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Biodegradable Silica-Based Nanoparticles with Improved
and Safe Delivery of Protoporphyrin IX for the In Vivo

Photodynamic Therapy of Breast Cancer

Zachary K. Lyles, Mubin Tarannum, Cayli Mena, Natalia M. Inada, Vanderlei S. Bagnato,

and Juan L. Vivero-Escoto*

Silica-based nanoplatforms are highly versatile and attractive delivery systems
for cancer treatment. These platforms have been used for the effective
delivery of pharmacological agents in preclinical settings. Though silicon
oxide is found naturally in the human body, a major limitation associated with
silica-based nanoparticles is their slow biodegradability. Therefore, the
potential risks related to the longer bioaccumulation of these materials can be
significant. In this work, the synthesis and application of a novel silica-based
nanoplatform, polysilsesquioxane nanoparticles (PSilQ NPs) is reported. The
developed PSilQ material contains stimuli-responsive properties, and
improves biodegradability for the efficient delivery of a clinically relevant
photosensitizer, protoporphyrin IX. Herein, it is demonstrated that the PSilQ
nanoplatform is biocompatible and exhibits enhanced biodegradability in an
immune-competent mouse model. In addition, PSilQ NPs show
phototherapeutic efficiency for reducing the tumor burden in an orthotopic
model of triple-negative breast cancer. These results may pave the way for the

biomedical applications. The wide variety
of existing silica-based nanomaterials,
including solid, mesoporous, hollow,
and hybrid, presents several advantages
for drug delivery (e.g., ease of synthesis
and scale-up, high surface area, tunable
porosity, size distribution, and compo-
sition) along with the access to versatile
surface functionalization.?) Some of
these nanoparticles have been used to
encapsulate molecules and/or metallic
nanoparticles.>*] Despite these advantages,
there is no reported clinical use of silica-
based nanoparticles for systemic delivery
of therapeutic agents. Silica is “generally
regarded as a safe (GRAS)” ingredient by
the U.S. Food and Drug Administration;>”’]
nevertheless, a crucial challenge that needs

future clinical evaluation of this silica-based nanoplatform.

1. Introduction

Over the last decades, delivery systems based on silicon oxide
(silica) have attracted extensive interest for a broad spectrum of
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to be addressed, in order to advance this
platform for future clinical applications, is
to enhance its rate of biodegradability in
the human body.[>8] The development of hybrid silica-based ma-
terials such as polysilsesquioxane nanoparticles (PSilQ NPs) is
a promising step in this direction.*!%l Moreover, by rendering
stimuli-responsive properties to the silsesquioxane monomer, an
increase in the biodegradability of the polymeric nanostructure
can be expected.l’>111

PSilQ NPs have been previously used for the efficient delivery
of chemotherapeutic agents, photosensitizers (PSs), nucleic
acids, and contrast imaging agents.l'>""®] The PSilQ nanoplat-
form provides similar advantages as the other silica-based
nanomaterials, but with the additional benefit of having both
a high content of organic functionalities in the matrix and
controlled degradability. Recently, the use of PSilQ platform
has been investigated to improve the performance of light-
activated treatments, such as photodynamic and photothermal
therapy.l'¥] Photodynamic therapy (PDT) is an innovative,
minimally invasive, and highly selective technique for the
treatment of cancer, among other diseases.'®®] PDT uses
non-toxic PSs and oxygen, which upon activation with light of
a specific wavelength triggers a photochemical process leading
to the generation of reactive oxygen species (ROS) to eliminate
cancer cells.['?% Some of the challenges associated with PDT
include the increase of the PS concentration in the tumors
and prevention of unwanted phototoxic side effects.[?"?2] Cur-
rently, most clinically approved PSs belong to the porphyrin

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Check for

updates


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadtp.202000022&domain=pdf&date_stamp=2020-05-04

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com

) Reducing
@ environment

/

o |

' _,o}*. ) )
" Hathycats - ROS in cells
@ l '-'\""!h..
1008 \ J j'; .
Diameter (nm) N Intracellular ROS. A -
PplX release @ l poptosis
[+3] Q2
a—etoo . 142 s
§ (i ; b5 A ¥
g gt | ® P -
& 50| § g | 7 & *¥ i
E ‘.ﬁ_r._\opiolie c..u' 4 m"
% ® o o & o
Tinve (h) 307 170

www.advtherap.com

Phototherapeutic efficacy in
orthotopic TNBC mice

c

M&j

In vivo
biodegradation

PSilQ NPs
Excretion

a

5

\

Scheme 1. Schematic representation of PSilQ NPs features and their in vitro and in vivo applications for the PDT of breast cancer. a) The redox-responsive
PSilQ NPs exhibit enhanced degradability and PplIX release under reducing conditions. b) The PSilQ NPs show phototoxic effects through the generation
of ROS causing cell apoptosis. c) The in vivo experiments in an immune-competent mouse model further proved the biodegradability of PEG-PSilQ NPs.
d) The effective phototherapy of TNBC using PEG-PSilQ NPs was shown in an orthotopic mouse model. Scale bar = 5 mm. lllustrations created using

BioRender.com.

