficient for gene silencing with reduced immunostimulatory effect.
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Figure 9. (A) Percent GFP expression post treatment with DS RNA using MSNPs
obtained using flow cytometry. (B) Fluorescence microscopy imaging for GFP
gene silencing in MDA-MB-231 cells/GFP. Controls cells bright field and no
treated. Cells treated with anti-GFP NA-MS-NPs. Scale bar = 400 pm.
Cytotoxicity results of anti-BCL2-fNA-DOX-MS-NPs (gray/stripes), anti-BCL2-
RNA-DOX-MS-NPs (light gray/stripes), non-functionalized fNA-DOX-MS-
NPs (gray), non-therapeutic dsSDNA-DOX-MS-NPs (light gray), and DOX-MS-
NPs (dark gray) at a concentration of 10 pg/mL for A-375 cells (C) and 50 pg/mL
for MD-MB-231 cells (D). Statistics: One-way ANOVA was performed between
different groups determine the statistical difference. ****p<0.0001, ***p<0.001,
** p<0.01, and * p<0.05.
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2.3.7. Combination therapy using fNA-MS-NPs

Despite all the advantages of using NANPs for RNAI therapy, only few reports of co-delivery of
NANP/chemotherapeutic drugs have been published [75, 216, 217]. Among different nanocarriers,
MSNPs have shown remarkable features for the efficient co-delivery of siRNA/chemotherapeutic
drugs. This platform has been successfully administered as effective gene delivery vector in
different cancer models [154, 218]. As a proof of principle to demonstrate the therapeutic ability
of the NA-MS-NPs for combined therapy, silencing of anti-apoptotic gene BCL2 in combination
with doxorubicin (DOX) were used. BCL2 is an attractive oncogene target because it activates the
cellular antiapoptotic defense, which is one of the main mechanisms of cancer resistance [219].
Inhibition of BCL2 enhances the sensitivity of cancer cells to standard therapies [220], hence the
importance of this gene as a potential therapeutic target in various human cancers. DOX, which is
part of the family of anthracyclines drugs, mainly acts as DNA intercalator that triggers apoptosis.
Therefore, by combining NANPs that target the synthesis of BCL2 protein with DOX, we

anticipate having a major impact on cell survival [221-223].

To evaluate the combination therapy of DOX and RNAI inducers targeting BCL2 using the NA-
MS-NPs, MDA-MB-231 and A375 cell lines were used. MDA-MB-231 is a triple negative breast
cancer cell line and A375 is a skin cancer cell line that overexpresses BCL2 [224, 225]. First, to
rule out the possibility of any cytotoxicity associated to non-functionalized NANPs loaded to
MSNPs, the viability of these cells in the presence of the nanoconstructs was tested using the MTS
assay. The results showed a slight cytotoxicity due to carrier at the tested concentrations, but no
differences in growth inhibition for the non-functional NA-MS-NPs as an indication that the
NANPs do not play a role on the cytotoxic of both cell lines (Figure 14). In addition, we also

evaluated any possible synergy between the non-functionalized NANPs with DOX-MSNPs. The
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cell viability results showed that the growth inhibition is only associated to therapeutic effect of

DOX but does not dependent on the NANPs (Figure 15).

Our viability results demonstrated that there is no cytotoxic effect associated to the
dimensionality of NANPs. Therefore, the fNANS, that have reduced immunostimulation effect and
higher gene silencing as compared with other NANPs, were selected for the combined therapy. To
test the combination therapy of BCL2 silencing and DOX in A375 and MDA-MB-231 cell lines,
fNANPs containing DS RNAs against BCL2 were engineered and complexed to DOX-MSNPs.
As control experiments for this study, anti BCL2 DS RNAs, non-therapeutic DNA duplexes, and
non-functionalized fNANPs complexed with DOX-MSNPs were used. The viability results in both
cell lines depict a concentration-dependent cytotoxic effect associated to the nanoparticles. It is
observed that DOX is the main factor on the therapeutic outcome against both cell lines (Figure
16). Previous reports using the same combination have shown the similar trend [161, 223].
Nevertheless, in a closer look at specific concentrations we found additive effects induced by anti-
BCL2-fNA-DOX-MS-NPs for both cell lines. In the case of A-375 cells at the concentration of 10
pg/mL, there is an evident co-operative effect between DOX and anti-BCL2-fNANPs as shown in
Figure 9. The cytotoxic effect of the anti-BCL2-fNA-DOX-MS-NP platform was higher than
DOX-MSNSs, non-therapeutic DS DNA with DOX-MSNPs or non-functionalized fNA-DOX-MS-
NPs. In a similar way, MDA-MB-231 cells at a concentration of 50 pg/mL, it was observed a
better cytotoxic effect for anti-BCL2-fNA-DOX-MS-NPs as compared to DOX-MSNPs, non-
therapeutic dSDNA-DOX-MSNPs or non-functionalized fNA-DOX-MS-NPs (Figure 9). For both
cell lines, the DS RNA targeting BCL2 loaded to DOX-MSNPs showed similar cytotoxicity than
anti-BCL2-fNA-DOX-MS-NPs. Our results demonstrated that the shape, either globular, planar or

fibrous, of NANPs does not have an impact on the cytotoxicity of neither bare nor DOX-loaded
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MSNPs. Nevertheless, when DS RNA or anti-BCL2-fNANPs are loaded to DOX-MSNPs, a clear

additive effect with the chemotherapeutic drug is observed at specific concentrations.

2.4. Conclusion

We have evaluated and optimized the use of MSNPs as efficient carrier for the delivery of NANPs.
We demonstrate that the silencing efficacy and immunostimulatory activity is significantly
impacted by the shape of NANPs. fNANPs have reduced immunostimulation effect and the higher
gene silencing efficacy as compared with planar or globular NANPs. Nevertheless, the cytotoxicity
of the NA-MS-NPs is not affected by the morphology NANPs. fNANPs were used as a prove of
principle to evaluate the combination of siRNA targeting BCL2 and the chemotherapeutic drug,
doxorubicin. An additive effect was determined for both A375 and MDA-MB-231 cell lines. The
present results suggest that this novel platform provides great potential for combinatorial therapy

of cancer.

2.5. Appendix - Combination of Nucleic Acid and Mesoporous Silica
Nanoparticles

Extended Materials and Methods

Tetraethylorthosilicate (TEOS, 98%), cetyltrimethylammonium bromide (CTAB), 3-
aminopropyl triethoxysilane  (APTES),  3-(trihydroxysilyl)propyl  methylphosphonate
monosodium salt solution 50 wt % in H.O (THPMP), trimethylamine, ninhydrin, fluorescein
isothiocyanate (FITC), heparin sulfate and rhodamine B isothiocyanate (TRITC) were purchased
from Sigma-Aldrich (St Louis, MO, USA). Polyethylene imine (PEI, branched; MW 10kDa) was
purchased from Alfa Aesar (Haverhill, MA, USA). Methoxy-Polyethylene-glycol succinimidyl
carboxymethyl ester (MPEG-SCM, 2kDa) was obtained from Creative PEGworks. Doxorubicin

was obtained from LC Laboratories. All DNA (Alexa 488/546/IR700) and short RNA oligos were
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purchased through Integrated DNA Technologies (IDTDNA.com) and longer RNAs entering the
composition of NANPs were synthesized via in vitro run-off T7 transcription as described later.
Assembly buffer (89 mM Tris-borate, 2 mM MgClz, 50 mM KCI) was used to aid in the folding

of all NANPs.

Synthesis of MSNPs

Synthesis of negatively charged MSNPs

The non-functionalized MSNPs were synthesized according to our previously published sol-gel
procedure.[178, 198] Briefly, 0.78 g of CTAB was dissolved in a solution of 21.6 mL water, and
3.32 mL ethanol. To this, 0.1 mL diethylamine (0.4 mM) was added and, the solution was heated
to 60 °C. TEOS (2.19 mL) was added dropwise into the aqueous solution of CTAB, and the
reaction was allowed to run for 18 h at 60 °C to obtain as-made MSNPs. Later, the surface of
MSNPs was modified by grafting 3-(trihydroxysilyl)propyl methylphosphonate monosodium salt
(THPMP) to impart negative surface charge on the material. For phosphonate modification,
THPMP (150 pL diluted in 0.5 mL water) was added dropwise to the as-synthesized MSNPs and
stirred for 6-8 h at 60 °C. The surfactant CTAB, was then removed from the pores using an acidic
solution of methanol (37% wi/v), which was heated to 60 °C with stirring for 10 h. This process

was repeated a second time to make sure that all the surfactant was removed.

Synthesis of fluorescein labeled MSNPs

To incorporate fluorescein molecules in the MSNPs, fluorescein-modified silane was first
synthesized and added to the negatively charged MSNP dispersion in ethanol as described below.

To synthesize fluorescein-modified silane, 7.3 pL of APTES was mixed with 3.3 mg of fluorescein
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isothiocyanate (FITC) in 0.6 mL of dry DMF and stirred for 2 h under at room temperature and
nitrogen atmosphere. The fluorescein-modified silane was then mixed with a dispersion of MSNPs
(150 mg) in 20 mL of ethanol at 60°C and stirred overnight for 15 h. The fluorescein labeled
MSNPs (FI-MSNPs) were then centrifuged and washed with methanol at least three times.

Synthesis of doxorubicin (DOX)-loaded MSNPs (DOX-MSNPs)

To synthesize DOX-MSNPs, 20 mg of MSNPs were suspended in 1.0 mL of water with a pH of
4.5 adjusted using 0.02 M HCI solution. To this suspension, 1.0 mL of 5 mg/mL doxorubicin
hydrochloride (DOX-HCI) aqueous solution was added and stirred at room temperature for 48 h.
The DOX loaded MSNPs were collected by centrifugation at 13,000 rpm for 15 min and washed
three times with water to remove any unencapsulated DOX. The synthesized DOX-MSNPs were
resuspended in ethanol for storage. To measure the DOX loading capacity of nanoparticles; the
supernatants from the loading and washing steps were collected. The pH of these solutions was
adjusted to pH 4.5 using 0.02 M HCI and analyzed at 490 nm using a Varian Cary 50 Bio UV-
Visible spectrophotometer. The amount of DOX loaded was then calculated using a calibration
curve obtained upon the same experimental conditions.

Synthesis of PEG-PEI-modified MSNPs

To carry out the surface modification of the nanoparticles, MSNPs or DOX-MSNPs were coated
with PEI polymer (MW=10 KDa) to switch the surface charge from negative to positive values.
To perform PEI coating, 10 mg of negatively charged MSNPs were dispersed in an ethanolic
solution (5 mL) containing 5 mg of PEI. After stirring for 2 h at room temperature, PEI-coated
particles were washed with ethanol. Finally, the surface of PEI-MSNPs was further functionalized
with mPEG-SCM (MW=2K) through a conjugation reaction. To carry out the PEGylation, 10 mg

of PEI-MSNPs were dispersed in 5 mL of dried acetonitrile. To this dispersion, a solution of
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MPEG-SCM (3 mg/mL) in 1 mL of dried acetonitrile was added. After stirring for 24 h, the final
PEG-PEI-MSNPs were washed with ethanol, and stored in the same solvent. Unless stated
otherwise, PEG-PEI-MSNPs and DOX-loaded PEG-PEI-MSNPs are referred as MSNPs and

DOX-MSNPs in the rest of the manuscript for simplicity.

Quantification of Chemically available primary amines using the Kaiser’s test:

The Kaiser’s test was used to quantify primary amines on the surface of PEG- and PEI-MSNPs
[226]. Sodium acetate buffer (2 M, 100 mL) was prepared by dissolving 14.11 g sodium acetate in
86 mL distilled water followed by addition of 14 mL glacial acetic acid (2 M). The pH of the
resulting solution was adjusted to 5.4 using HCI. The ninhydrin solution was prepared by
dissolving 0.5 g ninhydrin in 10 mL of ethanol. To carry out the Kaiser’s assay; 100 uL of the
prepared sodium acetate buffer (pH 5.4) and 70 uL ninhydrin solution were mixed together in a
glass vial. Then 10-20 uL of the NP sample was added. The tubes were heated up to 70 °C in an
oil bath for 10-15 min. After cooling, 3 mL of ethanol-water mixture in a ratio of 3:2 (vol/vol) was
added to each tube. Finally, the absorbance of each solution was measured at 570 nm by a UV-Vis
spectrophotometer. The result for each batch is calculated based on the average of four

measurements. The final data is presented as the average + SD for three batches.
Cell culture:

MDA-MB-231, a human invasive TNBC cell line; and A-375, a human melanoma cell lines were
purchased from American Type Culture Collection (ATCC). MDA-MB-231 cells were cultured
in RPMI 1640 medium (supplemented with 10% FBS, 1% pen-step) at 37 °C with 5% CO-
atmosphere. A-375 cells were cultured in DMEM (supplemented with 10% FBS, 1% pen-step) at

37 °C with 5% CO, atmosphere. The culture media was changed every other day. All cell cultures
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were maintained in 25 cm?or 75 cm? cell culture flasks and the cells were passaged at 70-80%
confluency every 2-4 days. The cell survival was tested by the CellTiter 96® AQueous Assay
(MTS assay). The absorbance was measured at a wavelength of 490 nm in a plate reader Multiskan

FC.
Sequences used in this project:

DNA Cube

5> GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG
5> GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC
5> GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG
5" GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC
5> GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT

5" GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA

RNA Ring

5> GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGC
5" GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGC
5> GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGC
5> GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGC
5" GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGC

5 GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGC
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RNA Fiber
5> GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGAC

5" GGGAACGUAAGCCUCCAACGUUCCCGGAUGCUAAGCCUCCAAGCAUCC

GFP Cube
5’GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACGUU
CGGUGGUGCAGAUGAACUUCAGGGUCA
5’GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUCU
UCGGUGGUGCAGAUGAACUUCAGGGUCA
5’GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGGU
UCGGUGGUGCAGAUGAACUUCAGGGUCA
5’GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCCU
UCGGUGGUGCAGAUGAACUUCAGGGUCA
5’GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGUU
UCGGUGGUGCAGAUGAACUUCAGGGUCA
5’GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGAU
UCGGUGGUGCAGAUGAACUUCAGGGUCA

GFP Ring
5’GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGCUUCGGUGGUG
CAGAUGAACUUCAGGGUCA
5’GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGCUUCGGUGGU
GCAGAUGAACUUCAGGGUCA
5’GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGCUUCGGUGGUG

CAGAUGAACUUCAGGGUCA
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5’"GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGCUUCGGUGGU
GCAGAUGAACUUCAGGGUCA
5’GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGCUUCGGUGGUG
CAGAUGAACUUCAGGGUCA
5’GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGCUUCGGUGGU
GCAGAUGAACUUCAGGGUCA

GFP Fiber
5’GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGACUUUGG
UGGUGCAGAUGAACUUCAGGGUCA
5’GGGAACGUAAGCCUCCAACGUUCCCGGAUGCUAAGCCUCCAAGCAUCCUUUGGU
GGUGCAGAUGAACUUCAGGGUCA

GFP Sense

5’ pPCAUUAACGAGCUGCUUAAUGACGA

“p” denotes phosphate on the 5’

GFP Sense with Alexa 488

5’ pPCAUUAACGAGCUGCUUAAUGACGA-Alexa488
GFP Anti-Sense

5 CGGUGGUGCAGAUGAACUUCAGGGUCA
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Supporting Figures
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Figure 10. (a) TEM image of as-made MSNPs (diameter = 41 = 3 nm; n = 50). (b) DLS plots and
(c) TGA graphs for as-made MSNPs (purple), PEI-MSNPs (orange), and PEG-PEI-MSNPs (black

(d) N2 isotherms for as made MSNPs (purple) and PEI-MSNPs (orange).
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Figure 11. pH-dependent release of DNA-Alexa488 from MSNPs. The release of DNA-

Alexa488 was measured in solution by using a fluorescence spectrometer at two different pHs;

pH = 7.4 (circles) and pH = 5.2 (squares).
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Figure 12. (a) Normalized fluorescence intensity associated to NANPs (gray) and MSNPs (black)
obtained from flow cytometry experiments. (b) Normalized fluorescence intensity associated to

dsDNA-Alexa546 (gray) and MSNPs (black) obtained from flow cytometry experiments. (c)
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Confocal micrographs of MDA-MB-231 cells inoculated with Alexa546-labeled dsSDNA. The cell
nuclei are observed in the blue channel after staining with Hoechst 33342. The fluorescence in the
TRITC (red) channel shows the presence of Alexa546-labeled dsDNA. The merged micrographs

show no internalization of Alexa546-labeled dsDNA inside MDA-MD-231 cells.
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Figure 13. Temperature-dependent internalization of internalization of Alexa546-labeled dsDNA

loaded FI-MSNPs at 4 °C (black) and 37 °C (gray).
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Figure 14. Cytotoxicity results of NA-MS-NPs, dsSRNA-MS-NPs and MSNPs for A-375 (left) and

MDA-MB-231 (right) cells.
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Figure 15. Cytotoxicity results of non-functionalized NA-DOX-MS-NPs, dsSRNA-DOX-MS-NPs

and DOX-MSNPs for A-375 (left) and MDA-MB-231 (right) cells.
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Figure 16. Cytotoxicity results of BCL2-functionalized fNA-DOX-MS-NPs, BCL2-RNA-DOX-

MS-NPs, control NPs and DOX-MSNPs for A-375 (left) and MDA-MB-231 (right) cells.