or chlorin families, such as photofrin and protoporphyrin IX
(PpIX), and its precursors including aminolevulinic acid (ALA)
and methyl aminolevulinate (MAL).'*2% Most of these com-
pounds exhibit poor water solubility, thus posing a challenge
for intravenous delivery. In addition, the PSs are not selective
for the target tissue causing increased light sensitivity.?324]
Nanoparticles increase the selectivity and stability of PSs while
reducing unwanted side effects, such as dark toxicity and light
sensitivity, which can enhance the overall PDT effect.[®’) Our
group and others have investigated the use of stimuli-responsive
PSilQ platform to incorporate a high payload of PSs to improve
PDT for cancer. Our group has reported on the use of redox-
responsive PpIX-based PSilQ NPs to improve the PDT effect
against cancer in vitro.2*28] We recently expanded the appli-
cation of PSilQ nanoplatform for the combinatorial treatment
of triple-negative breast cancer (TNBC) using chemo, photo,
and gene silencing therapies.['*] Khashab and co-workers have
also demonstrated the development of enzymatically degradable
PSilQ NPs for in vitro imaging.[?’) Nevertheless, to the best
of our knowledge, all the results reported for these stimuli-
responsive PSilQ NPs have been obtained only under in vitro
conditions.

Herein, we demonstrate, for the first time, the safety,
biodegradability, and phototherapeutic efficacy of a stimuli-
responsive PSilQ nanoplatform in vivo. Our nanoplatform
consists of a redox-responsive PpIX silane derivative as the
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monomeric building unit (Scheme 1). The PSilQ NPs were fabri-
cated using reverse microemulsion method and the surface of the
PSilQ NPs was modified with polyethylene glycol (PEG) to ren-
der stealth properties for in vivo delivery.*"] The physicochem-
ical properties of the materials were thoroughly characterized.
We demonstrated the degradability of PSilQ NPs and release of
PpIX in solution under reducing environments. The phototoxic
effect of PSilQ NPs, associated with the generation of ROS, was
successfully proven in a panel of breast cancer cells. More im-
portantly, in vivo experiments in a mouse model demonstrated
that the PEG-PSilQ NPs are biodegraded and excreted without
any adverse side effects. In addition, the PEG-PSilQ NPs exhib-
ited an enhanced phototherapeutic effect in an orthotopic model
of TNBC. Our data demonstrate the enhanced biodegradability,
safety, and phototherapeutic efficacy of PSilQ nanoplatform for
the treatment of TNBC in preclinical settings.

2. Results and Discussion

2.1. Synthesis and Characterization of Redox-Responsive
PpIX-Loaded PSilQ NPs

The fabrication of a PSilQ nanoplatform with enhanced degra-

dation depends on the selection of organic moieties with
stimuli-responsive features, which are incorporated into the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Schematic representation of the fabrication of PEG-PSilQ NPs. Silane derivative 1 is used as monomer for the fabrication of PSilQ NPs
through a reverse microemulsion method. Further functionalization with heterobifunctional PEG polymer affords PEG-PSilQ NPs. Structural and photo-
physical properties of PSilQ NPs. b) Representative SEM image of PSilQ NPs (scale bar = 200 nm). c) PSD plot of PSilQ (blue) and PEG-PSilQ (red) NPs
in PBS (1x 1073 m) (n = 3). d) Colloidal stability of the PSilQ (blue) and PEG-PSilQ (red) NPs in complete cell culture media supplemented with serum
for 24 h monitored using DLS. e,f) UV-vis and fluorescence spectra of PpIX (green) and PSilQ (blue) NPs (5 X 10~ m PplIX). g) Generation of 'O, by
PpIX (green) and PSilQ NPs (blue) under red light irradiation (570-690 nm, 30's, 9 mW cm™2) (n = 3). h) Time-dependent PSilQ NP degradation in
solution under a reducing environment (DTT) monitored by DLS. PSD plots of PSilQ NPs in the presence (solid line) and absence (dashed line) of DTT
(10 x 1073 wm) at different time points. The line gated in yellow indicates the original D;,, and the one in orange the new D, (n = 3). i) Redox-responsive
release of PplIX from PSilQ NPs in the presence (solid line) and absence (dashed line) of the reducing agent DTT (n = 3). The red arrow indicates the
addition of reducing agent.

hybrid-inorganic framework.[2?1%1 We recently reported on the  cosurfactant in the organic phase behaved as the nanoreactors
use of a redox-responsive PpIX silane ligand (1) to fabricate  containing an aqueous environment. We used a four-component
multimodal PSilQ nanoplatform. This ligand contains not only  approach for this reaction, consisting of Triton X-100 as the
a disulfide bond that renders the redox-responsive properties, primary surfactant, hexanol as the cosurfactant, cyclohexane
but also carboxylic acids for further chemical functionalization  as the organic solvent, and water. The PpIX silane derivative
of the nanoparticles (Figure 1a). The synthesis of PpIX silane (1) was dissolved into the water in the presence of ammonium
ligand (1) is carried out through a multi-step procedure as de-  hydroxide. The use of the base has two main purposes: first,
scribed previously by our group.['* The fabrication of the PSilQ  to solubilize compound 1 in water by forming its carboxylate
NPs was performed via a reverse micro-emulsion technique.l?!  version; and second, to increase the rate of condensation of 1
In this method, the micelles formed by the surfactant and  inside of the nanoreactors to afford the desired PSilQ NPs.['°]
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Once the nanoparticles were fabricated, the nanoparticle surface
was further functionalized with MeO-PEG-NH, (MW = 2 K) by
the coupling reaction with the carboxylic acid groups exposed
on the surface of the nanoparticles to afford PEG-PSilQ NPs
(Figure 1a).