Table 1. Structural properties of the MSNP materials.
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Material DLS Size (d, nm) &- potential Weight loss Kaiser’'stest (nmol
(n=5) (PDI) (mV) (n=5) (%wt) amines/mg)
As-made MSNPs 731 504 8.0+0.8 NA
(0.14 £ 0.01)
PEI-MSNPs 96 1 +19+2 20.3+£1.5 1861 £ 545
(0.11 £ 0.02)
PEG-PEI-MSNPs 118+ 10 +14+1 28.1+0.9 1207 % 327
(MSNPs) (0.25 £ 0.02)

As-made MSNPs

Surface area
(m?/g)
637.9

Pore Volume
(cm3/g)
2.3

Pore Diameter

(nm)

2.2
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3. Light-Activated Protoporphyrin IX-Based Polysilsesquioxane

Nanoparticles Induce Ferroptosis in Melanoma Cells

Citation:
Vadarevu H, Juneja R, Lyles Z, Vivero-Escoto JL. Light-Activated Protoporphyrin IX-Based
Polysilsesquioxane Nanoparticles Induce Ferroptosis in Melanoma Cells. Nanomaterials (Basel).
2021 Sep 7;11(9):2324. doi: 10.3390/nan011092324. PMID: 34578640; PMCID: PMC8470003.

3.1.Introduction
Photodynamic therapy (PDT) is a minimally invasive treatment for cancer and other diseases. PDT

uses non-toxic photosensitizers (PSs) that, upon activation with light of a specific wavelength in
the presence of cellular oxygen, trigger a photochemical process leading to the generation of
reactive oxygen species (ROS) [227]. The efficiency of ROS production in PDT is governed by
effective activation of the PS internalized by cells of interest. The ROS generated in PDT can
consume intracellular antioxidant substances like glutathione (GSH). Most PSs form unstable
aggregates in aqueous media due to hydrophobicity and often require the use of organic solvents
to aid their solubility. The application of PSs for PDT is heavily dependent on aqueous stability,
and the past decade has seen many efforts directed towards developing stable formulations of such
molecules in water [90]. The use of nanoparticles (NPs) for physical or chemical encapsulation of
hydrophobic PSs has been widely explored as an alternative approach to overcome these issues.
Nanoplatforms, such as liposomes, polymeric systems, inorganic materials, and silica-based
nanoparticles, have demonstrated their effectiveness as PS carriers [228, 229]. Our group
pioneered the use of polysilsesquioxane (PSilQ) materials as an efficient platform for the delivery
of protoporphyrin (PpIX) for in-vitro and in-vivo treatment of cancer. We demonstrated the
advantage of using a redox-responsive PpIX-PSilQ platform to enhance the PDT effect in vitro
[230-232]. This approach was used to develop a degradable PpIX-PSilQ platform for the effective
PDT treatment of triple negative breast cancer (TNBC) in vivo [233]. Furthermore, we assessed

the multi-modal capability of PpIX-PSilQ NPs by combining PDT, chemotherapy, and gene
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silencing in the same platform for the treatment of TNBC [166]. Herein, we report the study of the
cell death mechanisms associated with PpIX-PSilQ nanoparticles.

Apoptosis and necrosis are well characterized cell death mechanisms related to PDT [85].
Autophagy is a commonly reported cellular program in response to PDT that affords both cell
survival and cell death depending on the cell type and degree of oxidative damage [234, 235]. A
newly discovered cell death mechanism is ferroptosis, which has shown to enhance the treatment
efficacy of traditional chemo- and radiotherapy. Recently, ferroptosis has also been studied as an
alternative mechanism of PDT to kill cancer cells [98]. We previously showed that apoptosis is
the main mechanism linked to the phototoxicity of PpIX-PSilQ nanoparticles [233]; however, there
is no study reporting the impact of ferroptosis in the PDT effect of this platform. Ferroptosis is an
iron-dependent cell death that is caused by extreme peroxidation of cellular phospholipids and is
a commonly reported response to tumor radiation therapy [236, 237]. Excess hydroxyl radicals
resulting from iron-catalyzed Fenton reactions can potentially initiate oxidative degradation of
lipids in cell membranes by free-radical chain mechanism and subsequently cause cell death [237].
A recent study showed that GSH depletion associated to PDT could directly increase the
accumulation of lipid peroxidation and enhance the ferroptosis effect [238, 239]. Herein, we study
the cell death mechanisms associated with PpIX-PSilQ nanoparticles, with special emphasis on
ferroptosis (Figure 17).

We synthesized PpIX-PSilQ nanoparticles for the purpose of this work. The physicochemical
properties of this platform are similar to our previously reported systems [166, 233]; however, this
platform does not have stimuli-responsive features. Phototoxicity, generation of ROS, and cellular
internalization were also confirmed using a malignant melanoma cell line, A375. Cell death

mechanisms were investigated using different assays, including Annexin V apoptosis, glutathione
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peroxidase activity, and lipid peroxide probe C-11 BODIPY. The results show that PpIX-PSilQ
nanoparticles in the presence of light produce cell death in A375 cells, which is correlated to
apoptosis and ferroptosis. The role of ferroptosis in phototoxicity of the PpIX-PSilQ system was
further confirmed using a ferroptosis inhibitor. These results demonstrated that ferroptosis is an

important cell death mechanism associated to the PDT performance of PpIX-PSilQ nanoparticles.
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Figure 17. PpIX-PSilQ NPs are fabricated using the PplX silane derivative (4) as a building
block through microemulsion method. The physicochemical properties of the nanoparticles,
such as SEM, DLS, (-potential, UV-vis, and TGA, are evaluated. The in-vitro
performances, including the phototherapy, ROS generation, and internalization of PplX-
PSilQ NPs, are determined using A375 cells. The cell death mechanisms associated with
the phototherapeutic outcome of PpIX-PSilQ NPs, like apoptosis, necrosis, and ferroptosis,
against A375 cells are studied.
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3.2.Experimental

3.2.1. Cell Culture
A375 cells were purchased from American Type Culture Collection (ATCC® CRL-1619™,
Manassas, Virginia, USA). The cells were cultured in DMEM with 10% FBS, 1%

penicillin/streptomycin, 1% GlutaMAX, and 1% NEAAs at 37 °C with 5% CO; atmosphere.

3.2.2. Stock Solutions for In-Vitro Experiments
For the treatment of cells with PplX, 5 mM primary stock solution was freshly prepared in
complete DMEM with 1% v/v of DMSO. A primary stock of Hoechst 33342 at a concentration of
4 mM was prepared in deionized water containing 1% v/v DMSO and stored at —20 °C, which was
diluted to 20 uM in complete DMEM for staining cells. Then, 10 mM DCFH-DA primary stock
was prepared in DMSO and was diluted to 10 uM in complete DMEM before addition to cells.
Then, 20 mM stock solution of Ferrostatin-1 was prepared in DMSO and was diluted to 2 uM in
complete DMEM for cell treatment. A primary stock of PpIX-PSilQ NPs in a concentration
equivalent to 200 uM of PpIX was prepared in complete DMEM by ultrasonication for 5 min and

diluted for cell treatment.

3.2.3. Synthesis of PpIX-PSilQ Nanoparticles
The direct microemulsion method was used to synthesize the PpIX-PSilQ NPs [166]. The
following procedure was used: 0.22 g of AOT (0.495 mmol) was added to 10 mL of nanopure
water under gentle stirring for 30 min at room temperature. 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 stirred for 15 min to give a single-phase transparent solution. To this mixture, a solution of
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PpIX silane precursor (4, see Scheme S1) (1.6 mg) in 0.1 mL of 1:2 dimethyl sulfoxide
(DMSO)/dimethyl formamide (DMF) mixture (v/v) was added dropwise under continuous stirring
at room temperature. To enhance the solubility and condensation process of compound 4, 0.1 mL
of agueous ammonia (28%) followed by 0.2 mL of an aqueous solution of NaOH (2 M) was added
to the solution. The reaction mixture was stirred 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 PpIX-PSilQ NPs. The final nanoparticles were collected by centrifugation
(13,000 rpm for 10 min), followed by sequential washing steps with acetone, ethanol, and DMF to

remove any unreacted reagents. The washed PpIX-PSilQ NPs were stored in ethanol at 4 °C.

3.2.4. Determination of Intracellular Reactive Oxygen Species (ROS)
A375 cells were seeded in six-well plates at a density of 5 x 10* cells/well in 2 mL of complete
DMEM and incubated at 37 °C in 5% CO. atmosphere. After 24 h, PpIX-PSilQ nanoparticles (50
or 100 uM equivalent amount of PpIX) or free PpIX (10 or 50 uM) were added to the wells in
fresh media. Followed by 48 h of incubation, the media was removed, and cells were washed with
Dulbecco phosphate buffer solution (DPBS). Cell permeable ROS probe (DCFH-DA, 10 uM) was
added to the cells in serum free media, and cells were incubated for 30 min at 37 °C and 5% CO..
After removing the media, the cells were washed with DPBS and irradiated (630 nm, 24.5
mW/cm?) for 20 min. Subsequently, cells were harvested using trypsin and analyzed for green
fluorescence associated with the oxidation product, 2°,7’-dichlorofluorescein (DCF), using a BD
LSRFortessa flow cytometer. Untreated cells were also incubated with the ROS probe; the data

were utilized as the negative control.
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3.2.5. Evaluation of Intracellular ROS Using Confocal Microscopy
A375 cells were seeded in a six-well plate containing glass coverslips at a density of 5 x 10*
cells/well in 2 mL of complete DMEM and incubated at 37 °C in 5% CO. atmosphere for 24 h.
After media removal, 50 pg/mL of PplX-PSilQ NPs (equivalent to 25 uM PplX) were added to
the wells in fresh media and incubated for 48 h. Cells were washed once with DPBS, followed by
the addition of 10 uM of ROS probe DCFDA in serum free media, and incubated for 30 min. Next,
cells were washed once with DPBS and irradiated (630 nm, 24.5 m\W/cm?) for 20 min. Coverslips
were then mounted on to glass slides using adhesive spacers after adding 30 puL of DPBS to the
slide. Images were acquired using Olympus FluoView 1000 confocal fluorescence microscope.
A375 cells inoculated with PpIX-PSilQ nanoparticles (not irradiated), and untreated cells in the

presence of the ROS probe were imaged as controls.

3.2.6. Cellular Uptake of PplX-PSilQ Nanoparticles

To evaluate the cellular uptake of PpIX-PSilQ NPs in A375 cells, the cells were seeded in 24-well
plates at a density of 2 x 10* cells/well in 500 pL of complete DMEM and incubated for 24 h at
37 °C in 5% CO; atmosphere. PpIX-PSilQ NPs or PpIX was added to the wells in fresh media at
concentrations corresponding to 25 or 50 uM of PpIX. After 24 h of incubation, media was
removed, cells were washed twice with DPBS, and cells were harvested with trypsin. Collected
cells were resuspended in 200 uL of DPBS and analyzed for red channel fluorescence using a BD
LSR Fortessa flow cytometer. Untreated cells were employed as negative controls.

To further evaluate the cellular uptake of PpIX-PSilQ NPs in A375 cells using CLSM, the cells
were seeded in a six-well plate with glass slides at a density of 5 x 10* cells/well in complete
DMEM. After 24 h of incubation at 37 °C in 5% CO> atmosphere, the media was removed, and 50

pg/mL of PplX-PSilQ NPs were added to the wells in fresh media. The cells were incubated for
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another 24 h, the cell media was removed, and cells were washed twice with DPBS. Cells were
stained with 20 uM of Hoescht 33342 nuclear staining solution and incubated for 20 min at 37 °C.
After removal of the dye-containing media, coverslips were washed with DPBS and then mounted
on to glass slides using adhesive spacers. Images were acquired using Olympus FluoView 1000

confocal fluorescence microscope at 40 x magnification.

3.2.7. In Vitro Evaluation of PDT Triggered Apoptosis
A375 cells were seeded in six-well plates at a density of 5 x 10 cells/well in complete DMEM.
Followed by 24 h of incubation at 37 °C in 5% CO, atmosphere, PpIX-PSilQ NPs (equivalent
concentrations of PpIX of 50 or 100 uM) or PpIX (10 or 50 uM) were added to the wells in fresh
media. After 48 h of incubation, cell media was removed, and the cells were washed once with
DPBS prior to irradiation with red light (630 nm, 24.5 mW/cm?) for 20 min. Fresh media was
replenished, and cells were incubated for additional 24 h at 37 °C in 5% CO atmosphere. Treated
cells were harvested with trypsin and tested using Annexin V staining (FITC Annexin V Apoptosis
Detection Kit, BD Pharmingen™, San Jose, California, USA) as per manufacturer’s protocol to
determine apoptotic cell population. Annexin V antibody was added to the cells dispersed in 0.1
X binding buffer, followed by incubation for 20 min at room temperature. Cells were pelletized
by centrifugation (2500 rpm, 5 min), and unbound Annexin V was removed. After excess antibody
removal, 0.1 X binding buffer was used to wash cells once and for redispersion. Cells were co-
stained with a vital dye (SYTOX™ Blue dead cell stain, Invitrogen™, (Waltham, Massachusetts,
USA)) and classified into live, FITC+/dead, and FITC+/live populations using a BD LSR Fortessa

flow cytometer. Untreated cells and non-irradiated samples were employed as negative controls.
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3.2.8. Inhibition of Ferroptosis
The phototoxicity of PpIX-PSilQ NPs was evaluated in the presence of a ferroptosis inhibitor
(Ferrostatin-1) using MTS assay. A375 cells were seeded in 96-well plates at a density of 2 x 103
cells/well in 100 uL of complete DMEM and incubated at 37 °C in 5% CO_ atmosphere for 24 h.
After cell media removal, PpIX (10-200 puM) or PpIX-PSilQ NPs (equivalent concentrations of
PpIX of 10-250 uM) were added in fresh media to the cells. Followed by 48 h of incubation, cells
were washed once with 100 puL of DPBS and irradiated with red light (630 nm, 24.5 mW/cm2) for
20 min. Treated cells were replenished with 100 pL of fresh media containing 2 uM Fer-1 (0.01%
v/iv DMSO) and incubated for additional 24 h at 37 °C in 5% CO_ atmosphere. Control dark
experiments were conducted in parallel with PpIX-PSilQ NPs or PplIX at the same concentrations
but were maintained in the dark for the entire duration of the experiment. To determine the
phototoxicity of the PDT treatment, the cells were washed once with DPBS, and 100 pL media
was added along with 20 pL of CellTiter 96 solution to each well. The cells were incubated for 2
h at 37 °C in 5% CO> atmosphere. Cell viability (%) was analyzed and calculated as described
above. The ICso values are determined using GraphPad Prism (v8.3.0 for Windows, La Jolla, CA,

USA), fitting the viability data to a nonlinear regression.

3.2.9. Evaluation of NADPH/NADP+ Kinetics
A375 cells were seeded at a density of 5 x 10* cells/well in complete DMEM in six-well plates.
After 24 h of incubation at 37 °C in 5% CO> atmosphere, PpIX-PSilQ NPs, or PpIX (10, 30, or 50
MM of PplX) were added to the cells in fresh media. Followed by 48 h of incubation, cell media
was removed, and cells were washed once with DPBS and irradiated with red light (630 nm, 24.5
mW/cm?) for 20 min. Fresh media was replenished, and cells were incubated for additional 2 h.

Then, cells were washed once with DPBS and harvested. Collected cells were centrifuged for 5
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min at 4 °C at 13,000% g. Supernatants were collected by transferring to new tubes. Non-irradiated
samples and untreated cells were employed as controls. Samples were prepared as per assay
protocol (Glutathione Peroxidase Activity Assay Kit, Fluorometric, Abcam ab21992) in a 96-well
solid black plate in triplicate per sample. Fluorescence intensity (Ex/Em = 420/480) was monitored
using a TECAN SPARK® multimode microplate reader in kinetic mode for 60 min. Reaction rates
were determined using GraphPad Prism (v8.3.0 for Windows, La Jolla, CA, USA), fitting the

Kinetic data to a non-linear curve (second order polynomial).

3.2.10. Measurement of Intracellular Lipid Peroxides

A375 cells were seeded in six-well plates at a density of 5 x 10* cells/well in 2 mL of complete
DMEM and incubated at 37 °C in 5% CO> atmosphere. After 24 h, PpIX-PSilQ NPs or PpIX (50
UM of PplX) were added to the cells in fresh media. Followed by 48 h of incubation, cell media
was removed, and cells were washed once with DPBS. Cell-permeable lipid peroxide probe C-11
BODIPY (10 uM) was added to the cells in serum free media, and cells were incubated for 30 min
at 37 °C and 5% CO>. After removing the media, the cells were washed once with DPBS and
irradiated (630 nm, 24.5 mW/cm?) for 20 min. Cells were incubated for 6 h post irradiation and
harvested using trypsin. The fluorescence was analyzed using a BD LSRFortessa flow cytometer.
A shift from ~590 nm to ~510 nm was expected from the oxidation of the polyunsaturated
butadienyl portion of the dye. Control experiments of cells untreated, PpIX-PSilQ NPs, and PplX
in the absence of light were also carried out.

The extent of lipid peroxidation was further confirmed using confocal microscopy. A375 cells
were seeded in six-well plates at a density of 5 x 10* cells/well in complete DMEM at 37 °C in

5% CO, atmosphere. After 24 h of incubation, cell media was removed, and 50 pg/mL of PplX-
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PSilQ NPs were added to the wells in fresh media. Cell were incubated for additional 24 h, cell
media was removed, and cells were washed twice with DPBS. Cell-permeable lipid peroxide probe
C-11 BODIPY (10 uM) was added to the cells in serum free media and incubated for 30 min at 37
°C and 5% CO.. After removal of the cell media, the cells were washed once with DPBS and
irradiated (630 nm, 24.5 mW/cm?) for 20 min. Then, 6 h after irradiation, coverslips were washed
with DPBS and then mounted on to glass slides using adhesive spacers. Untreated cells were used
as the baseline, while cells treated with PpIX-PSilQ NPs and PplX in the absence of light were
imaged as control experiments. Images were acquired using Olympus FluoView 1000 confocal

fluorescence microscope at 40 x magnification

3.2.11. Statistics
All experimental results in this study are reported as mean + standard deviation (SD) unless
mentioned otherwise. The hydrodynamic size and {-potential were carried out in triplicate. The
amount of PplX loaded to the PSilQ nanoparticles was analyzed in triplicate using different
batches. Cellular uptake, Annexin V apoptosis/necrosis, ROS detection by DCFH-DA, and C-11
BODIPY oxidation using flow cytometry were measured with a minimum of 10,000 gated cells
and quantified in triplicates. The statistical analysis for all experiments was performed with two-
way ANOVA using Tukey’s multiple comparison test. All the statistical analysis was performed
using GraphPad prism (v8.2.0) with a p-value <0.05 considered to be statistically significant. For

the cell viability studies, GraphPad Prism was used to calculate the ICso values (n = 6).

3.3.Results and discussion

3.3.1. Synthesis and Characterization of PplX-PSilQ NPs
The synthesis of the PplX silane precursor was carried out through a multi-step reaction pathway

already reported by our group with slight modifications (Scheme S1) [166, 233]. Compounds 2—

4 were characterized using spectroscopic techniques as depicted in the Supporting Information.
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The structural properties of the PplX-PSilQ nanoparticles were characterized using DLS, (-
potential, and SEM. The hydrodynamic diameter of nanoparticles was determined as 262.6 + 20.0
nm in PBS (Figure 18). The {-potential measurements show a negative surface charge (—35.5 +
4.0 mV) on the surface of PpIX-PSilQ NPs (Table S1). SEM images of PpIX-PSilQ NPs depict
the nanoparticles as spherical in morphology with a size of 41.7 £ 4.9 nm (n = 10) (Figure 18 and
Figure 24). The loading capacity of PpIX in the nanoparticles was characterized using TGA, and
the amount of PplX was determined as 24.0 £ 2.0% wt (Figure 18 and Table 2), which was
confirmed by UV-vis spectroscopy, 20.2 + 3.6% wt (Figure 25). The UV-vis absorption spectrum
corroborates the presence of PplX in PpIX-PSilQ NPs (Figure 18). The characteristic S-band for
porphyrins was clearly observed at 404 nm. The colloidal and chemical stability of the
nanoparticles was characterized using DLS and UV-vis spectroscopy, respectively. DLS data show
that the hydrodynamic diameter and polydispersity index (Pdl) of the PpIX-PSilQ NPs in complete
cell media were fairly stable during 24 h (Figure 24). The leak of PpIX molecules from PplX-
PSilQ NPs was studied in the presence and absence of a reducing agent (dithiothreitol = DTT) for

192 h. Minimal leakage (<10%) was determined during that time (Figure 24).
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Figure 18. Characterization of PpIX-PSilQ NPs. (A) DLS and SEM image of PpIX-PSilQ NPs.
Scale bar = 100 nm. (B) TGA plot for PplX (blue) and PpIX-PSilQ NPs (red). (C) UV-vis spectrum
of PpIX (blue) and PpIX-PSilQ NPs (red). (D) Flow cytometry data of PpIX-PSilQ nanoparticles
(red) and free PpIX (blue) at different concentrations (25 and 50 uM PplX) in A375 cells after 24
h of incubation. Statistics: two-way ANOV A using Tukey’s multiple comparison test; ** p <0.01.
(E) Confocal microscopy images of A375 cells after 24 h incubation with PpIX-PSilQ NPs (25
MM PplX). Image(s) show merged fluorescent channels of Hoechst-33342 nuclear stain dye (blue),
PpIX fluorescence (red), and brightfield. Scale bars = 50 um and 20 pm.

3.3.2. In Vitro PDT Performance of PpIX-PSilQ NPs
The cellular internalization of PpIX-PSilQ nanoparticles was evaluated by flow cytometry and
confocal microscopy using A375 cells. Flow cytometry data (Figure 18) for PpIX-PSilQ NPs at
two different concentrations of PplX, 25 and 50 uM, showed 89.2 + 0.1% and 98.5 + 0.2% of
positive cells, respectively. In the case of free PplX, flow cytometry results showed over 99.0% of
positive cells at the tested doses of 25 uM and 50 uM. Confocal micrographs obtained for PplX-

PSilQ nanoparticles at 25 uM confirmed the presence of red fluorescence spots inside A375 cells

(Figure 18).
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The phototoxicity of PpIX-PSilQ NPs was evaluated in A375 cells in the presence of red light (630
nm; 30 Jcm?) for 20 min using the MTS assay. PpIX-PSilQ NPs showed dose-dependent
phototoxicity, as seen in Figure 26. The calculated I1Cso value for nanoparticles was 81.2 uM. The
cytotoxicity in the absence of light (dark cytotoxicity) of the nanoparticles was also tested. As seen
in Figure 26, PpIX-PSilQ NPs showed no cytotoxicity even at equivalent concentrations of PplX
as high as 250 uM. The phototoxicity of PpIX also depicted a dose-dependent response similar to
PpIX-PSilQ NPs. The calculated 1Cso for PplX in the presence of red light was 9.4 uM. Dark
cytotoxicity evaluation of free PpIX showed a 20-25% decline in cell viability in the concentration
range of 100-250 uM.

The production of some of ROS, including hydrogen peroxide, hydroxyl, and peroxyl radicals
associated with PDT, were measured in vitro using a fluorescent ROS probe, DCFH-DA [240,
241]. Upon diffusion into cells, DCFH-DA is deacetylated by cellular esterases to a non-
fluorescent compound, which is later oxidized by ROS into fluorescent 2’,7'- dichlorofluorescein
(DCF). A375 cells were treated with PpIX-PSilQ nanoparticles at 50 and 100 uM equivalent of
PpIX. Quantification by flow cytometry shows 9.0 + 2.9% and 18.9 + 3.3% of DCF positive cells
post irradiation for those concentrations, respectively (Figure 19). In the case of PplX, 3.2 £ 0.9%
and 45.9 £+ 6.6% of DCF positive cells were measured post irradiation for 10 and 50 pM,
respectively (Figure 19). For both PpIX-PSilQ NPs and PplX, negligible production of ROS was

detected in the absence of light irradiation. Confocal microscopy was used to visually confirm the



83

generation of ROS. As seen in the confocal micrographs (Figure 27), both PpIX-PSilQ

nanoparticles and PplX produce ROS inside the cells upon irradiation.
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Figure 19. Reactive oxygen species generated by PpIX-PSilQ NPs. Quantification of ROS positive
cells by flow cytometry of (A) PpIX-PSilQ nanoparticles (50 and 100 uM equivalent of PpIX) and
(B) PpIX (10 and 50 puM) in the presence or absence of light. Data are represented as mean + SD.
Statistics: two-way ANOVA using Tukey’s multiple comparison test: *** p <0.001, ** p < 0.01,
*p <0.05, and ns: p > 0.05.

3.3.3. Apoptosis and Necrosis induced by PplX-PSilQ Nanoparticles
The generation of apoptosis and/or necrosis promoted by PDT using PplX-PSilQ NPs was

analyzed using flow cytometry in the presence of the SYTOX Blue dead-cell nuclear stain assay
and Annexin V Apoptosis Detection Kit. SYTOX Blue dye penetrates compromised plasma
membrane, staining nucleic acids inside the cells. The Annexin V assay contains a FITC-labeled
antibody that binds to phosphatidylserine residues expressed on the plasma membrane of apoptotic
cells. Two different concentrations of nanoparticles were evaluated in this experiment: 50 and 100
MM, based on the amount of PpIX. These concentrations were selected with the purpose of the
photoactivity associated to the nanoparticles, which triggers a measurable response for the cell
death mechanisms. Cells treated with nanoparticles in the presence of light showed 5.8 + 1.7% and
24.2 + 1.7% of Annexin-V-positive cells for 50 and 100 puM, respectively (Figure 20). Dark

controls for nanoparticles were used as negative controls, showing only 0.7 £ 0.6% and 4.7 £ 1.2%
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of Annexin-V-positive cells for the same concentrations (Figure 28). A similar analysis was
performed for PplX at concentrations of 10 and 50 puM. As depicted in Figure 28, cells treated
with 50 uM of PplIX after light irradiation exhibited 62.3 + 17.6% of Annexin-V-positive cells.
PpIX at 10 uM did not show a significant production of apoptotic cells. Dark controls for PplX
show 3.7 £ 1.2% of Annexin-V-positive cells for 50 uM (Figure 28). Cells treated with
nanoparticles showed 2.6 + 0.0% and 7.4 £ 1.8% necrotic cells for treatment concentrations 50
and 100 uM in the presence of light (Figure 20). Nanoparticle treatment led to less than 0.1%
necrotic cell death for 50 and 100 uM in the absence of light (Figure 28). Necrosis was observed
in 3.5+ 2.3% and 4.9 = 0.4% of the analyzed population of cells treated with 10 and 50 uM of free
PpIX (Figure 20) in the presence of light. In the case of dark controls, free PplX treatment caused
necrosis in 3.1 £ 1.0% and 3.9 + 0.2% of cells treated with 10 and 50 uM, respectively (Figure

28).
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Figure 20. (A) Apoptotic (red solid bars) and necrotic (red checkered bars) cells
after PDT treatment with PpIX-PSilQ NPs (50 and 100 uM equivalent of PplX).
(B) Apoptotic (blue solid bars) and necrotic (blue checkered bars) cells after PDT
treatment with PpIX (10 and 50 pM). (C) Reaction rate values of NADP* generation
for control (black), PpIX-PSilQ NPs (50 uM PplX eq.) (red), and PpIX (50 puM)
(blue). (D) Quantification of lipid peroxidation using confocal microscopy in A375
cells treated with control (black), PpIX-PSilQ NPs (50 uM PplX eq.) (red), and
PpIX (50 uM) (blue) in the red (solid bars) and green (dashed bars) channels. Data
are represented as mean + SD. Statistics: two-way ANOVA using Tukey’s multiple
comparison test: **** p <0.0001, *** p <0.001, ** p<0.01, * p<0.05, and ns: p
> 0.05.

3.3.4. Inactivation of Glutathione Peroxidase Triggered by PpIX-PSilQ
Nanoparticles

We assessed the effect of PpIX-PSilQ nanoparticles using A375 cells on the activity of the enzyme
family glutathione peroxidase (GpX) indirectly through the NADPH oxidation reaction. The assay

involves the oxidation of external glutathione (GSH) to glutathione disulfide (GSSG) catalyzed by
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GpX in collected cell lysates. The GSSG generated in the previous step is reduced to GSH by
externally supplied glutathione reductase (GR) and nicotinamide adenine dinucleotide phosphate
(NADPH), affording NADP* as by-product (Figure 29). The kinetics of formation of NADP*,
monitored by the fluorescence of a NADP*-specific probe, is an indirect approach to measure the
catalytic activity of GpX [242]. The kinetic profiles of NADP™ for cells incubated with PplX-
PSilQ nanoparticles or PplX in the presence of light showed a clear reduction in the formation of
NADP* compared with control groups (Figure 29). To confirm these results, the rates of formation
of NADP* were calculated (Figure 20). The reaction rate values of cells treated with PpIX-PSilQ
nanoparticles or PplX indicate a significant decline in the generation of NADP™, which is as an
indirect consequence in the reduction of the GpX activity.
3.3.5. Lipid ROS Generation Detected by a Lipid Peroxidation Sensor

The beginning of lipid peroxidation in cells is routinely characterized by measuring the oxidation
of a lipophilic fluorescent probe, BODIPY™ 581/591 C11. The probe monitors the formation of
oxygen-centered lipid radicals in phospholipid membranes of cells by eliciting an oxidation-
induced shift in fluorescence emission peak from 590 nm (red) to 510 nm (green) [243]. We
determined the impact on lipid peroxidation after treatment of A375 cells with PpIX-PSilQ
nanoparticles by flow cytometry and confocal microscopy. The flow cytometry data in Figure 20
shows 24.9 + 1.5% and 56.8 + 1.2% increase in positive cells for PpIX-PSilQ nanoparticles and
PpIX after irradiation as compared with control (two-way ANOVA, p < 0.001). Control
experiments with PpIX-PSilQ nanoparticles and PplX in the absence of light showed less than 1%
of positive cells (Figure 30). The lipid peroxidation in A375 cells associated with the PpIX-PSilQ
nanoparticles after PDT treatment was further corroborated by confocal microscopy. Figure 21

shows the confocal micrographs associated with the BODIPY C11 dye (red channel), the oxidized
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version of the dye (green channel), and merged versions together with the brightfield. The red
channel shows the presence of the BODIPY C11 dye in the membranes (Figure 21). In the case of
the samples that were irradiated, an enhancement in green fluorescence is observed for both PplX-
PSilQ NPs and PpIX (Figure 21) as compared with control experiments in the absence of light
(Figure 31). Merged images (Figure 21) confirmed the overlap of the BODIPY C11 dye and its

oxidized version after light irradiation.

BODIPY C11 Oxidized dye
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Figure 21. Lipid peroxidation detected by BODIPY™ 581/591 C-11 sensor. Confocal
micrographs of A375 cells inoculated with (A-D) PpIX-PSilQ nanoparticles or (E-H)
PplIX after light irradiation. The red channel depicts the presence of BODIPY 581/591 C-
11 (A,E). The green channel shows the fluorescence corresponding to the oxidized
version of BODIPY 581/591 C-11 (B,F). Merged image of the red and green channels
(C,G) with the brightfield image (D,H). Scale bar = 50 um.

3.3.6. Inhibition of Ferroptosis Using Ferrostatin-1
To determine the impact of ferroptosis on the PDT treatment of A375 cells using PpIX-PSilQ

nanoparticles, we evaluated the phototoxicity of the nanoparticles in the presence of a lipophilic
antioxidant (Ferrostatin-1) (Figure 22). Ferrostatin-1 decreased the phototoxic effect of PplX-

PSilQ NPs on A375 cells by 36% as indicated by increase in the 1Cso to 110.9 uM from 81.2 uM
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in the presence and absence of Ferrostatin-1, respectively. In the case of PplX, the influence of
Ferrostatin-1 shows an important reduction of 63% on the PDT effect against A375 cells with 1Cso
values of 15.4 uM and 9.4 uM in the presence and absence of Ferrostatin-1, respectively. Control
experiments in the absence of light showed no cytotoxic effect associated with the presence of

Ferrostatin-1 (Figure 32).
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Figure 22. Phototoxicity of PpIX-PSilQ nanoparticles. PpIX-PSilQ nanoparticles (red) and PplX
(blue) treated A375 cells in the absence (solid) or presence (dashed) of Ferrostatin-1 (2 uM).
Irradiation with red light (630 nm; 24.5 mW ¢m—2) for 20 min (n = 6).

3.3.7. Discussion
Photodynamic therapy triggers different type of cell death mechanisms, with the most common

being apoptosis, necrosis, and autophagy. Apoptosis is an endogenous mechanism involved with
complicated apoptosis signaling cascade and can be compromised by augmented antiapoptotic
signaling or loss of proapoptotic mechanisms [244]. Therefore, drug-resistance is induced in many
chemotherapy-based cancer treatments. Ferroptosis, as an alternative approach of inducing cell
death by lipid peroxidation, has attracted much attention to overcome some of the challenges
associated to drug-resistant cancers [245]. Recently, ferroptosis has also been associated with PDT

[98]. Our group has focused on the development of PSilQ nanoparticles as a photosensitizer-
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delivery platform for PDT [166, 230-233, 246]. We have already demonstrated that PSilQ
nanoparticles carrying PplX as a photosensitizer induce phototoxicity through apoptotic and
necrotic cell death mechanisms [233]. However, the possibility of these nanoparticles also
triggering ferroptosis has not been investigated. In this study, we synthesized PplX-PSilQ
nanoparticles without stimuli-responsive features to warrant permanent encapsulation of PplX
molecules in the nanoparticle. Based on an already established synthetic protocol in our group, we
synthesized and characterized a PplX silane derivative that is used for the fabrication of the PpIX-
PSilQ nanoparticles in this work [166, 232]. A three-component microemulsion method was used
for the fabrication of the PpIX-PSilQ nanoparticles. The nanomaterial is spherical with a diameter
of 41.7 £ 4.9 nm, a hydrodynamic diameter of 262.6 + 20.0 nm, and {-potential of —35.5 £4.0 mV.
The hydrodynamic diameter of the material is constant over a period of 24 h, and minimal
degradation was observed during 192 h as an indication of its colloidal and chemical stability. As
reported previously, PSilQ nanomaterials are distinguished for reaching a high loading capacity of
the therapeutic agent [166, 247-249]; in this case, the loading of PplX to PSilQ nanoparticles was
determined to be 24.0 + 4.0%wt.

We evaluated the in-vitro properties of the PpIX-PSilQ nanoparticles in a human melanoma cell
line, A375 cells. Several studies have showed promising results supporting the efficacy of PDT to
treat melanoma either as primary or adjuvant therapy at different stages of the disease [25, 250].
Flow cytometry and confocal microscopy showed that A375 cells were able to internalize the
nanoparticles in high amounts despite the negative charge on their surface. We previously reported
that the cell internalization of PSilQ nanoparticles is usually carried out through an endocytosis

pathway [166, 233].
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The PDT performance in A375 showed the typical dose response associated to the PpIX-PSilQ
nanoparticles. In comparison with the parent porphyrin PplX, the phototoxicity of the
nanoparticles is reduced about nine times, 1Cso for PpIX = 9.4 uM vs PpIX-PSilQ NPs = 81.2 uM.
This difference can be explained by the self-quenching effect produced through encapsulating of
photosensitizers in the nanoparticles, which directly impacts the generation of O, [230, 231].
Nevertheless, our group showed that by rendering stimuli-responsive degradability to the
nanoparticles, the PDT capability can be restored, making this a promising approach to avoid
unwanted side effects due to phototoxicity of photosensitizers in healthy tissue [166, 233].

Cell death related to PDT is triggered by the production of reactive oxygen species inside the cells.
First, we measured the generation of ROS by PplX-PSilQ nanoparticles in vitro using DCFH-DA
as ROS probe with flow cytometry. The quantification of positive cells associated with ROS
demonstrated that nanoparticles in the presence of light generated ROS in a concentration-
dependent manner. A similar trend was shown for PpIX (Figure 19). Confocal microscopy was
used to further demonstrate the ability of PpIX-PSilQ nanoparticles for ROS production. DCFH-
DA is a ROS probe specific for detecting hydrogen peroxide, hydroxyl, and peroxyl radicals in
vitro [240, 241]. The confocal micrographs corroborate the formation of ROS by PplX-PSilQ NPs
after activation with light.