The structural properties of PSilQ and PEG-PSilQ NPs were
characterized by using scanning electron microscopy (SEM),
dynamic light scattering (DLS), and {-potential. SEM images
show that the reverse microemulsion approach afforded spheri-
cal PSilQ NPs with diameters in the range of 37 + 6 nm (n = 160)
(Figure 1b; Figure S1, Supporting Information). DLS and ¢-
potential measurements were performed in phosphate-buffered
solution (PBS, 1 X 107 M, pH = 7.4) to determine the hydro-
dynamic diameter (D,)) and surface charge of the nanoparticles,
respectively. PSilQ NPs exhibited a Dy, of 139 + 1 nm (PDI =
0.23) (Figure 1c) with a surface charge of -43 + 3 mV (n = 3)
(Table S1, Supporting Information). The D,, of the nanoparticles
were larger than the diameter found by SEM, most likely due to
slight aggregation and/or swelling of the PSilQ material in the
solution, as previously reported.l3!) The negative charge on the
surface of the PSilQ NPs is due to the contribution of both silanol
and carboxylate groups, which are produced after their deproto-
nation under physiological pH.[?®! After functionalization with
MeO-PEG-NH, polymer, the D, of the nanoparticles increased to
196 + 3 nm (PDI = 0.25) (Figure 1c) due to the passivation of the
surface by the PEG polymer as corroborated by the slight increase
in the surface charge to —-38 + 2 mV (n = 3) (Table S1, Supporting
Information). The colloidal stability of both the PEG- and PSilQ
NPs was evaluated in cell media containing fetal bovine serum
during 24 h (Figure 1d). The data showed an increase in the D,
for both nanoparticles compared to the Dy, in PBS, which is most
likely due to the formation of a protein corona on the nanoparti-
cle surface.??l The Dy, for both nanoparticles remained fairly con-
stant during the whole experiment corroborating their colloidal
stability in the presence of serum.*"]

The UV-vis spectra of PSilQ NPs clearly showed the char-
acteristic Soret band for PpIX; however, the four Q-bands are
not as well-defined as those of the parent molecule (Figure le;
Figure S2a, Supporting Information). As we have reported be-
fore, a red shift from 405 to 413 nm for the Soret band of the
PSilQ NPs was observed, which is indicative of the partial forma-
tion of J-aggregates associated with PpIX assembly in the PSilQ
framework.["*l In addition, the presence of PpIX in the PSilQ NPs
was corroborated by Fourier transform infrared spectroscopy
(Figure S2b, Supporting Information). The broad stretching vi-
bration at 3300-2800 cm™' clearly demonstrated the presence of
O—H bond associated to carboxylic acids; the vibrations at 2950—
2800 cm™! are indicative of C—H sp? bonds; the signal for the
C=0 group appears at 1690 cm™'; two vibrations at 1445 and
1245 cm™! associated with C=N and C—N due to the presence
of PplIX are identified; and finally, the diagnostic vibrations for
Si—O and Si—C bonds at 1100-900 cm~! and 865 cm™!, respec-
tively, are also observed. The loading of PpIX molecules in the
PSilQ and PEG-PSilQ NPs was determined through UV-vis spec-
troscopy. The amount of PpIX in the PSilQ and PEG-PSilQ NPs
was determined to be 5.7 + 2.2 and 4.2 + 0.4 wt%, respectively
(n = 5). The loading of PpIX is similar to the one reported for
other nanocarriers.[>*]
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The fluorescence of the PSilQ NPs drastically decreased when
compared to PpIX (Figure 1f; Figure S2¢, Supporting Infor-
mation), which can be explained by the self-quenching effect
occurring due to the close proximity of the PpIX molecules in
the PSilQ framework.[?63¢] A similar effect was observed when
the production of '0, was tested in solution. Molecular PpIX
produced 53.5 x 107° m of 10,, whereas the PSilQ NPs, having
a similar number of PpIX molecules, only produced 5.6 x 10~°
M of 10, (Figure 1g). In this case, almost a 10-fold reduction in
the generation of 10, compared with PpIX was observed. Our
group has previously used the self-quenching effect to rationally
design stimuli-responsive systems where, once the PS agent is
encapsulated in the nanoparticle, the generation of 'O, is drasti-
cally reduced.'#2¢! Nevertheless, once the nanoparticles degrade
in response to the intracellular stimuli releasing the molecular
PS, the 'O, production is restored. This approach provides high
selectivity to the PDT outcome reducing the side effects related
to PSs.