Apoptosis is the most common cell death mechanism associated with PDT. The impact of light-
activated photosensitizers on mitochondria is reported as a major factor controlling the induction
of apoptosis. The caspase-dependent apoptotic cascade involving mitochondrial membrane
depolarization and subsequent loss of cytochrome c (cyt ¢) has been well characterized with respect
to PDT [251]. In cancer cells with abnormally high levels of Bcl-2, photodamage by cross-linking

or cleavage may limit the effectiveness of this important anti-apoptotic control. In many cases,
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Bcl2 has been reported as an important molecular target of PDT that promotes apoptosis in treated
cells [252, 253]. We previously reported enhancement in apoptosis resulting from silencing of Bcl-
2 gene in A375 cells [254]. In our previous work, we demonstrated that PplX-based PSilQ
nanoparticles use apoptosis as one of the main cell death mechanisms to eliminate triple-negative
breast cancer cells [233]. Herein, we used the Annexin V apoptosis assay to confirm that apoptosis
also plays an important role in the PDT of A375 cells using PplX-PSilQ nanoparticles or the parent
porphyrin PplX (Figure 20). We also observed that a higher proportion of necrotic cells were
obtained for the PpIX-PSilQ nanoparticles. Nanoparticles, which are usually endocytosed and
trafficked through the endolysosomal pathway, are highly localized in lysosomes [255]. It has been
shown that the excess of ROS generated by PSs inside the lysosomal compartment prompt
lysosomal membrane permeabilization (LMP) [256]. Excessive LMP often causes necrotic cell
death by extreme cytosolic acidification [257]. Control experiments in the dark show a minimal
number of apoptotic or necrotic cells associated with nanoparticles.

Ferroptosis is described as a regulated cell death mechanism driven by lipid peroxidation and the
suppression of the GpX enzymatic activity, often observed as a consequence of excess intracellular
ROS produced by Fenton reactions mediated by iron [98, 236, 237]. In this project, PDT affords
lipid peroxidation by two different mechanisms: the direct reaction of O, or the reaction of
hydroxyl radicals with lipid membrane [238]. Both alternatives afford the accumulation of lipid
hydroperoxides [258, 259]. In addition, PDT can induce direct photo-oxidative inactivation of
GpX enzymes by 10, and GSH depletion, which results in increased intracellular peroxides that
are responsible for cellular damage through ferroptosis [242]. Therefore, PDT can trigger
ferroptosis by increasing the amount of lipid peroxides and inactivating GpX enzymes. We

investigated the effect of PpIX-PSilQ nanoparticles in both the formation of lipid peroxides and
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inactivation of GpX enzymes. The kinetic profile for the generation of NADP*, which is an indirect
approach to measure the activity of GpX enzymes, clearly demonstrated a reduction in the
production of NADP* when A375 cells were treated with PpIX-PSilQ nanoparticles in the
presence of light irradiation. A significant reduction of the reaction rate values for the generation
of NADP* confirms the impact of PpIX-PSilQ nanoparticles on the activity of GpX enzymes
(Figure 20). Similar performance was observed for PplX molecules. The photo-oxidative
mechanism for the inactivation of GpX enzymes by photosensitizers through type Il reaction was
reported using rose Bengal [260]. An irreversible oxidation of selenocysteine centers in GpX to
dehydroalanine (DHA), and consequent loss of GpX activity due to O, was detected in the lysates
of J774A.1 cells photo-treated with this photosensitizer. Overproduction of *O2 diminishes the
activity of GpX enzymes most likely by modification of selenocysteine residues [261].

We also studied the formation of lipid peroxides using a lipid peroxidation sensor through flow
cytometry and confocal microscopy. Similar to PpIX molecules, PplX-PSilQ nanoparticles after
light irradiation enhanced the generation of lipid peroxides compared with only light treatment
(two-way ANOVA, p <0.001) (Figure 20). Overall, our results show that by encapsulating PpIX
molecules in the PSilQ platform, comparable trends were observed with PplX on the inactivation
of GpX enzymes and production of lipid peroxides as a clear indication that PplX-PSilQ
nanoparticles lead to ferroptosis as one of the mechanisms of cell death.

To further confirm that the ferroptosis mechanism is involved in the PDT performance of PplX-
PSilQ nanoparticles, we tested the phototoxicity of the material in the presence of ferrostatin-1, a
selective and potent inhibitor of ferroptosis (Figure 22). This molecule is a radical-trapping
antioxidant agent that traps peroxyl radicals in membrane lipids, which are the primary species to

trigger ferroptosis [262]. The phototoxicity data showed that the presence of ferrostatin-1 reduced
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the PDT effect of PpIX-PSilQ nanoparticles and PplX molecules by 36% and 63%, respectively.
Our results described above show that the PDT effect of PpIX-PSilQ NPs reduced GpX activity,
contributing to the failure of peroxyl radical-scavenging capacity and increasing the lipid
peroxidation levels of treated cells. However, the addition of the phospholipid radical-trapping
agent ferrostatin-1 reduced the phototoxicity exerted by PpIX-PSilQ NPs. This significant impact
of ferrostatin-1 in the PDT performance of both PpIX-PSilQ nanoparticles and PplX gives a clear
indication that ferroptosis is an important cell death mechanism in their PDT performance [98].
Overall, these results are convincing arguments to support the hypothesis that ferroptosis is one of

the main cell death mechanisms triggered by PSilQ nanoparticle-mediated photodynamic therapy.

3.4. Conclusion
We designed and fabricated PpIX-PSilQ nanoparticles with minimal leaking of the photosensitizer

to study the cell death pathways associated with their PDT effect in A375 cells. PpIX-PSilQ
nanoparticles followed similar cell death pathways as the parent PplX photosensitizer. Apoptosis
is an important pathway for PpIX and Pp1X-PSilQ nanoparticles as well. PpIX-PSilQ nanoparticles
showed higher necrotic cells than PpIX, most likely related to lysosomal membrane
permeabilization, which is directly associated with the intracellular trafficking of the nanoparticles.
We demonstrated, by analyzing the level of lipid peroxides and inactivation of GpX enzymes, that
PpIX-PSilQ nanoparticles also follow ferroptosis as an important pathway to kill A375 cancer cells.
This study provides a deeper understanding of the cell death pathways that account for the PDT
effect of photosensitizer loaded PSilQ nanoparticles. We envision that this investigation provides
relevant results to develop promising light-activated nanoparticles that depend on ferroptosis for

the treatment of apoptosis-resistant cancer cells.
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3.5. Appendix- Light-Activated Protoporphyrin IX-Based Polysilsesquioxane
Nanoparticles Induce Ferroptosis in Melanoma Cells
Materials

Protoporphyrin IX (PplX), dioctyl sodium sulfosuccinate (Aerosol OT or AOT), 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), BODIPY ™ 581/591 C-11 (Lipid
peroxidation sensor) and SYTOX™ Blue dead cell stain and Glutamax were obtained from
Thermo Fischer Scientific (Waltham, Massachusetts, USA). 1- ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) was purchased from Oakwood Chemical (Columbia, South Carolina, USA).
N-butanol, dithiothreitol (DTT), serine, 3-(Triethoxysilyl)propyl isocyanate (TESPIC),
Ferrostatin-1, sterile-filtered DMSO and the rest of the chemicals used in this work were
obtained from Sigma-Aldrich (St. Louis, Missouri, USA). Chemicals and solvents were used
without any further purification unless specified otherwise. Roswell Park Memorial Institute
(RPMI 1640), Dulbecco Modified Eagle Medium (DMEM), penicillin-streptomycin (pen-strep),
phosphate buffer saline (PBS, 1X), and trypsin were purchased from Corning (Corning, New
York, USA). CellTiter 96® AQueous Assay was obtained from Promega (Madison, WI, USA).
Non-essential amino acids (NEAA) was purchased from Quality biologicals (Gaithersburg,
Maryland, USA). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Atlanta,
Georgia, USA). Hoechst 33342 dye was purchased from Life Technologies (Waltham,
Massachusetts, USA). BD Pharmingen™ Annexin V-FITC apoptosis detection kit was
purchased from BD Biosciences (San Jose, California, USA). Glutathione peroxidase activity
assay kit (Fluorometric) was purchased from Abcam (Waltham, Massachusetts, USA).

Methods

A Raith 150 Field Emission Scanning Electron Microscope (SEM) (Raith America Inc., New

York, NY, USA) was utilized to measure the particle size and shape of the materials.



95

Nanoparticle samples were suspended in methanol in preparation for the SEM. Dynamic light
scattering (DLS) and (-potential measurements were carried out using a Malvern Instrument
Zetasizer Nano (red laser 633 nm) (Malvern Instrument Ltd., Malvern, UK). The amount of
PpIX loaded into the PSilQ NPs was quantified by thermogravimetric analysis (Mettler-Toledo
AG Analytical, Schwersenbach, Switzerland). The thermal degradation profiles were obtained
for a heating rate of 1 °C/min between 25 and 800 °C followed by a 60 min hold at 800 °C.
Biotable power source with RGB LED array (MM Optics, University of Sdo Paulo, Brazil)
emitting at 630 nm (24.5 mW/cm?2) was used for all in vitro PDT experiments. A microplate
reader (TECAN Spark) was used for fluorescence intensity measurement in kinetic mode for
NADP™ (San Jose, California, USA). A Multiskan FC plate reader by Fisher Scientific plate
reader was used for the cell viability analysis (Waltham, Massachusetts, USA). A BD
LSRFortessa™ cell analyzer was used for the fluorescence-activated cell sorting (FACS)
experiments (Indianapolis, Indiana, USA). An Olympus Fluoview FV 1000 confocal laser
scanning microscope (CLSM) was used for the confocal experiments (Center Valley,
Pennsylvania, USA).

Synthesis of PplX silane derivative (4)

The synthesis of the PplX silane derivative used as monomer for the fabrication of PpIX-PSilQ
nanoparticles was performed in a three-step reaction pathway (Scheme S1). First, the synthesis
of protoporphyrin 1X succinimide ester (PpIX-SE) (2) was carried out by placing 0.889 mmol
(500 mg) of protoporphyrin 1X (Pp1X) (1) in a round bottom flask containing 20 mL of dimethyl
sulfoxide (DMSO) and 70 mL of dichloromethane (DCM). To this solution, 2.226 mmol (272
mg) of 4-dimethyl amino pyridine was added along with a solution of 5.320 mmol (1.02 g) of 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) hydrochloride in 20 mL of DMSO. The
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flask was then placed in an ice bath and stirred for 10 min. To this mixture, 5.326 mmol (613
mg) of N-hydroxysuccinimide (NHS) was added to the flask and was kept in an ice bath for 3 h.
A diluted ethanolic solution in water (100 mL, EtOH:H>0/75:25% vol./vol.) was added to the
flask to afford precipitation of the product. PpIX-SE (2) was then collected through gravity
filtration and washed with ethanol before being dried in a lyophilizer. Yield: 506 mg (76 %wt.);
IH NMR (DMSO-ds, ppm): & 2.71 (m, 8H), 3.15 (t, 4H, J = 7.3 Hz), 3.55 (s, 3H), 3.56 (s, 3H),
3.61 (s, 3H), 3.63 (s, 3H), 4.28 (t, 4H, J = 7.3 Hz), 6.17 (d, 2H, J = 11.7 Hz), 6.38 (d, 2H, J =
17.9 Hz), 8.36 dd, 1H, J =17.2 Hz, 11.7 Hz), 8.44 (dd, 1H, J =17.2 Hz, 11.7 Hz), 10.05 (s, 1H),
10.09 (s, 1H), 10.10 (s, 1H), 10.12 (s, 1H). FT-IR (cm™): 3503 (N-H), 2915 (C-H), 1808 (C=0),
1778 (C=0), 1732 (C=0), 1627 (CN); MALDI-MS (m/z): Calculated: [M]a* = 756.30;
Observed: [M]" = 756.31. UV-Vis (DMF, nm): 404 (S-band); 623, 576, 542, 506 (Q-bands).
Molar extinction coefficient (A = 404 nm; DMF; mol L cm™): 195,800. As the second step,
PplX-serine (3) was afforded by dissolving 0.46 mmol (350 mg) of PpIX-SE (2) in 25 mL of
DMSO. To this mixture, an aqueous solution of serine (1.5 mmol, 150 mg in 3.0 mL of water)
was added by the addition of diisopropylethylamine (DIPEA) (2.0 mmol, 350 pL). The final
solution was heated and stirred at 120 °C for 72 h. A diluted acidic ethanolic-based solution (250
mL of H20:Ethanol; 20:80 %vol./vol.; 200 pL of concentrated HCI) was added to the flask to
precipitate out the product. The precipitate is collected by gravity filtration and washed with
water before being dried in a lyophilizer. Yield: 506 mg (49 %wt.); *H NMR (DMSO-ds, ppm):
3.06 (t, 4H, J = 7.7 Hz), 3.54 (s, 3H), 3.56 (s, 3H), 3.62 (s, 3H), 3.64 (s, 3H), 3.92 (d, 4H, J=5.1
Hz), 4.34 (t, 4H, J=7.7 Hz), 4.66 (t, 2H, J = 5.1 Hz), 6.14 (d, 2H, J = 11.1 Hz), 6.33 (d, 2H, J =
17.4 Hz), 8.39 (dd, 1H, J = 17.4 Hz, 11.1 Hz), 8.47 (dd, 1H, J = 17.4 Hz, 11.1 Hz), 10.04 (s, 1H),

10.12 (s, 1H), 10.18 (s, 1H), 10.21 (s, 1H). IR (cmY): 3306 (N-H), 2920 (C-H), 1710 (C=0),
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1640 (C-N). UV-Vis (DMF, nm): 408 (S-band); 628, 575, 540, 506 (Q-bands). Molar extinction
coefficient (A = 408 nm; DMF; mol L* cm™): 75,800. To produce the PplX silane precursor (4),
PpIX-serine (3) (0.13 mmol, 100 mg) was placed into a round bottom flask under N. atmosphere
followed by the addition of dry DMF (10 mL). To this solution, triethylamine (0.57 mmol, 161.8
uL) was slowly added until compound (3) was fully dissolved. Later, the whole solution was
placed in an ice bath followed by the addition of triethoxysilyl propyl isocyanate (TESPIC) (0.27
mmol, 134.7 pL). The final solution was left for 3 h in the ice bath, let warmed up to room
temperature and stirred for an additional 15 h. To obtain the final product, 80 mL of acidic
aqueous solution (200 uL of conc. HCI) was added to precipitate out compound 4 and collected it
by gravity filtration. The PplX silane derivative is dried in a lyophilizer. 'H NMR (DMSO-ds,
ppm): 0.24 (t, 4H, J = 8.1 Hz), 0.90 (t, 18H, J = 6.9 Hz), 1.25 (q, 4H, J = 8.1 Hz), 3.00 (t, 4H, J =
7.7 Hz), 3.06 (t, 4H, J = 8.1 Hz), 3.43 (9, 12H, J = 6.9 Hz ), 3.56 (s, 3H), 3.58 (s, 3H), 3.67 (s,
3H), 3.70 (s, 3H), 3.92 (d, 4H, J = 5.1 Hz), 4.34 (t, 4H,J = 7.7 Hz), 4.66 (t, 2H, J = 5.1 Hz), 6.12
(d, 2H, J = 11.3 Hz), 6.31 (d, 2H, J = 17.9 Hz), 8.36 (dd, 1H, J = 17.9 Hz, 11.3 Hz), 8.44 (dd, 1H,
J=17.9 Hz, 11.3 Hz), 10.04 (s, 1H), 10.12 (s, 1H), 10.18 (s, 2H). IR (cm™): 3302 (N-H), 2923
(C-H), 1709 (C=0), 1648 (C-N), 1066-1102 (Si-O; Si-C). UV-Vis (DMF, nm): 410 (S-band);
629, 576, 541, 507 (Q-bands). Molar extinction coefficient (A = 410 nm; DMF; mol L cm™):
55,400.

Quantification of the amount of PplX loaded to PpIX-PSilQ nanoparticles using UV-vis
spectroscopy

UV-Visible spectroscopy was used to confirm the amount of PplX loaded to the PpIX-PSilQ
NPs. Spectral absorbance of PplX-PSilQ NPs dispersed in 3 mL of DMSO was measured at Amax

=401 nm using Varian Cary Bio50 UV-Vis absorption spectrophotometer. The obtained
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absorbance value was fitted using PplX calibration curve in the same solvent (Figure 25). The
loading percentage was calculated using the fitting equation, the volume of DMSO and the
original mass of nanoparticles in the sample.

Leakage of PpIX from PpIX-PSilQ NPs

PpIX-PSilQ NPs was dispersed in DMF at a concentration of 2 mg/mL to determine the amount
of PpIX leaked. The dispersion was stirred at 37 °C in the presence or absence of 10 mM DTT.
The release of PpIX from the nanoparticles was measured by recording the absorbance of
supernatants collected at 408 nm. The supernatant was returned to the original vial, and the
nanoparticles were re-dispersed after each measurement. The measurements were taken at
staggered intervals of time for a period of 8 days. The absorbance values were used to calculate
the amount of PplX leaked from the PpIX-PSilQ nanoparticles using a calibration curve of PplX
in DMF.

In Vitro Phototoxicity of PpIX-PSilQ nanoparticles

The viability of A375 cells after PDT treatment with PpIX-PSilQ NPs or PplX was analyzed by
the MTS assay. The cells were seeded in 96 well plates at a density of 2,000 cells/well in 100 uL
of complete DMEM and incubated at 37 °C in 5% CO atmosphere for 24 h. After media
removal, PplX (0.1-100 uM) or PpIX-PSilQ NPs (at equivalent PpIX concentrations of 10-200
UM) were added to the cells in fresh media. After 48 h of incubation, cells were washed once
with DPBS and irradiated with red light (630 nm, 24.5 mW/cm?) for 20 min. Treated cells were
replenished with 100 pL of fresh media and incubated for additional 24 h. Control dark
experiments were conducted in parallel with PpIX-PSilQ NPs or PplX at the same
concentrations but were maintained in the dark for the entire duration of the experiment. To

determine the phototoxicity of the PDT treatment, the cells were washed once with DPBS and
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100 pL media was added along with 20 uL of CellTiter 96 solution to each well. The cells were
incubated for 2 h at 37 °C in 5% CO, atmosphere. Cell viability (%) was calculated by analyzing
absorbance values recorded at 490 nm using a microplate reader. Cell viability (%) was
calculated as follows: viability = (Asample — Ablank)/(Acontrol — Ablank) X 100%, where Asample ,
Acontrol and Aplank denote absorbance values of the sample, control, and blank wells. The ICso
values are determined using GraphPad Prism (v8.3.0 for Windows, La Jolla, CA, USA), fitting

the normalized viability data to a nonlinear regression.
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Figure 23. The carboxylic acid groups were activated through an EDC/NHS coupling reaction to
afford compound 2. Following activation, molecule 3 was synthesized by adding serine as a
trifunctional linker. Finally, the isocyanate silane precursor reacted with the alcohol group
through a nucleophilic acyl reaction to produce the PpIX silane monomer 4 used for the
fabrication of PpIX-PSilQ NPs.
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Figure 24. (A) SEM image of PpIX-PSilQ NPs. Scale bar= 200 nm. (B) Colloidal stability of the
PpIX-PSilQ NPs in complete cell culture media supplemented with serum for 24 h monitored
using DLS, hydrodynamic sizes are represented by (circles) and Pdl represented as (squares). (C)
Leakage of PpIX in the presence (circles) and absence (squares) of reducing agent (DTT).
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Figure 25. (A) Calibration curve of PpIX in DMSO (Amax = 401 nm). (B) UV-vis spectrum of
PpIX-PSilQ nanoparticles in DMSO.

A B
:.?100 2 100
3 e - -
[+] =
S $ *
= 50 = 50
8 8
2 N 2
0 T T T 1 0 T T T T T 1
0 1 2 3 0 50 100 150 200 250
Log (PpIX pM) PpIX (uM)

Figure 26. (A) Phototoxicity and (B) cytotoxicity of PpIX-PSilQ nanoparticles (red) and PplX
(blue) in A375 cells. Irradiation with red light (630 nm; 24.5 mW cm) for 20 min (n = 6).



101

Figure 27. Intracellular ROS production in A375 cells using confocal microscopy for (A) PpIX-
PSilQ nanoparticles (25 uM equivalent of PplX) and (B) PpIX (25 uM). Images are an overlap
of the green channel (DCF fluorescence) and brightfield. Scale bar = 50 pum.
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Figure 28. (A) Apoptotic (red solid bars) and necrotic (red checkered bars) cells treated with
PpIX-PSilQ NPs (50 and 100 uM equivalent of PplX) in the absence of light. (B) Apoptotic

(blue solid bars) and necrotic (blue checkered bars) cells treated with PpIX (10 and 50 puM) in
the absence of light. Data are represented as mean + SD.
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Figure 29. Inactivation of glutathione peroxidase and lipid peroxidation by PplX-PSilQ
nanoparticles. (A) Schematic depiction of the working principle of the GpX activity assay. The
generation of NADP™ is used to indirectly determine the catalytic activity of GpX. (B) Kinetic
profiles of NADP™ production for irradiated samples: control (black squares), PpIX-PSilQ NPs
(50 uM PplX eq.) (red squares), PplX (50 uM) (blue squares); and non-irradiated samples:
control (black triangles), PpIX-PSilQ NPs (50 uM PplX eq.) (red triangles), and PpIX (50 uM)
(blue triangles). Data are represented as mean + SD. Statistics: Two-way ANOVA using Tukey’s
multiple comparison test: ****p <0.0001, ***p < 0.001, **p <0.01, *p <0.05, and ns: p > 0.05.
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Figure 30. Quantification of lipid peroxidation using confocal microscopy in A375 cells treated
with control (black), PpIX-PSilQ NPs (50 uM PplX eq.) (red), and PpIX (50 uM) (blue) in the
red (solid bars) and green (dashed bars) channels. Data are represented as mean + SD.
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Figure 31. Lipid peroxidation detected by BODIPY™ 581/591 C-11 sensor. Confocal micrographs
of A375 cells inoculated with (A-C) PpIX-PSilQ nanoparticles or (D-F) PplX in the absence of
light. The red channel depicts the presence of BODIPY 581/591 C-11 (A/D), the green channel
shows the fluorescence corresponding to the oxidized version of BODIPY 581/591 C-11 (B/E),

merged image of the red and green channels (C/F).

% Cell Viability

T T 1
0 50 100 150 200 250

PpIX (uM)

Figure 32. Cytotoxicity of PpIX-PSilQ nanoparticles (red) and PplX (blue) in A375 cells in the
absence (solid) or presence (dashed) of Ferrostatin-1 (2 uM) (n = 6).

Table 2. Hydrodynamic diameter and Pdl by DLS, -potential and TGA data.

DLS
Size/nm (PDI) ¢-potential (mV)
PpIX-PSilQ NPs 262.6 + 20.0 (0.40) -35.514.0

Material Aromatics

(%)

PpIX 62.5
PplX Ligand 4 63.0

PpIX-PSilQ NPs 24.0+2.0
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Nanoparticles to Improve Photodynamic Therapy
Citation:
Hemapriyadarshini Vadarevu, Adeola Sorinolu, Mariya Munir, Juan L. Vivero- Escoto;
Autophagy regulation using Multimodal Chlorin e6-loaded Polysilsesquioxane Nanoparticles to
Improve Photodynamic Therapy, Nanomedicine: Nanotechnology, Biology, and Medicine, (In
preparation)

4.1. Introduction
Photodynamic therapy (PDT) is a minimally invasive localized treatment modality that has

emerged as an alternative or supplementary approach to chemotherapy and surgery [86]. PDT has
been clinically available and approved to treat cancers such as head and neck cancer, non-small
cell lung cancer, prostate cancer, and colon cancer [229]. PDT involves three major components,
namely photosensitizer (PS), light, and oxygen. During PDT, photoactivated PSs transfer energy
to surrounding molecular oxygen in the cells and generate highly reactive singlet oxygen (type I1)
or transfer electrons to generate short-lived PS radical species (type 1) that subsequently produce
range of highly reactive oxygen species (ROS), such as superoxide anions, and hydroxyl radicals
[95]. An overload of ROS causes significant toxicity by oxidative stress, which eventually leads
to cell death [85]. Apoptosis has been reported as the primary regulated cell death mechanism in
PDT [263].Furthermore, an iron-dependent cell death mechanism called ferroptosis, which is
characterized by extreme cellular lipid peroxidation can also be triggered by PDT [98].

In recent years, autophagy has been studied as another cellular mechanism that impact the PDT
outcome. Autophagy is a stress response program that is a consequence of PDT independent of
cell death signaling [264]. Autophagy is a process of degrading and renewing cytoplasmic
components, which is upregulated under cellular stress conditions such as protein aggregate
accumulation, infection, and oxidative stress [265]. Mechanisms of resistance for PDT include

increased expression of antioxidant genes and other protective programs like autophagy [266].
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Autophagy is discussed both as a cytoprotective response and in some cases a feature of cell death
following PDT, which depends on sub-cellular localization of the PS, type of ROS and target cell
characteristics [264]. The process of autophagy involves the clustering of ubiquitin positive
proteins into larger structures that become enclosed with autophagosomes and subsequently
degraded within lysosomes after fusion [267]. Autophagy relies on the formation of double-
membraned vesicles known as autophagosomes, leading to the degradation of their cargo, such as
damaged proteins or organelles promoted by autophagy-related (Atg) proteins [268]. Autophagy
is activated in response to external stimuli such as hypoxia, starvation and therapy in cancer cells
and therefore often considered as an adaptive and pro-survival mechanism [269]. By this means,
accumulation of misfolded proteins is avoided leading to prolonged survival after PDT [113, 270].
Therefore, PDT efficacy can be improved by combination approaches involving modalities that
target the resistant pathways [271].

A wide variety of nanocarriers have been employed to enhance the PDT effect by increasing the
stability and targeting ability of PSs [272]. In addition, nanoparticle-based formulations that
combine PSs with other therapeutic agents have been recently reported. Polysilsesquioxane
(PSilQ) NPs are a class of hybrid silica nanoparticles formed by crosslinking condensation of
functionalized trialkoxysilanes, affording high loading capacity of the functional moiety and thus
providing an interesting platform for therapeutic loading and delivery [273, 274]. PSilQ NPs have
been utilized to improve the PDT effect against different types of cancers. The use of this platform
for PDT treatment of cancer has been demonstrated in vitro and in vivo [233, 275]. Herein, we
hypothesize that PSilQ NPs can be designed to carry both a PS agent and an autophagy inhibitor
to efficiently reduce the resistant pathways related to this cellular mechanism to finally improve

the PDT effect. To inhibit autophagy two strategies were pursued in this work; first, we used the
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pharmacological late stage autophagy inhibitor and metal chelating agent di-2-pyridylketone 4,4-
dimethyl-3-thiosemicarbazone (Dp44mT)[276]; and as second option, we utilize siRNA that
suppresses the synthesis of p62/SQSTM1 autophagosome cargo protein, which plays an important
role in the early stages of autophagy as it links the ubiquitin positive cargo material to the Atg8
family proteins in the nascent phagophore membrane[277].

In this work, we synthesized and characterized PSilQ NPs containing Chlorin e6 (Ce6), which is
a second-generation PS agent widely used for the PDT of cancer (Ce6-PSilQ NPs). In addition,
we fabricated and characterized Ce6-PSilQ NPs to address both autophagy inhibitory approaches,
one loaded with Dp44mT inhibitor (Dp44mT -Ce6-PSilQ) and another one carrying siRNA that
targets p62/SQSTM1 (sip62-Ce6-PSilQ NPs). The phototherapeutic performance of these
materials was evaluated in vitro using HT29 colon cancer cells. PDT is widely explored for the
treatment of colon cancer. Our results show that autophagy is an outcome of PDT induced
oxidative stress prominently for nanoparticle formulations of PSs localized in lysosomes.
Dp44mT-Ce6-PSilQ NPs prematurely terminated autophagy by blocking the fusion of
autophagosomes with lysosomes with the consequent accumulation of autophagosomes that
resulted in an enhancement of apoptosis. In the case of the inhibition of p62/SQSTML1 protein, the
combination sip62-Ce6-PSilQ NPs did not yield the same result in enhancing PDT. The results
suggest that inhibition of autophagy flux but not inhibition of proteins involved in autophagosomal

sequestration boosts apoptosis after PDT by Ce6-PSilQ NPs.
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Figure 33. a. Schematic representation of the cytoprotective effect of autophagy in
photodynamic therapy b. Cellular process of autophagy and proposed interference
mechanisms using PSilQ nanoparticles- sip62-Ce6 PSilQ nanoparticles target early
autophagosomal formation and sequestration stage or Dp44mT-Ce6 PSilQ nanoparticles target

late stage autophagosome -lysosome fusion stage.

4.2. Experimental

4.2.1. Materials

hlorin e6 (Ce6), Triton X-100 (TX-100), 2',7'-dichlorodihydrofluorescein diacetate (DCFDA),

Premo™ Tandem Autophagy sensor RFP-GFP-LC3 kit, Lysotracker™ Green DND-26 and

SYTOX™ Blue dead cell stain were obtained from Thermo Fischer Scientific. 1- ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) was purchased from Oakwood Chemical.

Di-2-

pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT), 1-hexanol and the rest of the

chemicals used in this work were obtained from Sigma-Aldrich and used without any further

purification unless specified otherwise. A homemade LED device emitting at 630 nm (24.5
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mW/cm2) was used for our in vitro experiments (Laboratory of Technological Support, Sdo Carlos
Institute of Physics, Brazil). Roswell Park Memorial Institute (RPMI 1640), Dulbecco Modified
Eagle Medium (DMEM), penicillin-streptomycin (pen-strep), phosphate buffer saline (PBS, 1X),
and trypsin were purchased from Corning. CellTiter 96® Aqueous Assay was obtained from
Promega (Madison, WI, USA). Glutamax was purchased from Gibco and non-essential amino
acids (NEAA) was purchased from Quality biologicals. Fetal bovine serum (FBS) was purchased
from Atlanta Biologicals. Hoechst 33342 dye was purchased from Life Technologies. Sterile-
filtered DMSO was used for all cell experiments and purchased from Sigma. BD Pharmingen™
Annexin V-FITC Apoptosis Detection Kit was purchased from BD Biosciences. SQSTM1/p62
SiRNA (h), Control siRNA-A, Control siRNA (FITC Conjugate)-A and siRNA dilution buffer
were purchased from Santa Cruz Biotechnology. PureLink RNA Mini Kit and DNAse | (RNAase
Free) were purchased from ThermoFisher Scientific. iScript™ cDNA Synthesis kit, PrimePCR™
SYBR Green Assay: SQSTM1 (h) and PrimePCR™ SYBR Green Assay: GADPH (h) and iTag™
Universal SYBR Green mix were purchased from Bio-Rad Laboratories USA.
4.2.2. Synthesis of Ce6-PSilQ NPs

To fabricate Ce6-PSilQ NPs, first the Ce6 silane ligand was prepared following this protocol; 5.9
pmol (3.5 mg) of Ce6 was added into 1.4 mL of dichloromethane (DCM). To this solution, 35.3
pmol (6.8 mg) of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) hydrochloride solution
dissolved in 0.4 mL DMSO was added. The flask was then placed in an ice bath and stirred for 10
min. To this mixture, 35.3 umol (4.1 mg) of N-hydroxysuccinimide (NHS) dissolved in 0.7 mL
DMSO was added to the flask and was kept at room temperature for 3 h. A diluted ethanolic
solution in water (3 mL, EtOH:H>0/75:25% vol./vol.) was added to the flask to afford precipitation
of the product (Ce6-SE). The silane derivative Ce6-TES was prepared by adding 45 pL of APTES

(215 pmol) and 7 pL of TEA (73 umol) to 12 mg (16.2 pmol) of Ce6-SE dissolved in 2 mL of
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aqueous phase (DMSO0:H>0/80:20% v/v). The final solution was stirred for 1 h. This mixture was
used as-prepared for the fabrication of the nanoparticles.
The synthesis of Ce6-PSilQ NPs was carried out through a reverse microemulsion method.
Organic phase of the reverse microemulsion system was prepared by mixing Triton X-100 (1.8 g,
1.7 mL), 1-hexanol (1.6 mL) and cyclohexane (7.5 mL). The “in situ” prepared Ce6-TES reaction
mixture was directly added to the organic phase under vigorous stirring (350 rpm) and room
temperature. After the addition of the precursors, 100 puL of NHsOH (25% w/w) was diluted to 10
% v/v in water and was added to the microemulsion system. The mixture was dialyzed against
ethanol to destabilize the microemulsion and the formed nanoparticles were separated from the
solution by centrifugation. The nanoparticles were washed twice with ethanol to remove unreacted
reagents and the final product was stored in the same solvent.

4.2.3. Synthesis of Dp44mT-Ce6-PSilQ NPs
Organic phase of the reverse microemulsion system was prepared by mixing Triton X-100 (1.8 g,
1.7 mL), 1-hexanol (1.6 mL) and cyclohexane (7.5 mL). The as-prepared Ce6-TES solution and
Dp44mT (0.8 mg, 2.7 umol) dissolved in 0.2 mL of aqueous phase (DMSO:H>0/80:20% v/v) were
added to the organic phase under vigorous stirring (350 rpm) and room temperature. After the
addition of the precursors, 100 pL of NH4OH (25% w/w) was diluted to 10 % v/v in water and
was added to the microemulsion system. The mixture was dialyzed against ethanol to destabilize
the microemulsion and the as-made nanoparticles were separated from the solution by
centrifugation. The nanoparticles were washed twice with ethanol to remove unreacted reagents
and the final product was stored in the same solvent.

4.2.4. Synthesis of sSIRNA-Ce6-PSilQ NPs
SIRNA duplexes (Santa Cruz Bio, CA) were dissolved in nuclease free cell culture grade water at

a concentration of 10 uM and stored at -20 °C. The concentrated 10 uM stock of siRNA was further



110

diluted to 800 nM in siRNA dilution buffer (Santa Cruz Bio, CA). A 100 pL suspension of Ce6-
PSilQ NPs (200 uM Ce6) was prepared in serum and antibiotic free DMEM. To this Ce6-PSilQ
NP stock solution, 100 pL of 800 nM siRNA stock was dispensed and mixed well by pipetting.
The final solution was incubated at room temperature for 30 min and spun down at 13,000 rpm for
15 min after incubation. The supernatant with any non-bonded siRNA was discarded. The
nanoparticles were washed once with 200 pL of 50:50 v/v mixture of serum and antibiotic free
DMEM and siRNA dilution buffer and subsequently centrifuged at 13,000 rpm for 15 min. The
resulting siRNA-Ce6-PSilQ NPs were resuspended in 200 pL of serum and anti-biotic free

DMEM.

4.2.5. Characterization of Ce6-PSilQ NPs

4.25.1. Hydrodynamic diameter and {-potential
To determine the hydrodynamic size and C-potential of Ce6-PSilQ NPs, the nanoparticles were

dispersed under ultrasonication for 10 min in complete DMEM at a concentration of 0.1 mg/mL.
The resultant dispersion was incubated at room temperature for 30 min before analysis using a
Malvern Zetasizer nano. Measurements were conducted at 20 °C with a 2 min equilibration step
between each subsequent measurement.
4.25.2. Determination of the amines chemically accessible on the surface of
PSilQ NPs

The number of surface accessible amines for Ce6-PSilQ NPs were obtained by Kaiser’s Ninhydrin
test. Briefly, 1 mg of Ce6 PSilQ NPs were dispersed in 1 mL of ethanol by ultrasonication at room
temperature for 15 min. This dispersion was added to 4 mL of ninhydrin stock solution prepared

at a concentration of 15 mg/mL (84 mM). The reaction mixture was stirred for 14 h at room

temperature and subsequently centrifuged at 13000 rpm for 15 min. Supernatants from the samples
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were collected and analyzed for absorbance at 570 nm. A standard curve was used to determine
the number of amines (-NH2) (nmol/mg) in Ce6-PSilQ-NPs.