The ability to develop stimuli-responsive nanoparticles that
can release their cargo and be degraded upon a given stimuli is
the next generation of smart materials for clinical applications. In
this respect, internal stimuli, such as pH, redox potential, and up-
regulated proteins, can be exploited as triggers.[”3¥] In particular,
the high reduction potential of cancer cells has been used to af-
ford redox-responsive drug delivery systems.[*?] It has been estab-
lished that cancer cells present high concentrations of reducing
agents (e.g., glutathione, 2x 107-10% 1073 M), which are 100-
1000 times higher than those in extracellular fluids and normal
tissues.[***1] Our group has previously reported on the develop-
ment of nanoparticulate redox-responsive systems for the deliv-
ery of drugs, contrast agents, and PSs.[1#1526-2842] [n this work,
the silsesquioxane monomer contains a disulfide linkage (Fig-
ure 1a) that endows the redox-responsive properties to the PSilQ
nanoplatform. To evaluate the performance of the PSilQ mate-
rial, we first investigated its degradability in solution in presence
of a reducing agent, dithiothreitol (DTT). To have a better repre-
sentation of the sample composition during the degradation pro-
cess, the %volume particle size distribution was chosen.!*3*4] The
particle size distribution (PSD) plots in Figure 1h showed that 4
h after the addition of DTT, there is a decrease of the hydrody-
namic diameter of 190 nm, with the appearance of a new peak
at 20-38 nm. After 48 h, increased percentage of the smaller D,
(20-38 nm) was observed compared to the original D, (190 nm).
This is indicative that the nanoparticles are being degraded in the
presence of the reducing agent. The control experiment in the ab-
sence of DTT showed minimal degradation of the nanoparticles,
but higher aggregation after 24 h.

The redox-responsive PpIX release was also investigated in the
presence of DTT (Figure 1i). The PpIX release plot showed slow
leakage of PpIX from the nanoparticles before the addition of the
reducing agent. However, immediately after the addition of DTT,
a fast release rate of PpIX (0.6 pg PpIX h™!) was observed in the
first 10 h, followed by a slow release rate (0.1 pg PpIX h™') in
the next 25 h, and finally a plateau was reached at longer times
(>96 h). The half-life (¢, ,) for the release of PpIX was ~23 h un-
der reducing conditions for PSilQ NPs. The control sample in
the absence of DTT showed a constant slow release rate of PpIX
(0.08 pg PpIX h'), most likely due to the hydrolysis of the sil-
ica and amide bonds.[28] As expected, these results demonstrated

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that the use of disulfide bonds in the PSilQ framework is a suc-
cessful strategy to develop biodegradable delivery systems that
respond to a reducing environment.

2.2. In Vitro Cellular Internalization, Phototoxicity, and Cell Death
Mechanism of PSilQ NPs in Breast Cancer Cell Lines

PplIX is clinically approved and one of the most commonly used
porphyrins for PDT.*’] However, the intrinsically poor water sol-
ubility of PpIX presents a major challenge in systemic delivery
and cellular internalization. Currently, ALA or MAL are used
as the precursors for PpIX delivery; nevertheless, a few issues
hinder this approach.[*®! For instance, the PDT efficacy depends
on the in situ synthesis of PpIX inside the cells. In addition,
the delivery of PpIX precursors is not target specific, leading
to increased amounts of precursor administration with a conse-
quent enhancement in light sensitivity.[2>2*] Therefore, current
research endeavors focus on developing delivery systems that
safely transport and deliver PpIX.[21#’] Our PSilQ platform is de-
signed to effectively transport and deliver PpIX inside the cells,
with the additional benefit of redox-responsive degradation capa-
bility.

In recent years, PDT has shown great potential for breast
cancer treatment. Evidence based on the initial trials for chest
wall recurrence, recent clinical trial on primary tumors, and a
plethora of preclinical data support the use of PDT to treat breast
cancer.[*®] Moreover, PDT provides a full range of application for
BC with stand-alone palliative end treatment and in combination
with traditional approaches.[*>°] Nevertheless, to achieve the full
potential of PDT, it requires safe and selective delivery of PS to BC
tumors, which can additionally lead to an improved PDT effect.
The PSilQ nanoplatform is a promising approach to reach these
goals. In this section, we demonstrate the in vitro performance
of PEG- and PSilQ NPs in a panel of BC cell lines.

2.2.1. Study of the Cellular Internalization and Intracellular
Localization of PSilQ NPs in Cancer Cells

PS uptake by cancer cells is crucial for the effective performance
of PDT since the generated ROS are short-lived molecules and
can only act close in a range of nanometers away from the site
of generation. In addition, the mechanism of PDT-related cell
death is dependent upon subcellular localization.>*2] Therefore,
we first investigated the cellular internalization and subcellular
localization of the PSilQ NPs in MDA-MB-231 cells with PpIX
as a comparison. The internalization of the PEG- and PSilQ NPs
was determined using flow cytometry and confocal microscopy
(Figure 2). The flow cytometry results showed that both PSilQ
and PEG-PSilQ NPs are efficiently internalized by MDA-MB-
231 cells compared to PpIX. PSilQ NPs showed 77.0% + 3.8%
and 87.8% + 4.3% PpIX-positive cells when incubated with 50
and 100 pg mL™' of nanoparticles, respectively. In a similar
way, PEG-PSilQ NPs were internalized with 61.1% =+ 2.1% and
77.0% + 3.3% of PpIX-positive cells at 50 and 100 pg mL™, re-
spectively. In the case of PpIX, lower (p < 0.0001) values for the
internalization were observed, 18.1% + 2.4% and 33.4% + 4.1%
at the equivalent concentrations of PpIX used for the nanopar-
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ticles. This corroborates the need of using a nanocarrier to ef-
ficiently transport PpIX inside the cells. We observed a signifi-
cant variance (p < 0.05) comparing the cellular internalization of
PEG- and PSilQ NPs. This contrast can be accounted for by the
difference in the protein corona formed on nanoparticles with
or without PEG on their surface, which may result in a differ-
ent interaction with cells.??] Contrary to PSilQ, PEG-PSilQ NPs
should have less interaction with the proteins in the media due to
the presence of PEG. To test this hypothesis, the internalization
of the nanoparticles was carried out in the absence of serum. The
flow cytometry data showed comparable internalization for both
NPs, indicating that the formation of protein coronas is partially
driving the higher uptake for PSilQ NPs (Figure S3, Supporting
Information).