4.25.3. Determination of the amount loaded of Ce6 and Dp44mT
Loading amounts of Ce6 and Dp44mT in the PSilQ NPs were analyzed using Thermo scientific
UHPLC plus focused series LC/UV Vanquish diode array detector system. Supernatants (5 mL)
were collected from the synthesis of Ce6-PSilQ or Dp44mT-Ce6-PSilQ NPs. The supernatants
were concentrated at least 10-fold by rotary evaporation. A 10 pL aliquot of the concentrated stock
was subsequently diluted in 10% ethanol. A 5 pL analyte was loaded on to a Waters Symmetry
Shield RP18 100 A° 5 um, 2.1 mm x 150 mm column. The mobile phase comprised of water and
0.1% formic acid as the aqueous phase and acetonitrile with 0.1% formic acid as the organic phase.
The flow rate of the mobile phase was 0.25 mL/min. Analytes were eluted from the column starting
at 10% organic phase with a linear gradient to 100% in 6 min. After a 3 min hold time at 100%
organic, the column was returned to 10% organic in 4 min followed by an equilibration time of 5
min before the next analyte sample was loaded. Ce6 standards ranged from 40 to 200 ng/mL and
the detection wavelength was set to 406 nm. Dp44mT standards ranged from 100 to 400 ng/mL
and the detection wavelength was set to 340 nm. Three batches were tested, and the data is
presented as the average + SD.

4.2.5.4.  Absorbance and Fluorescence
The absorbance and fluorescence of Ce6-PSilQ and Dp44mT-Ce6-PSilQ materials synthesized in
this work were characterized by Cary 5000 UV-vis-NIR and Fluorolog spectrophotometers,
respectively. The concentration of nanoparticles used in this analysis was 20 pg/mL (5.7 uM Ce6).

4.2.55. Determination of singlet oxygen (102) in solution
Singlet oxygen generation capacity of Ce6-PSilQ NPs was tested in solution using dimethyl

anthracene (DMA) as the 'O probe. The following protocol was followed, 2 mL of an aqueous
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solution containing 50 UM DMA and Ce6-PSilQ NPs (20 pg/mL, 5.7 uM Ce6) or free Ce6 (0.5
MM Ce6) were placed in quartz cuvettes under dark conditions. The solution was then illuminated
under red light (A = 630 nm, fluence rate = 24.5 mW/cm?) for 10 min. The irradiated suspension
of Ce6-PSilQ NPs was centrifuged at 13,000 rpm for 15 min and the supernatant was gathered for
analysis. The absorption spectra of the irradiated samples were recorded. The 'O, generation was
qualitatively confirmed by absorbance intensities of DMA after irradiation.
4.2.6. Cell culture
Human colon cancer cell line HT29 was purchased from the American Type Culture Collection
(ATCC, USA). HT29 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific), 1% penicillin/streptomycin (HyClone, Logan, UT, USA), 1%
Glutamax (Gibco, Grand Island, New York) and 1% non-essential amino acids (NEAA, Quality
Biological, Gaithersburg, Maryland). Cells were incubated in a humidified atmosphere of 5%
COz at 37 °C.
4.2.7. Stock solutions for PDT

Ce6 and Dp44mT were dissolved in DMSO as 1 mM stock solutions respectively and stored at
—20 °C, protected from light. Working solutions of Ce6 and Dp44mT were prepared fresh at
various concentrations in complete DMEM before adding to cells. DCFDA was dissolved as a 10
mM stock solution in DMSO, protected from light. A 10 uM working solution of DCFDA was
prepared from the 10 mM stock in serum free DMEM before adding to cells. The prepared sSiRNA-
Ce6-PSilQ NP stock solution (100 uM Ce6, 400 nM siRNA) was serially diluted in serum and
antibiotic free DMEM in the concentration range of 4-40 nM range and added to cells for

treatment.
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4.2.8. Cellular uptake and intracellular localization of FITC-conjugated siRNA-
Ceb6-PSilQ NPs.
HT29 cells were cultured at a density of 20,000 cells per well in a 24-well plate containing 500

pL media and maintained for 24 h at 37 °C with 5% CO- in a humidified incubator. Cells were
then treated with Ce6-PSilQ NPs (0.5 mL) at concentrations equivalent to 5 and 10 uM Ce6 and
incubated for 12-14 h at 5% CO, atmosphere at 37°C. Afterwards, the cells were washed with
phosphate buffer, followed by detachment of cells using 0.25% trypsin-EDTA. The cells were then
suspended in DBPS for analysis with the flow cytometer (BD LSR ™ cell analyzer) using PE-
Cy7-a channel. Ce6-PSilQ NPs equivalent to 10 uM Ce6 were complexed with 40 nM FITC
conjugated control siRNA to give FITC-labeled siRNA™TC-Ce6-PSilQ NPs. HT29 cells were
seeded at 30,000 cells per well in a 24-well plate containing 500 pL complete DMEM and
maintained for 24 h in a humidified incubator at 37 °C with 5 % CO.. Cells were then treated with
SiRNAFTC-Ce6-PSilQ NPs at Ce6 concentrations equivalent to 5 and 10 pM suspended in serum
and antibiotic free DMEM and incubated for 24 h at 5% CO_ atmosphere at 37 °C. Following
treatment, the cells were washed with DPBS twice and harvested using trypsin. Cells were
resuspended in DPBS for flow cytometry analysis using PE Cy7-A and FITC channels for Ce6
and siRNAF'TC respectively. For confocal laser scanning microscopy, HT29 cells at a density of
100,000 cells per well were seeded onto a coverslip placed in 6-well plates and incubated at 37 °C
with 5% CO> atmosphere to allow adhesion. After incubation time of 24 h, the cells were treated
with sSiRNAFTC-Ce6-PSilQ at a fixed concentration of 10 pM in 2 mL of serum and antibiotic free
media for a period of 12-14 h. Cells were rinsed three times with cold PBS and nuclei were stained
with Hoescht 33342 for 15 min at 37 °C in a humified incubator. After additional rinse with PBS,
the coverslips were mounted onto the glass slides with media and imaged using an Olympus

Fluoview FV 1000 confocal laser scanning microscope.
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4.2.9. Phototoxicity assessment
The MTS cell proliferation assay was used to determine cell viability. HT29 cells (3,000 cells per

well) were seeded into 96-well plates and incubated overnight at 37 °C. After that, the cells were
treated with various concentrations of Ce6-PSilQ NPs or free Ce6 ranging from 1 to 5 uM Ce6
and incubated for 24 h at 37 °C. To analyze cell viability with the combine treatment of PDT and
autophagy inhibitor, Dp44mT-Ce6-PSilQ NPs or a 1:6 molar mixture of free Ce6 and Dp44mT
were added at concentrations ranging from 1 to 20 uM based on Ce6. The cells were incubated for
24 h at 37 °C. To evaluate the PDT in combination with siRNA induced gene silencing, siNeg-
Ce6-PSilQ NPs or sip62-Ce6-PSilQ NPs were added at Ce6 concentrations ranging from 1 to 20
UM of Ce6 and 4 to 80 nM of siRNA. The treated cells were incubated for 24 h at 37 °C. Next,
cells were washed once with cold DPBS followed by irradiation with red light (633 nm,
25 mW/cm?) for 20 min in cold DPBS. The solution was aspirated, and cells were resuspended in
complete DMEM and incubated at 37 °C for an additional 24 h. Subsequently, cells were incubated
at 37 °C with 20% v/v of the CellTiter 96® MTS solution in complete DMEM for 4 h. In parallel,
one unirradiated duplicate plate was maintained for each treatment condition to serve as a control
(dark) experiment. Finally, the optical density value of each well at 490 nm was measured using a
Multiskan microplate reader. Cell viability (%) was calculated by analyzing absorbance values
recorded at 490 nm using a microplate reader. Cell viability (%) was calculated as follows: viability
= (Asample — Ablank)/(Acontrol — Ablank) X 100%, where Asample , Acontrol aNd Anlank denote absorbance
values of the sample, control, and blank wells. The ICso values are determined using GraphPad
Prism (v8.3.0 for Windows, La Jolla, CA, USA), fitting the normalized viability data to a nonlinear

regression.
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4.2.10. Measurement of intracellular ROS level
HT?29 cells were seeded in 6 well plates at a density of 50,000 cells per well and incubated at 37 °C

for 24 h. After that, the cells were treated with Ce6-PSilQ NPs or free Ce6 at concentration
equivalent to 2.4 uM Ce6 or Dp44mT-Ce6-PSilQ or a mixture of Dp44mT:Ce6 (1:6 molar) at
concentrations equivalent to 2.4 uM Ce6 and 0.4 uM Dp44mT. The cells were incubated for 24 h
at 37 °C. Next, cells were washed once with cold DPBS and incubated in serum free media
containing 10 uM DCFDA for 30 min at 37 °C in the dark, and then cells were washed twice with
DPBS and irradiated with red light (630 nm, 25 mW/cm?) for 20 min in cold DPBS. Cells were
collected by trypsinization and resuspended in DPBS before reading out ROS positive population
by flow cytometry (BD Fortessa). In parallel, one unirradiated duplicate plate was maintained for
each treatment condition to serve as a control (dark) experiment. DCFDA stained blank cells were
seeded in each plate and used to determine the background fluorescence.
4.2.11. Autophagy Assessment by flow cytometry

HT29 cells were seeded in 6 well plates at a density of 50,000 cells per well and incubated at 37 °C
for 24 h. After that, the cells were treated with Ce6-PSilQ NPs or free Ce6 at concentration
equivalent to 2.4 UM Ce6 or Dp44mT- Ce6-PSilQ NPs or a mixture of Dp44mT:Ce6 (1:6 molar)
at concentrations equivalent to 2.4 uM Ce6 and 0.4 uM Dp44mT . HT29 cells were cultured in
serum free media to mimic serum starvation and promote macro autophagy. Serum starved cells
treated with 10 uM chloroquine were used as a positive control group. The cells were incubated
for 24 h at 37 °C. The cells were subsequently infected with the RFP-GFP-LC3 baculoviral
(ThermoFisher Scientific) constructs using a concentration of 30 viral particles per cell. The
infected cells were incubated for 16 h at 37 °C and 5% CO.. Subsequently, the cells were irradiated

using red light (630 nm, 25 mW/cm?) for 20 min at room temperature after washing twice with
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DPBS. RFP positive populations and GFP positive populations were read out by flow cytometry
(BD Fortessa) 6 h after irradiation.
4.2.12. Autophagy Assessment by confocal microscopy
HT29 cells were seed in a 6 well plate with glass coverslips at a density of 25,000 cells per well
and incubated at 37 °C for 24 h. After that, the cells were treated with Ce6-PSilQ NPs or Dp44mT-
Ce6-PSilQ NPs at concentration equivalent to 1.2 uM Ce6 and incubated for 24 h at 37 °C. The
cells were subsequently infected with the RFP-GFP-LC3 baculoviral (ThermoFisher Scientific)
constructs using a concentration of 30 viral particles per cell. The infected cells were incubated for
16 h at 37 °C and 5% CO>. Subsequently, the cells were irradiated using red light (630 nm, 25
mW/cm?) for 20 min at room temperature after washing twice with DPBS. Cells were replenished
with media for 6 h and after that the glass coverslips were washed once with DBPS and mounted
onto glass slides for imaging autophagic vesicles by confocal microscopy (Olympus Fluoview).
4.2.13. In vitro analysis of cell apoptosis and necrosis

Annexin V-FITC with live/dead co-staining was used for the assessment of cell apoptosis. HT29
cells were seeded into 6-well plates at a density of 50,000 cells per well and incubated overnight
at 37 °C. After that, the cells were treated with various concentrations of Ce6-PSilQ NPs or free
Ce6 at concentration equivalent to 2.4 uM Ce6 and incubated for 24 h at 37 °C. To determine the
apoptotic effect caused by the combined treatment of PDT and autophagy inhibitor, Dp44mT-Ce6-
PSilQ NPs or a mixture of Ce6:Dp44mT (1:6 molar) at concentrations equivalent to 2.4 uM Ce6
and 0.4 uM Dp44mT were added. The inoculated cells were incubated for 24 h at 37 °C. Next,
cells were washed once with cold DPBS followed by irradiation with red light (633 nm,
25 mW/cm?) for 20 min in cold DPBS. The solution was removed and complete DMEM was added
to the cells, which were incubated at 37 °C for an additional 24 h. Subsequently, the cells were

washed once with DPBS and once with binding buffer (0.1x, BD biosciences). After that, the cells



117

were suspended in binding buffer, followed by the addition of 5 pL of Annexin V-FITC staining
solution for 15 min, and then washed once with the binding buffer (0.1x). Afterwards, 5 uL
SYTOX Blue (Thermo Fisher Scientific) staining solution was added for 5 min. Finally, the
percentage of apoptotic cells was determined using flow cytometry directly after SYTOX Blue
staining without an intermediate wash step. The cell apoptosis assessment for PDT in combination
with sip62 was carried out using the following materials: siNeg-Ce6-PSilQ NPs or sip62-Ce6-
PSilQ NPs at concentrations equivalent to 2.4 uM and 4.8 uM of Ce6 and 9.6 nM and 19.2 nM of
sip62 duplexes. The cells were inoculated with the materials and incubated for 24 h at 37 °C. Next,
cells were washed once with cold DPBS followed by irradiation with red light (633 nm,
25 mW/cm?) for 20 min in cold DPBS. The solution was removed and complete DMEM was added
to the cells, which were incubated at 37 °C for an additional 24 h. The cells were treated following
the protocol described above to determine the percentage of apoptotic cells.
4.2.14. Relative mRNA expression

The knockdown of p62/SQSTM1 expression was evaluated by quantitative PCR. HT29 cells were
grown in 6-well plates at a seeding density of 100,000 cells per well. The cells were maintained
for 24 h at 37 °C and 5% CO> atmosphere. The cells were then treated for 24 h with Ce6-PSilQ
NPs or siNeg-Ce6-PSilQ NPs or sip62-Ce6-PSilQ NPs at concentrations of 2.4 uM Ce6 and 9.6
nM siRNA. The cells were rinsed once with PBS, detached from tissue culture treated surface
using cell dissociation buffer (Thermo Fisher Scientific), and collected via centrifugation. The
isolation and purification of RNA from cells was carried out using Purelink RNA mini kit along
with in column DNase | treatment. Purified RNA was eluted in nuclease free water and stored at -
20 °C. The cDNA synthesis was performed using iScript cDNA synthesis kit (1708890, Bio-Rad).
The extracted RNA was mixed with iScript reaction mix, iScript reverse transcriptase, and

nuclease-free water as per the manufacturer’s protocol. The complete reaction mix was incubated
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in a thermal cycler programmed with the following protocol: 5 min priming at 25 °C, 20 min
reverse transcription at 46 °C, and 1 min RT inactivation at 95 °C. The contents were held at 4 °C.
After the cDNA synthesis, RT-PCR was performed using SYBR Green Supermix (Bio-Rad) and
a CFX96 Real-Time System (Bio-Rad). A 20 uL solution was prepared using 10 pL of Universal
SYBR Green Supermix, 1 pL of PrimePCR primer pair mix (Biorad), 100 ng of cDNA and
nuclease free water. The solution was then subjected to the following protocol: an initial step of
95 °C for 30 s for polymerase activation and DNA denaturation; followed by 35x cycles of 95 °C
for 15 s, 60 °C for 30 s, and a fluorescence reading. The mRNA expression relative to untreated
cells was then quantified in the Bio-Rad CFX Manager software using the AACq method with a
GAPDH reference.
4.2.15. Statistics

All the experimental results in the manuscript are reported as mean + standard deviation (SD)
unless mentioned otherwise. For the analysis of nanoparticle size using TEM, 50 nanoparticles
were evaluated using Image J. The hydrodynamic size, {-potential, and Kaiser’s ninhydrin test
were carried out in triplicates or more. The amount of Ce6 and Dp44mT loaded was analyzed in
triplicates using three different batches of nanoparticles. Cellular uptake, apoptosis and autophagy
assays were evaluated using flow cytometry with a minimum of 10000 singlets and quantified in
triplicates. For the cell viability studies, GraphPad Prism was used to calculate the 1Csp values
(n=6). Statistical analysis was done by one-way ANOV A using Tukey’s multiple comparison test.
All the statistical analysis was performed using GraphPad Prism (v8.2.0) with a p-value < 0.05

considered to be statistically significant.
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4.3. Results and discussion

4.3.1. Synthesis and physicochemical characterization of Ce6-PSilQ NPs
In this work, we fabricated Ce6-PSilQ NPs, Dp44mT-Ce6-PSilQ NPs and siRNA-Ce6-PSilQ NPs.

These materials produce cancer cell death through the simultaneous combination of PDT and the
inhibition of the pro-survival autophagy mechanism. First, we synthesized “in situ” the Ce6-silane
precursor (Ce6-TES) through a conjugation reaction between Ce6 molecule and APTES. A reverse
microemulsion approach was used for the fabrication of Ce6-PSilQ NPs using Ce6-TES. TEM
images of the nanoparticles were analyzed to obtain the size and morphology of Ce6-PSilQ NPs,
which are spherical with a diameter of 42.3 + 7.1 nm (n=50) (Figure 34). The hydrodynamic
diameter of Ce6-PSilQ NPs in PBS was determined to be 324.2 + 2.9 nm (Figure 34). The (-
potential was measured as +20.9 + 0.4 mV.