Confocal microscopy was performed in the presence of PEG-
or PSilQ NPs to qualitatively investigate the cellular uptake of the
nanoparticles in MDA-MB-231 cells. The overlay of confocal mi-
crographs, which includes blue, red, and DIC channels that cor-
respond to cell nuclei (Hoechst 33342 dye), PpIX fluorescence,
and cell morphology, respectively, confirmed the internalization
of both PEG- and PSilQ NPs (Figure 2b). No internalization was
observed in the presence of PpIX molecule under the same con-
ditions (Figure S4, Supporting Information).

The subcellular localization of the PS is a critical parameter
that determines the cell death mechanism associated to PDT.>3]
Two organelles, lysosomes and mitochondria, are commonly re-
lated to this process. The photodamage of both organelles usu-
ally leads to apoptotic cell death. In this work, lysosomes are a
key organelle since PpIX-loaded nanoparticles are usually local-
ized in this organelle as reported by our group.!?’”! The subcellu-
lar colocalization of the PEG- and PSilQ NPs with lysosomes was
investigated using a lysosome tracking probe (Lysosome Green).
The confocal micrographs show that both PEG- and PSilQ NPs
are colocalized in lysosomal compartments, as observed from the
merged images between the red and green channels (Figure 2c).
We expect that the PSilQ materials will kill BC cells through
the apoptotic pathway. It has been previously demonstrated that
molecular PpIX follows this pathway.[>*!

2.2.2. Phototoxicity of PSilQ and PEG-PSilQ NPs against a Panel of
Breast Cancer Cells

To study the phototoxicity of PEG- and PSilQ NPs, the human
breast cancer cell lines, MDA-MB-231 and MDA-MB-453 cells,
which were derived from aggressive forms of TNBC cells; and
MCEF-7 cells that were obtained from breast cancer adenocar-
cinoma were used. The cells were inoculated with different
concentrations of either PEG- or PSilQ NPs to determine the
EC,, under light and dark conditions (Figure 3al-a3; Figure S5,
Supporting Information, and Table 1). The cells were irradiated
thrice with red light (630 nm), using an LED light source, for a to-
tal fluence of 88.2 ] cm2. EC,, values, after treatment with PSilQ
NPs, were determined to be 0.8 x 107, 1.2 x 107%, and >5.0 x
107¢ m for MDA-MB-231, MDA-MB-453, and MCF-7 cells, re-
spectively. Concentrations were based on the equivalent amount
of PpIX in the nanoparticles. In a similar way, EC,, values after
treatment with PEG-PSilQ NPs were found to be 1.0 x 107¢,
1.4 x 107%, and >5.0 X 10~ m for MDA-MB-231, MDA-MB-453,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Cellular internalization and subcellular colocalization of PEG- and PSilQ NPs in MDA-MB-231 cells. a) Cellular uptake of PSilQ (blue) and
PEG-PSilQ (red) NPs (50 and 100 pg mL™") in cells after 24 h of incubation in comparision with equivalent PpIX in media (green) evaluated using
flow cytometry. Data represent the mean + SD of three independent experiments. Statistics: One-way ANOVA using Tukey's multiple comparison test;
wikkp < 0.0001, **%p < 0.001, **p < 0.07, *p < 0.05, and ns: p > 0.05. b) Confocal images of cells after 24 h incubation with PEG- or PSilQ NPs
(100 pg mL™"). Scale bar = 20 ym. c) The colocalization of PEG- or PSilQ NPs with lysosomes was evaluated using confocal microscopy after 48 h
incubation. The cell nuclei are observed in the blue channel after staining with Hoechst 33342 dye. Fluorescence in the FITC (green) channel indicates
the staining of lysosomes (Lysosome Green), while fluorescence in the TRITC (red) channel indicates the presence of PpIX. The overlay of micrographs

(yellow) shows the colocalization of lysosomes with PEG- or PSilQ NPs. Scale bar = 20 pm.

and MCEF-7 cells, respectively. The difference observed in the
EC;, values for the nanoparticles, where PSilQ NPs are slightly
more phototoxic than PEG-PSilQ NPs, is most likely due to the
higher cellular uptake of the PSilQ NPs, as demonstrated in
Section 2.2.1. Control experiments using PpIX molecule under
same irradiation conditions showed ECs, values of >5.0 X 107 m
in all the cell lines, which indicates the lack of phototoxicity due
to lower cellular uptake. Under dark conditions, both PEG- and
PSilQ NPs showed very low cytotoxicity, in the panel of breast
cancer cells, at the maximum concentration tested in this work
(5 X 107% M PpIX) (Figure S5, Supporting Information). These
results demonstrated that the PSilQ nanoplatform can efficiently
transport and deliver PpIX inside breast cancer cells, with min-
imal dark toxicity and improved PDT effect. Several trends were
observed for the phototoxicity of the PSilQ nanoplatform against
breast cancer cells where the TNBC lines, MDA-MB-231 and
MDA-MB-453, were more susceptible to the phototoxic effect
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compared to MCEF-7 cells. This observation has been previously
reported for MDA-MB-231 and MCF-7 cells. The resistance of
MCF-7 cells toward PDT is associated with the lack of expression
of glutathione peroxidase 4 (GOX-4), which detoxifies lipid
hydroperoxides.[>>>¢!

2.2.3. Study of the Intracellular Formation of ROS by PSilQ NPs

The intracellular generation of ROS is the important media-
tor in the photochemical cascade leading to photodamage and
cell death after PDT.[®!) Based on the efficient phototoxicity of
the PSilQ nanoplatform in TNBC cells, we further evaluated
the formation of ROS in MDA-MB-231 cells, after the treat-
ment with PEG- and PSilQ NPs, using a dichlorofluorescein di-
acetate (DCFH-DA) assay. DCFH-DA is a non-fluorescent cell-
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Figure 3. Phototoxicity and cell death mechanism of PEG- and PSilQ NPs in a panel of breast cancer cells. a) Cell viability plots of a1) MDA-MB-231,
a2) MDA-MB-453, and a3) MC-7 cells after 72 h incubation, followed by three cycles of irradiation at 24.5 mW cm=2 for 20 min for a total fluence of 88.2
J cm™2 with various concentrations of PSilQ NPs (blue) and PEG-PSilQ NPs (red), and PplIX in media (green) (n = 6). b) Intracellular ROS generation
was evaluated using DCFH-DA probe in MDA-MB-231 cells. Quantification of DCF positive cells is reported using flow cytometry after light irradiation
(solid bars) compared to the samples in dark (brick-patterned bars). The cells were treated with 2 x 107® m PpIX equivalent of PSilQ (blue), PEG-PSilQ
(red) NPs, or PplIX (green) for 24 h and irradiated with red light (630 nm, 24 mW cm=2 for 20 min). c) Confocal microscopy was used to qualitatively
determine the intracellular ROS production in MDA-MB-231 cells using the DCFH-DA probe. The cells were treated with the equivalent PSilQ or PEG-
PSilQ NPs or PpIX (2 x 1078 m PplX) for 24 h, followed by irradiation of red light in the presence of the DCFH-DA probe. Green fluorescence shows the
generation of ROS (scale bar = 60 pm). d) The quantification of singlet oxygen was carried out using the SOSG probe. The cells were incubated with
PSilQ (blue), PEG-PSIlQ (red) NPs, or PpIX (green) (2 x 1076 m PplIX) for 48 h and irradiated with red light (630 nm, 24 mW cm=2 for 20 min). The
fluorescence quantified after light irradiation (solid bars) compared to the samples in dark (brick-patterned bars). Analyses of cell death mechanisms
e,f) after phototherapy using PSilQ NPs in MDA-MB-231 cells. The cells were incubated with PSilQ NPs (blue) and PEG-PSilQ NPs (red), and PpIX in
media (green) for 48 h, followed by three cycles of irradiation at 24.5 mW cm=2 for 20 min for a total fluence of 83.2 | cm=2. The data are shown as
the percentage of e) apoptotic and f) necrotic cells after light irradiation (solid bars) compared to the samples in dark (brick-patterned bars). For all
the experiments in this figure, the data are represented as the mean + SD of three independent experiments. Statistics: One-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.

Table 1. EC5 (x107% m) values for the phototoxicity of a panel of breast cancer cells.

Cell line PSilQ NPs (D) PSilQ NPs (L) PEG-PSilQ NPs (D) PEG-PSilQ NPs (L) PpIX (D) PpIX (L)
MDA-MB-231 >5.0 038 >5.0 1.0 >5.0 >5.0
MDA-MB-453 >5.0 1.2 >5.0 14 >5.0 >5.0
MCF-7 >5.0 >5.0 >5.0 >5.0 >5.0 >5.0
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permeable probe that is cleaved by cellular esterases to form
DCFH. This molecule is oxidized to a highly green fluores-
cent dichlorofluorescein (DCF) probe by intracellular ROS.I7! To
quantify the percentage of cells positive for DCF, MDA-MB-231
cells were incubated with PSilQ NPs, PEG-PSilQ NPs, or PpIX,
followed by irradiation using red light (630 nm; 29.4 ] cm™) in
the presence of DCFH-DA. Flow cytometry data showed that the
cells treated with PSilQ or PEG-PSilQ NPs have 35.1% + 5.2%
and 31.9% =+ 3.4% of DCF-positive cells after light irradiation, re-
spectively, which are higher (p < 0.0001) compared to the sam-
ples with no irradiation. These results indicated that ROS are
efficiently generated in the presence of PSilQ NPs (Figure 3b).
Cells treated with PpIX were evaluated under similar conditions,
which showed only 8.9% + 3.4% of DCF-positive cells, which is
lower (p < 0.0001) compared to the nanoparticles.

The intracellular ROS production was further corroborated by
confocal microscopy. As visualized by the confocal micrographs
(Figure 3c), greater numbers of cells exhibiting green fluores-
cence due to DCF formation was associated with samples treated
with PSilQ or PEG-PSilQ NPs after irradiation. These results suc-
cessfully demonstrated that the PSilQ nanoplatform efficiently
generate intracellular ROS upon irradiation.