In the case of Dp44mT-Ce6-PSilQ material, Dp44mT was added to the microemulsion during the
first step before addition of the catalyst to maximize the loading of the molecule. To synthesize
Dp44mT-Ce6-PSilQ NPs, the ratio 1:6 mol of Dp44mT:Ce6 was selected as the mixing ratio to be
added to the reverse microemulsion during the formation of nanoparticles. The mixing ratio used
is in the synergistic range of combination between Dp44mT and Ce6 for PDT as seen in table 2
(appendix). The TEM images were analyzed to obtain the size and morphology of Dp44mT-Ce6-
PSilQ NPs, which are spherical with a diameter of 46.9 £+ 8.9 nm (n=50) (appendix). The
hydrodynamic diameter of Dp44mT-Ce6-PSilQ NPs in PBS was determined to be 376.1 + 7.6 nm
(Figure 34). The C-potential was measured as +21.8 £ 0.9 mV (Figure 34). Loading capacity of
Dp44mT and Ce6 in Dp44mT-Ce6-PSilQ NPs were quantified as 1.2 £ 0.2 and 15.8 + 1.6 % w/w
(2:6 mol ratio) using reverse phase HPLC (data not shown). Fluorescence spectroscopy further
confirm the presence of both Ce6 and Dp44mT as observed in Figure 34f with maximum peaks at

670 and 510 nm, respectively.



120

The siRNA- and sip62-Ce6-PSilQ NPs were prepared by taking advantage of the positive charge
on the surface of the Ce6-PSilQ nanoparticles to electrostatically interact with siRNA. Due to the
small amount of material (<50 nM) obtained through this method no further characterization of

the nanoparticles was carried out.
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Figure 34. a) TEM images of Ce6-PSilQ NPs. b) Hydrodynamic diameter of Ce6-PSilQ
(blue) and Dp44mT-Ce6-PSilQ (red) NPs as measured by DLS. C) {-potential of Ce6-PSilQ
(blue) and Dp44mT-Ce6-PSilQ (red) NPs. d) Indirect determination of singlet oxygen
formation using DMA for Ce6 (green) and Ce6-PSilQ NPs (blue). e) UV-vis spectra of Ce6
(green) and Ce6-PSilQ NPs (blue). f) Fluorescence spectra of Ce6-PSilQ (blue) and
Dp44mT-Ce6-PSilQ (red) NPs.

Cellular uptake of Ce6 PSilQ NPs was analyzed using flow cytometry (Figure 35). Uptake
efficiency of the particles was obtained as 33.0 + 1.8 % Ce6 positive cells at 5 uM [Ce6]. Average
uptake efficiency increased by 12% when concentration was increased to 10 uM [Ce6]. Confocal
fluorescence imaging of Ce6 PSilQ NPs at 10 uM [Ce6] by HT29 cells revealed successful uptake
of the nanoparticles at 37 °C after 12 h of incubation. The overlapping fluorescence between
stained lysosomes (green) and Ce6 PSilQ NPs (red) in Figure 35b depicts localization of the NPs
in lysosomes presumably by endolysosomal pathway. Ce6 PSilQ NPs can also been seen in the

perinuclear space and cell membrane of HT29 cells.
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4.3.2. Phototoxicity of Ce6-PSilQ NPs and Dp44mT-Ce6-PSilQ NPs in HT29 cells
The phototoxic profile of Ce6-PSilQ NPs and Dp44mT-Ce6-PSilQ NPs in HT29 cells was

measured using MTS assay (Figure 37b). The 1C50 values for Ce6-PSilQ NPs and Dp44mT-Ce6-
PSilQ NPs post irradiation were obtained as 12.8 £ 0.7 uM [Ce6] and 3.3 £ 0.2 uM [Ce6]/0.5 £
0.0 UM [Dp44mT], respectively. More than 90 % viability was observed in HT29 cells treated
with Ce6 PSilQ NPs at 28 uM [Ce6] and Dp44mT Ce6 PSilQ NPs at 25 uM [Ce6]/ 4 uM
[Dp44mT]. A five-fold reduction in the phototoxicity of Ce6 was observed in HT29 cells when
delivered as Ce6 PSilQ NPs as opposed to DMSO solvated free Ce6. The results show an
approximately four-fold decrease in the 1C50 associated with Ce6 as a result of the combination
with Dp44mT delivered to HT29 cells as a nano-formulation compared to Ce6 PSilQ NPs alone.
Interestingly, the cytotoxicity related to Dp44mT is reduced when it is loaded to the Ce6-PSilQ
NPs as observed in the dark toxicity profile of Dp44mT-Ce6-PSilQ (Figure 36c). This can be
gathered from the IC50 concentration of free Dp44mT (~ 0.1 uM) (table 2 appendix) while
Dp44mT Ce6 PSilQ NPs did not exhibit any cytotoxicity in HT29 cells (with >90% viability) for

concentration range of 0.2-1 uM [Dp44mT].
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Figure 35. a) Cellular uptake of Ce6-PSilQ (blue) by HT29 cells.  Confocal
microscopy images of HT29 cells treated with Ce6 PSilQ NPs b) Hoescht 33342
channel c) Lysotracker green channel d) Ce6 PSilQ channel e) grayscale dpi channel
f) merged blue, green, and red channels g) merged blue, green, red, and grayscale
channels. Scale bar measures 20 pm.

4.3.3. ROS production related to Ce6-PSilQ and Dp44mT-Ce6-PSilQ nanoparticles
Production of ROS (type 1) associated with PDT was measured in HT29 cells using DCFH-DA as

a fluorescent ROS probe. DCFH-DA is deacetylated by cellular esterases to a non-fluorescent
compound, which is later oxidized by ROS into fluorescent 2',7'- dichlorofluorescein (DCF) .
HT29 cells were treated with Ce6-PSilQ or Dp44mT-Ce6-PSilQ nanoparticles at 2.4 pM [Ce6].
Quantification of ROS generated after irradiation (630 nm, 25 mW/cm?, 20 min) shows 32.8 + 0.3

% and 44.3 = 2.5 % of DCF positive cells for the Ce6-PSilQ and Dp44mT-Ce6-PSilQ NPs,
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respectively (Figure 37a). In the case of free drugs, 22.4 + 1.6 % and 94.2 + 0.8 % of DCF positive
cells were measured post irradiation for Ce6 and the physical mixture of Ce6/Dp44mT,
respectively (Figure 37a). No significant ROS generation was observed for Ce6 and Ce6-PSilQ
NPs in dark conditions (Figure 37a). Interestingly, in the absence of light irradiation, Dp44mT-
Ce6-PSilQ NPs and the mixture of Ce6/Dp44mT induced 14.3 = 2.6% and 73.2 £ 2.1 % DCF
positive cells, respectively. These results show that Dp44mT has also a major impact in the

generation of ROS.
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Figure 36. a) ROS production in HT29 cells treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-
PSilQ (red) NPs, Ce6 (green), Dp44mT/Ce6 (purple) b) Phototoxicity analysis of HT29 cells
treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-PSilQ (red) NPs ¢) Dark cytotoxicity analysis
of HT29 cells treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-PSilQ (red) NPs. Data are
represented as mean + SD. Statistics: two-way ANOVA using Tukey’s multiple comparison test:
*FRF*p <0.001, *** p<0.001, ** p<0.01, * p<0.05, and ns: p > 0.05.

4.3.4. Effect of the combination Dp44mT-Ce6-PSilQ nanoparticles to inhibit
autophagy
HT29 cells were modified to express mRFP GFP LC3, which allows measuring the autophagic

flux. This probe makes it possible to distinguish autophagosomes (GFP-positive and RFP-positive
LC3 punctae, which are yellow) from the more acidic autolysosomes (GFP-negative and RFP-
positive LC3 punctae, which are red). Autophagy flux was indirectly estimated by RFP to GFP
mean fluorescence intensity (MFI) ratio of 10,000 single HT29 cells for each sample by flow
cytometry. Basal flux of untreated transduced HT29 cells was used as the baseline for
normalization. As seen in Figure 38a, the normalized autophagy flux of Ce6-PSilQ NPs was 10.61

+ 0.98, which was reduced to 4.98 £ 0.62 for Dp44mT-Ce6-PSilQ NPs. Cells treated with 30 uM
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of chloroquine were used as the positive control group for the assay expressing an MFI ratio of 2.4
+ 0.03[278]. The decrease in autophagy flux associated with Dp44mT-Ce6-PSilQ NPs when
compared to Ce6-PSilQ NPs confirms the flux inhibitory role of Dp44mT in cellular autophagy.
Reduction in autophagy flux was also observed for the free drugs treatment, from 4.72 + 0.53 for
free Ce6 to 1.57 + 0.06 when combined with Dp44mT (Figure 38a). Autophagy flux of serum
starved cells was measured as 4.05 + 0.44 (Figure 38a) which was decreased by CQ to 2.40 £ 0.01.
MFI ratios of unirradiated Ce6-PSilQ and Ce6 were detected in the range of 1.1-1.3 while
Dp44mT-Ce6-PSilQ and Ce6/Dp44mT were in the range of 2.3-3.1. ROS generated by Dp44mT
in both Dp44mT Ce6 PSilQ and Ce6/Dp44mT mixtures contribute to autophagy above basal
levels. These results were further confirmed by confocal microscopy (Figures appendix ).
4.3.5. Effect of the combination Dp44mT-Ce6-PSilQ nanoparticles on the PDT

associated cell death pathways
The amount of apoptotic and/or necrotic cells produced due to PDT effect of Ce6-PSilQ and

Dp44mT-Ce6-PSilQ NPs was analyzed by flow cytometry using the SYTOX Blue dead-cell
nuclear stain assay and Annexin V Apoptosis detection Kit. Concentration of nanoparticles and
free drugs evaluated in this experiment were 2.4 uM of Ce6 and 0.4 uM of Dp44mT. Cells treated
with Ce6-PSilQ and Dp44mT- Ce6-PSilQ NPs in the presence of light (633 nm, 25 mW/cm?, 20
min) showed 14.8 + 1.0 % and 52.3 £ 0.4 % of Annexin-V-positive cells, respectively (Figure
38b). Dark controls for Ce6-PSilQ and Dp44mT-Ce6-PSilQ NPs, under the same concentrations,
were used as negative controls showing less than 1.0 % and 3.7 + 0.4 % of Annexin-V-positive
cells, respectively (Figure 38b). HT29 cells treated with Ce6-PSilQ and Dp44mT-Ce6-PSilQ NPs
in the presence of light showed 5.6 + 0.2 % and 12.2 + 0.3 % necrotic-positive cells, respectively
(Figure 38c). In the absence of light, the treatment with these nanoparticles led to less than 1%

necrotic-positive cells (Figure 38c). A similar apoptotic/necrotic analysis was performed for free
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drugs. As depicted in (Figure 38b), HT29 cells treated with Ce6 or the combination Ce6/Dp44mT
after light irradiation exhibited 58.7 £ 0.8 % and 84.0 + 0.8 % of Annexin-V-positive cells,
respectively. Dark controls for the same free drugs show less than 1 + 0.4 % and 7.7 + 0.4 % of
Annexin-V-positive cells (Figure 38b). The percentages of HT29 cells undergoing necrosis under
the treatment with Ce6 and the combination of Ce6/Dp44mT in presence of light were 15.4 £ 0.5
% and 5.1 = 0.4 % of necrotic-positive cells (Figure 38c). Dark controls of the same free drugs
showed 4.2 + 1.3 % and 1.2 + 0.2 %. ROS from Dp44mT alone (Figure 37a) in the unirradiated
samples does not cause significant cell death (Figure 38b) . This indicates a co-dependent

interaction between Ce6, Dp44mT and light for an improved therapeutic outcome.
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Figure 37. a) Autophagy flux analysis of HT29 cells treated with Ce6-PSilQ NPs (blue),
Dp44mT-Ce6-PSilQ (red) NPs, Ce6 (green), Dp44mT/Ce6 (purple), serum starved
(orange) and chloroquine (black). b) Apoptosis analysis of HT29 cells treated with Ce6-
PSilQ NPs (blue), Dp44mT-Ce6-PSilQ (red) NPs, Ce6 (green) and Dp44mT/Ce6 (purple).
¢) Necrosis analysis of HT29 cells treated with Ce6-PSilQ NPs (blue), Dp44mT-Ce6-PSilQ
(red) NPs, Ce6 (green) and Dp44mT/Ce6 (purple). Data are represented as mean + SD.
Statistics: two-way ANOVA using Tukey’s multiple comparison test: **** p < 0.001,
***p<0.001, ** p<0.01, * p<0.05, and ns: p > 0.05.
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4.3.6. Effect of the combination sip62-Ce6-PSilQ nanoparticles to inhibit
autophagy, phototoxicity and on the PDT associated cell death pathways
We evaluate the performance of sip62-Ce6-PSilQ NPs to inhibit autophagy by siRNA mediated

silencing of p62 gene (sip62), and its impact on the PDT outcome of the nanoparticles in HT29
cells. First, we determined the siRNA cellular uptake efficiency using FITC-labeled RNA that
does not have any silencing effect (siNeg™'T¢). HT29 cells were treated with siNeg™"®-Ce6-PSilQ
NPs at 5 uM and 10 uM [Ce6] complexed to 40 nM and 20 nM siNeg™'™¢, respectively. The results
showed concentration dependent uptake of siNeg-Ce6-PSilQ (Figure 39a). 28.2 = 0.14 % and
436 £ 1.7 % Ceb6 positive cells were observed for the lower and higher concentrations
respectively. Correspondingly, 14.8 £ 0.3 % and 24.8 + 0.6 % siRNA transfection was observed
for the two concentrations. No significant change was observed in the overall cellular uptake due
to surface modification of Ce6-PSilQ NPs by siRNA coating.

siNeg-Ce6-PSilQ NPs was used as a negative control platform to account for any non-target
specific effects of sSIRNA delivery. Gene silencing by sip62 was confirmed using quantitative RT-
PCR and AACq analysis. The relative p62 mRNA expression normalized to Ce6-PSilQ NPs show
a significant difference for sip62-Ce6-PSilQ NPs (0.27 + 0.03) compared to siNeg-Ce6-PSilQ NPs
(0.82 £ 0.10) (*p<0.01.) (Figure 39b) as an indication of the silencing of p62 gene and most likely
p62/SQSTML1 protein.

The phototoxic effect on HT29 cells treated with sip62-Ce6-PSilQ NPs was analyzed by MTS
assay (Figure 39c) under light irradiation (633 nm, 25 mW/cm?, 20 min). The ICso values
determined from the concentration-response curve for the sip62-Ce6-PSilQ, siNeg-Ce6-PSilQ and
Ce6-PSilQ NPs are 10.3 £ 0.4 uM, 11.3 £ 0.5 uM and 12.8 + 0.7 uM [Ce6], respectively. A trend

is observed in these ICso values with the following increased order of phototoxicity sip62-Ce6-
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PSilQ > siNeg-Ce6-PSilQ > Ce6-PSilQ NPs; nevertheless, no significant difference was found
between the 1Cso values.

The analysis of the cell death mechanisms shows that sip62- and siNeg-Ce6-PSilQ NPs afforded
26.3+0.1 % and 25.6 £ 0.7 % of Annexin-V-positive cells with concentrations of at 2.4 uM [Ce6]
and 9.6 nM [siRNA] in the presence of light (633 nm, 25 mW/cm?, 20 min) (Figure 39d). At
higher concentrations, 4.8 uM [Ce6] and 19.2 nM [siRNA], sip62- and siNeg-Ce6-PSilQ NPs
produced 37.4 £ 0.1 % and 35.0 + 2.6 %of Annexin-V-positive cells, respectively. No significant
change in apoptosis was observed due to the combination of p62 silencing and PDT. The analysis
of necrosis associated with the treatment using sip62- and siNeg-Ce6-PSilQ NP afforded 5.6 + 0.1
% and 2.6 + 0.2 % of necrotic-positive cells, respectively at concentrations of 2.4 uM [Ce6] and
9.6 nM [siRNA]. At the higher concentrations, 4.8 uM [Ce6] and 19.2 nM [siRNA], sip62- and
siNeg-Ce6-PSilQ NPs produced 17.8 + 0.1 % and 11.5 + 2.2 % of necrotic-positive cells. In this
case, a trend on slightly higher amount of necrotic cells was found for the treatments with sip62-

Ce6-PSIlQ NPs (* p<0.05, ** p< 0.01.).
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Figure 38. a) Cellular uptake of sip62-Ce6-PSilQ NPs in HT29 cells recorded in
SiRNA (FITC) and Ce6 (red) channels b) Silencing of p62 gene in HT29 cells after
treatment with Ce6-PSilQ NPs (black), siNeg-Ce6-PSilQ NPs (light grey), and sip62-
Ce6-PSilQ NPs (dark grey). c) Phototoxicity of siNeg-Ce6-PSilQ NPs (down
triangles, light grey), and sip62-Ce6-PSilQ NPs (up triangles, dark grey) in HT29
cells. d) Apoptosis/necrosis analysis of HT29 cells treated with siNeg-Ce6-PSilQ
NPs (horizontal bars, light grey) and sip62-Ce6-PSilQ NPs (dark grey) at different
concentrations. Data are represented as mean = SD. Statistics: two-way ANOVA
using Tukey’s multiple comparison test: *** p < 0.001, ** p <0.01, * p <0.05, and

ns: p > 0.05.

4.3.7. Discussion
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Photodynamic therapy triggers different type of cell death mechanisms with the most common

being apoptosis and necrosis [102]. In addition to cancer cell death induced by PDT, intrinsic

detoxification mechanisms to combat photooxidative stress are also activated. One such adaptive
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response to PDT mediated extrinsic stress is autophagy [279]. The high reactivity of
photogenerated ROS leads to selective autophagy to remove oxidatively damaged organelles and
biomolecules [280]. Alternately, HIF-1a. is another key player and, despite conferring adaptability
to hypoxia which might lead to PDT resistance by promoting expression of the vacuole membrane
protein 1 (VMP1), a protein capable of inducing the formation of autophagosomes [281].
Autophagy was found to protect PDT treated cells from oxidative damage triggered by various
PSs like 5-ALA, hypercin, PhotofrinTM, protoporphyrin IX, TPPOH-SNPs and verteporfin [117].
Protective autophagy can be repressed through pharmacological agents such as Bafilomycin-Al,
Chloroquine, 3-Methyladenine or Wortmannin and genetic intervention targeting autophagy elated
genes such as ATG3, ATG5 or Beclin-1 and regulators like CHOP, as a combination strategy to
quell PDT-resistance in tumor cells [109]. Although, there are some reports supporting autophagy
associated cell death in PDT, in this account we are focused on investigating outcomes of
nanoparticle mediated combination therapy involving PDT and negative regulation of autophagy
using. The complexity of autophagy and numerous steps allows for several possibilities of
therapeutic intervention. Two such approaches have been explained in this study, firstly using
Dp44mT Ce6 PSilQ NPs and second using sip62 Ce6 PSilQ NPs.