To investigate, specifically, the intracellular production of
singlet oxygen (10,), we utilized an indirect method employing
the singlet oxygen sensor green (SOSG) probe.’®] SOSG is a
cell-impermeable compound that emits a strong green fluores-
cence after reacting exclusively with 10,.1>] For this experiment,
we treated MDA-MB-231 with PSilQ NPs, PEG-PSilQ NPs,
or PpIX and lysed the cells after treatment. Cell lysates were
irradiated with red light (630 nm; 29.4 ] cm™2) in the presence of
SOSG probe. The cells were washed thoroughly before lysis to
ensure that only the internalized nanoparticles or internalized
PpIX contributed to the 'O, quantification. Cells treated with
PSilQ NPs or PEG-PSilQ NPs after light irradiation resulted in
11.2 + 1.7 and 5.9 + 1.3 fluorescence intensity, relative to control
cells. These data were found to be significantly higher compared
to cells treated with the NPs but not irradiated (p < 0.0001 and
p < 0.01, respectively) (Figure 3d). In this experiment, PpIX
molecules also generated a similar fluorescence intensity as the
nanoparticles, which is most likely due to the PpIX aggregates
being tightly bound to the cell surface. These results confirmed
that intracellular ROS are efficiently produced by the nanopar-
ticles upon light irradiation, resulting in a high phototoxic
effect.

2.2.4. Determining the Mechanisms of Cell Death Triggered by PEG-
and PSilQ NPs

PDT can induce cell death mainly via apoptosis, necrosis, and/or
autophagy, which mechanism is favored depends on the PS type,
its subcellular location, and treatment doses.[®-%2] Subcellular lo-
calization of PSs in lysosomes and mitochondria primarily lead to
apoptosis, whereas localization in the plasma membrane lead to
necrosis. In particular, apoptosis and necrosis have been linked to
the phototoxic effect of PpIX.[%] We hypothesized that the PSilQ
nanoplatform would kill TNBC cells through an apoptotic path-
way based on its subcellular localization in the lysosomes. To
prove this idea, we used the Annexin V-FITC/propidium iodide
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(PI) double staining assay after treatment of MDA-MB-231 cells
with PSilQ NPs. The appearance of phosphatidylserine residues
on the surface of the cell is an early event in apoptosis. Annexin
V has a strong affinity for phosphatidylserine and it is used as a
probe for staining apoptotic cells.[®*] MDA-MB-231 cells were in-
cubated with PSilQ, PEG-PSilQ NPs, or PpIX, followed by three
cycles of irradiation at 24.5 mW cm™2 for 20 min for a total fluence
of 88.2 ] cm™. The cells were stained with Annexin-V-FITC/PI
and analyzed using flow cytometry. PI is a cell-impermeable nu-
clear dye that does not stain early apoptotic or live cells due to the
intact membrane. In late apoptosis and necrosis, the permeability
of the cell membrane decreases, allowing the PI to enter the cells
and interact with the nuclei.l%] The treated cell populations were
classified as apoptotic, which includes both early and late apopto-
sis, and necrotic. The cells treated with PSilQ NPs and irradiation
showed the highest presence of apoptotic cells (53.4% + 1.8%),
followed by PEG-PSilQ NPs (36.8% + 3.3%), which both are
higher (p < 0.0001) than samples not irradiated (Figure 3e). Cells
treated with PpIX and irradiated with light did not show any sig-
nificant difference compared with the control samples in dark
conditions (14.8% + 1.4% vs 9.5% + 1.3%). A minimal percent-
age of cells, 15.5% + 4.5% and 11.8% + 2.5%, underwent necrosis
after treatment with PSilQ (p < 0.01) or PEG-PSilQ NPs (p > 0.1),
respectively. These data confirmed our hypothesis that the PSilQ
nanoplatform killed TNBC cells through the apoptosis pathway.
We do not rule out the possibility that other cell death mecha-
nisms, such as autophagy, can play a role in the phototoxicity
attributed to PSilQ NPs. However, an in-depth investigation of
these mechanisms is out of the scope of this work.

2.3. In Vivo Biocompatibility and Biodegradability of PEG-PSilQ
NPs

The degradability and safety of nanoparticulate delivery sys-
tems are critical factors for their clinical translation. The tox-
icity of silica-based materials for systemic administration has
been extensively investigated in preclinical settings. Our group
and others have reported that silica-based nanoparticles are
biocompatible.36-%] Though silica nanoparticles are safe, the
slow degradation and excretion of this material is a limitation
that can hamper its future translation into the clinic. It has
been reported that silica-based materials can take weeks to be ex-
creted from the animal body.!>7%¢%8] Different approaches have
been explored to enhance the biodegradability of these materi-
als. In particular, the incorporation of stimuli-responsive link-
ers in the framework of the nanoparticle have been an attractive
strategy.®11l We hypothesize that the degradability of the PSilQ
nanoplatform can be increased by rendering redox-responsive
abilities to its framework.[>1%] Recent reports have shown the use
of this approach for the delivery of platinum-based drugs and
Gd-based MRI contrast agents in vivo.['21] Nevertheless, there
is no precedent of any report in preclinical settings of the use of
biodegradable PSilQ NPs for the delivery of PSs.