In this study, we synthesized Ce6-PSilQ nanoparticles starting with the synthesis “in situ” of Ce6-
silane precursor that is subsequently condensed into nanoparticles in a base catalyzed reverse
microemulsion system. The nanoparticles obtained were spherical and with a diameter of 42.3 £
7.1 nm. As reported previously, PSilQ nanomaterials are distinguished for reaching a high loading
capacity of the therapeutic agent [273, 282]. In this case, the loading of Ce6 to PSilQ nanoparticles
was determined to be 17.0 + 4.0 %wt. There were no significant differences found in size,

morphology and overall cargo loading capacity between Ce6 PSilQ and Dp44mT Ce6 PSilQ NPs.
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Dp44mT values. The reduced absorption efficiency of Ce6 molecules immobilized in Ce6 PSilQ
NPs compared to free solvated Ce6 directly impacts singlet oxygen production. This phenomenon
was noticed for several conjugated forms of Ce6, and other PSs reported by others and our group
[283, 284]. The presence of amine groups on the surface of Ce6 PSilQ NPs and Dp44mT Ceb6
PSilQ NPs offers flexibility for surface modification using polyethylene glycol (PEG) and other
targeting antibodies to increase specificity for in vivo applications.

We evaluated the in vitro properties of the Ce6-PSilQ nanoparticles in a human colorectal cancer
(HT29) cell line. Several studies have showed promising results supporting the efficacy of PDT to
treat colon cancer as an adjuvant therapy at different stages of the disease [285]. Flow cytometry
and confocal microscopy showed that HT29 cells internalized the nanoparticles effectively (> 30%
at 17 pg/mL) because of the positive surface charge imparted by amine groups. The partial co-
localization of Ce6-PSilQ NPs in the lysosomes of HT29 cells can be seen from the overlapping
fluorescence of Ce6 (red) and Lysotracker green in the confocal microscopy images (Figure 35).
Cell internalization of PSilQ nanoparticles through the endosomal pathway has already been
reported by our group [233].

The phototoxic performance of Ce6-PSilQ NPs in HT29 cells showed the typical dose-response
associated to PDT (Figure 37b). In comparison with the parent PS agent; the phototoxicity of the
Ce6-PSilQ nanoparticles is reduced approx. 5-fold as seen in the 1C50 value for Ce6(~2.6 uM)
compared to the nanoparticles (12.8 = 0.7 uM). The reduction of the PDT effect of PSs
encapsulated in PSilQ NPs have been previously reported. This difference is explained by the self-
guenching effect of closely packed PSs in the nanoparticles, which directly impacts the generation
of 10, [286]. Nevertheless, the encapsulation of PSs in PSilQ NPs has major advantages for the

PDT application of this platform in vivo [287]. The production of O, by Ce6-PSilQ material was
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demonstrated in solution (Figure 34d). To confirm that other ROS are involved in the PDT effect
in vitro, we used DCFH-DA to measure the presence of ROS such as hydroxyl, peroxyl radicals
and hydrogen peroxide in HT29 cells. Flow cytometry data show that Ce6-PSilQ NPs generated
1.5-fold higher number of DCF-positive cells than the parent Ce6. The phototoxicity of Ce6 has
been mainly related to the generation of 'O, and its localization in specific organelles [288].
Therefore, our results of higher generation of type I ROS by the Ce6-PSilQ NPs not necessarily
implied better phototoxicity as we observed in Figure 4a. The analysis of the apoptosis and necrosis
triggered by Ce6-PSilQ NPs and Ce6 show interesting differences in their cell death mechanism.
Ce6 produced 4- and 3-fold higher number of apoptotic and necrotic cells, respectively than Ce6-
PSilQ NPs (p<0.0001). It has been reported that Ce6 generates more necrotic cells at higher
concentrations when cell membrane and partial lysosomal localization occurs [289, 290]. The
direct impact of PDT generated ROS on mitochondria and subsequent release of cytochrome c is
reported as the major checkpoint controlling the induction of apoptosis [291]. Additionally,
permeabilization of lysosomes has shown to initiate cell death by the release of cathepsins and
other hydrolases into the cytosol [292]. Cell death by LMP might assume either apoptotic or
necrotic mechanisms depending on the occurrence of caspase activation. There was little to no
apoptosis or necrosis observed in dark controls.

Annexin V assay showed that Ce6-PSilQ NPs triggered a greater proportion of necrotic cell death
(necrosis: total cell death) compared to the parent Ce6. The necrotic fractions in SYTOX Blue
positive population for Ce6 PSQ NPs was 9% greater than the parent Ce6 (****p<0.0001). This
can be attributed to major lysosomal sub-localization of Ce6-PSilQ NPs and resultant LMP

dependent cell death caused by ROS post irradiation.
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Autophagy is described as a catabolic mechanism characterized by vesicles engulfing
dysfunctional cellular components for degradation and recycling in lysosomes [112]. Autophagy
is often observed as a consequence of excess intracellular ROS or oxidative stress. High autophagy
flux implies a rapid rate of recycling of carbonylated proteins and damaged organelles after PDT
[280]. Previous reports have shown that premature termination of active autophagy enhanced toxic
effect of ROS in cancer cells [293]. In this work, we used Ce6-PSilQ NPs as a carrier to evaluate
two different strategies that targets autophagy and are combined with PDT to eliminate cancer
cells. First, we used a thiosemicarbazone-based autophagy inhibitor (Dp44mT), which one of its
main consequences is to directly target the formation of autolysosome by preventing the fusion of
lysosomes with autophagosomes. To account for that effect, we used a commercially available
tandem sensor (PremoTM Tandem Autophagy sensor RFP-GFP-LC3 kit) that has the ability to
monitor the various stages of autophagy through LC3B protein localization [294]. The sensor is a
baculoviral construct that encodes an acid sensitive GFP with an acid insensitive RFP. The changes
in pH due to the fusion of autophagosomes (neutral pH) with lysosomes (acidic pH) can be
visualized by quantifying the loss of GFP as compared to RFP fluorescence intensity (autophagy
flux) [295, 296]. In this study; as parameter for quantification, we measured the ratio of red to
green mean fluorescence intensity of the transduced samples after PDT treatment using flow
cytometry. The autophagy flux of HT29 cells treated with Ce6-PSilQ NPs was reduced by 47 %
after treatment with Dp44mT-Ce6-PSilQ NPs as an indication of the inhibiting effect of Dp44mT
on autophagy (**** p <0.0001). More importantly, the PDT outcome of Dp44mT-Ce6-PSilQ NPs
showed an increase of phototoxicity as demonstrated by the four-fold decrease in the IC50 value
as compared to Ce6-PSilQ NPs alone. No cytotoxicity was observed in the absence of light with

Ce6-PSilQ nor Dp44mT-Ce6-PSilQ NPs using the MTS assay [Figure 37b]. Apoptosis analysis
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also provides confirmation on the enhancement of PDT effect due to the combined approach,
Dp44mT-Ce6-PSilQ NPs afforded 3.5-fold more apoptotic-positive cells than Ce6-PSilQ NPs. A
similar trend was observed for the free drugs. Necrosis analysis show a two-fold increase on the
number of necrotic-positive cells associated with Dp44mT-Ce6-PSilQ NPs in comparison with
Ce6-PSilQ NPs. Interestingly, the control MTS experiments for the free drugs, Ce6 and mixture
Dp44mT/Ce6, resulted in high toxicity in the absence of light for the mixture. It is well-known
that Dp44mT assumes a dual role through autophagosome initiation by excess ROS production in
an iron-dependent manner in the lysosomes, which could induce cytotoxicity, and the inhibition
of late-stage autophagy by lysosomal membrane permeabilization (LMP) [276] [297] [298]. The
generation of ROS under dark conditions for the mixture Dp44mT/Ce6 was corroborated by our
own experiments. Nevertheless, the ROS-positive cells were reduced 5-fold for the Dp44mT-Ce6-
PSilQ NPs as an indication that the encapsulation of Dp44mT in the PSilQ platform reduces its
generation of ROS, but the inhibitor has still enough capacity to afford the LMP to block autophagy
post PDT. However, the absence of distinct autophagic vacuoles in Dp44mT Ce6 PSilQ treated
cells indicates negative regulation of autophagy by presumably by more than one mechanism.
These results validate that using PSilQ NPs to carry autophagy inhibitors improve the overall PDT
effect.

Our second approach to inhibit the autophagy mechanism targets the p62/SQSTM1
autophagosome cargo protein by using siRNA. The sip62-Ce6-PSilQ NPs efficiently reduced the
expression of p62 gene in HT29 cells (Figure 4a). Nevertheless, this silencing effect was not fully
reflected in the phototherapeutic outcome of sip62-Ce6-PSilQ NPs against HT29 cells (Figure 4Db).
Only a minimal reduction in the 1Cso values was observed for this material compared with the

control experiments. The apoptosis analysis did not show much difference either (Figure 4c). This
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can be explained by compensatory mechanisms in autophagy where cells recruit other
autophagosome specific receptors like NBR1, NDP52 for binding and subsequent sequestration of
PDT induced poly-ubiquitinated products of oxidation into autophagosomes for degradation upon
fusion with lysosomes. Similar results were reported for shRNA-mediated knockdown of ATG5,
which only partially blocked autophagic response resulting in a marginal improvement of Hela
and MCF-7 cells sensitivity to PDT [276]. Interestingly, inhibition of p62 revealed a relatively
higher fraction (p<0.05) of non-apoptotic cell death which aligns with observations by other
groups where sip62 increased non-apoptotic cell death in multiple carcinoma cells in a SiRNA

concentration dependent manner [299].

4.4. Conclusion
The use of nanoparticulate-based platforms as codelivery system to enhance the PDT effect against
cancer is a burgeoning field in nanomedicine. Herein, we designed, synthesized and characterized
a PSilQ nanoparticles to carry Ce6 as PS agent and an autophagy inhibitor agent. We independently
targeted the autophagy pathway at two different stages: early-stage using sip62 or late-stage with
Dp44mT. Our results show that despite the efficient silencing of the p62 gene, which is associated
with the p62/SQSTM1 autophagosome cargo protein, the final phototherapeutic outcome
produced by sip62-Ce6-PSilQ NPs was not statistically different from the control experiments.
The lack of additive effect is most likely due compensatory mechanisms in autophagy to overcome
the effect of PDT. Recent reports have shown that complete knockout ATG5 utilizing
CRISPR/Cas9 genome in HeLa cells resulted in a significant increase of PDT-mediated toxicity.
This is a strategy worthy to explore in the future. Our second approach, which relies on Dp44mT-
Ce6-PSilQ NPs that targets the late-stage of the autophagy mechanism, produced an additive
interaction between Ce6 and Dp44mT. Our results for the autophagy flux, phototoxicity, and

apoptosis/necrosis analysis demonstrated that Dp44mT-Ce6-PSilQ NPs efficiently eliminated
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HT29 cells with the combine performance of the photosensitizer and the autophagy inhibitor. It is
also important to point out that the encapsulation of the Dp44mT molecule inside the PSilQ
platform reduced its cytotoxic effect related to ROS generation without decreasing its inhibitory
capability. Overall, our study demonstrated that the use of multifunctional PSilQ system for the
codelivery of PS agent and autophagy inhibitor enhances the photodynamic therapy against cancer
cells. We envision that this approach can be combined with other therapies such as chemotherapy
immunotherapy or photothermal therapy to further improve the use of PDT for the treatment of

cancer.

4.5. Appendix - Autophagy regulation using Multimodal Chlorin e6-loaded
Polysilsesquioxane Nanoparticles to Improve Photodynamic Therapy

Table 3 Physicochemical properties of Ce6 PSilQ NPs

Z.gy PDI Zeta NH,
(nm) (mV) (nmol/ mg)
Ceb6 PSIlQ 324.2 = 017 £ +209 1876 £
2.9 0.02 0.4 234
Dp44mT 376.1 0.22 + +21.8+ NA
Ceb PSIlQ 7.6 0.02 0.5
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Table 4. Combination indices of Ce6 and Dp44mT at various ratios

Ratio Ceb Dp44mT Combination
Dp44mT:Ce6 (1C-50 uM) (1C-50 uM) Index
(WM:uM)
0.0375 2.486 0.016 1.124
0.1 1.115 0.021 0.647
0.225 0.696 0.034 0.620
0.6 0.221 0.055 0.652
Dp44mT - 0.097
Ceb 2.590

siNeg-FITC Ceb Overlay Merge

Figure 39. Cellular uptake of siNegF'T® Ce6 PSilQ NPs
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Figure 40 Confocal image of Autophagy flux observed in Ce6 PSilQ NPs after
irradiation  (Scale bar= 20 pum)

Figure 41 Confocal image of Autophagy flux observed in Dp44mT Ce6 PSilQ NPs after
irradiation (Scale bar = 40 pum)
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5. Conclusions and Future directions

5.1. Conclusions

Chapters 2-4 present the development of three silica-based nanoparticles (SiNPs) using a
template aided and base catalyzed process. The two platforms, MSNP and PSilQ NPs were
biocompatible and demonstrated safe intracellular delivery of drugs (DOX, Ce6 or Dp44mT).
In addition, the particles were amenable to surface modification for loading nucleic acids that
afford gene regulation. From a mechanistic standpoint, silica nanoparticles successfully
induced RNAIi to silence resistance causing genes while enabling cytotoxicity of loaded drugs
(generation of toxic ROS or topoisomerase Il inhibition). In this way, nanoparticles actuated
multiple pathway intervention in diseased cells. Nanoparticles used for combination therapy
depicted a different cellular behavior than equimolar physical mixtures of drugs did. It is
conceivable that the pharmacokinetics (PK) and pharmacodynamics (PD) of individual drugs
that constitute combination therapies are asynchronous in vivo. This is a possible cause for the
low success rate of combination therapies. Nanoparticles offer great potential for
spatiotemporal systemic co-delivery of two (or more) therapeutic moieties that biologically
interact to produce an enhanced therapeutic effect.

This thesis presents the development of silica-based nanoparticles to be used for the treatment
of cancer using different therapeutic approaches either alone or combined. In particular, two
silica-based platforms are utilized, mesoporous silica and polysilsesquioxane nanoparticles.
The two platforms, MSNP and PSilQ NPs were biocompatible and demonstrated efficient
intracellular delivery of drugs. In addition, the particles were amenable to surface modification
for loading gene silencing moieties such as siRNA duplexes or nucleic acid nanoparticles

(NANPSs), hence demonstrating capability for multimodal therapy.
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5.2. Future Work
5.2.1. Combination of Nucleic Acid and Mesoporous Silica Nanoparticles:

Optimization and Therapeutic Performance In Vitro

To expand the therapeutic capability of Bcl2-fNA-DOX-MS-NP platform, its evaluation in
multidrug resistant cancer cells or Bcl2 gene inserted cells is needed. This evaluation is necessary
since wildtype MDA MB 231 and A375 cells tested, were significantly responsive to doxorubicin
indicating that Bcl2 expression in the cells was not significant enough to prevent apoptosis through
drug resistance.
Further, to test transient transfection capabilities of PEG-PEI-MS-NP platform, the combination
with other therapeutic NANPs can be tested. Expanding the use of this platform to other
combinations of chemotherapy and expression/silencing of target genes, which can be relevant to
other types of cancer is envisioned. Finally, for future translation of this delivery system, scaling-
up studies and evaluation in preclinical models is mandatory.

5.2.2. Light-Activated Protoporphyrin IX-Based Polysilsesquioxane Nanoparticles

Induce Ferroptosis in Melanoma Cells

This chapter provided initial evidence that supported the occurrence of ferroptosis in PSilQ NPs
mediated PDT. Although lipid peroxidation and glutathione peroxidase inactivation are primary
characteristics of ferroptosis, evaluation of the actual products of lipid peroxidation will provide
greater support to our findings. Therefore, the formation of malondialdehyde (MDA\) as a product
of PDT can be analyzed for PpIX PSilQ NPs and free PplX [300].

To take advantage of the knowledge that ferroptosis is involve in PSilQ mediated PDT, ferroptosis

inducers can be encapsulated by co-condensation in the PSilQ nanoparticles to explore their
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synergistic effect, and potentially reduce concentrations of photosensitizers required for the
treatment. Some interesting combinations to explore on this front could be ferroptosis promoter
erastin and PplX as a chemo-PDT combination therapy [301], and siGpx4 transfection along with

PpIX as an siRNA-PDT combination therapy to yield therapeutic benefit [302].

5.2.3. Autophagy regulation using Multimodal Chlorin e6-loaded Polysilsesquioxane

Nanoparticles to Improve Photodynamic Therapy

Our results revealed that targeting p62 for autophagy inhibition did not yield successful results in
boosting PDT efficacy. The possibility that loss of p62 (knockout), but not inhibition (knockdown)
of expression can yield better results can be investigated. This would require the creation of p62
knockout (KO) clones of HT29 and other colon cancer cells using CRISPR-Cas9 system and
relevant guide RNA (gRNA). PDT performance of Ce6 PSilQ NPs in p62 KO cells compared to
wildtype cells can be evaluated.

The hypothesis that inhibition of p62 is likely compensated by heightened expression of other
autophagosome related proteins (NBR1) to sustain autophagy for survival or by protective

pathways (UPS, antioxidant response) post PDT offers another direction of further studies [235].
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