The safety and biodegradability of PEG-PSilQ NPs was first
evaluated in immune-competent C57BL/6 mice. As a control
material to compare the biodegradability of PEG-PSilQ NPs, we
used mesoporous silica nanoparticles (MSNs) of a similar size
(47.2 + 3.9 nm). The synthesis and characterization of the MSNs
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used in this work are described in the Supporting Information
(Figure S6 and Table S2, Supporting Information). MSNs are se-
lected for comparison because they are as widely used for drug
delivery as PSilQ NPs. Moreover, MSNs also experience a similar
slow degradability characteristic of silica-based platforms.[#¢]

To evaluate the safety and biodegradability of PEG-PSilQ NPs,
different doses of the material (20, 40, and 60 mg kg™!) were
administered intravenously. PEG-MSNs (50 mg kg™!) were also
administered, through the same route, as the control group for
biodegradability. NIR fluorescence was used to track both plat-
forms’ distribution in the mice by imaging the fluorescence in the
abdominal region at 5, 30 min, 1, 4, 24, and 48 h post-injection.
The data for PEG-PSilQ NPs (40 mg kg™') are shown as repre-
sentative for the in vivo fluorescence analysis and quantification
in comparison to PEG-MSNs (Figure 4a,b). We observed a trend
where the fluorescence increased over time and reached a maxi-
mum at 4 h, followed by a decrease back to the background flu-
orescence at 24 h (Figure 4c). In comparison, the same analysis
for the mice injected with MSNs showed a clear accumulation of
the MSN material in the abdominal region as early as 30 min;
and at 4 h, reaching a maximum fluorescence intensity that was
an order of magnitude higher than the fluorescence intensity for
PEG-PSilQ NPs (Figure 4b,c). There was only a slight decrease in
the fluorescence after 24 h, indicating that the MSNs remained
in the abdominal region even after 48 h. Previous reports have
shown that MSN materials require a week or more to be com-
pletely excreted from the body and that they are usually excreted
through the hepatobiliary pathway.[>®]

To further investigate the kinetics of degradation associated
with PEG-PSilQ NPs, we divided the ventral region of mice into
two main regions of interest (ROI): ROI-1 focuses on the upper
abdominal section, encompassing the liver, spleen, and lungs,
while ROI-2 was chosen to include the bladder region in the
lower abdomen (Figure 4d). The analysis of the PpIX fluores-
cence signals from ROI-1 and ROI-2 was carried out at different
time points. It was evident that the PEG-PSilQ NPs accumulate
in the ROI-1 as quickly as 30 min, but start to decrease after 4 h
(Figure 4e). Interestingly, the fluorescence in the ROI-2 showed a
trend in increased fluorescence after 1 h, which was maintained
until 48 h. These results suggest that the PEG-PSilQ NPs may be
excreted via the renal excretion pathway.”") We hypothesize that
the PEG-PSilQ NPs start to degrade in the presence of a strongly
reducing environment affording smaller fragments with sizes be-
low the threshold for the renal excretion. As demonstrated in sec-
tion 2.1, that is the degradation outcome observed in solution. To
further confirm the excretion pathway, a more rigorous pharma-
cokinetics study needs to be carried out.

The biodistribution of the PEG-PSilQ material was determined
by analyzing the NIR fluorescence, PpIX, and Si element con-
tent in major organs. Mice injected with PEG-PSilQ NPs (20,
40, or 60 mg kg™') or PEG-MSNs (50 mg kg!) were euthanized
10 days post-intravenous injection. The major organs, including
liver, lungs, kidneys, spleen, and heart, were imaged using the
IVIS imaging system and the NIR fluorescence was quantified
(Figure S7c,d, Supporting Information). The fluorescence from
each organ associated to the different doses of PEG-PSilQ NPs
is similar to the control group (p > 0.05). These results indicate
that PEG-PSilQ NPs have most likely been excreted from the an-
imal body after 10 days. In comparison, organs from mice in-
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jected with the PEG-MSNs showed increased fluorescence. The
accumulation of PEG-MSNs was higher than the control for liver
(p < 0.0001), spleen (p < 0.0001), lungs (p < 0.005), and kidneys
(p < 0.01) (Figure S7d, Supporting Information). The biodistri-
bution of the PEG-PSilQ platform was further corroborated by
analyzing the amount of Si element using ICP-OES in three or-
gans, liver, kidneys, and lungs as these are the three most likely
organs for the nanoparticles to accumulate. The levels of Si for
the PEG-PSilQ platform in each organ, regardless of the initial
dose (20, 40, or 60 mg kg™), are similar to the control mice or-
gans (p > 0.05) (Figure 4{). Nevertheless, increased accumulation
of Si associated to the PEG-MSNs in liver (p < 0.001) and lungs
(p < 0.005) compared to the control group was observed. In the
case of kidneys, the values were statistically similar to the other
groups, which are not surprising considering that PEG-M SNs are
usually excreted through the hepatobiliary excretion pathway. We
also determined the amount of PpIX molecule in liver, lung, and
kidneys using a fluorometric method.”!! The amount of PpIX
molecule found in the organs for PEG-PSilQ NPs are similar
(p> 0.05) to the control group (Figure 4g). It is important to point
out that PpIX is ubiquitous in blood, which accounts for some of
the high values of PpIX molecule detected for the control group.
Together, all these results build a strong case that demonstrates
the PEG-PSilQ nanoplatform is indeed excreted from the ani-
mal body after 10 days post-intravenous administration. Our data
also show that the PEG-PSilQ NPs are excreted faster than PEG-
MSNs, which supports our original hypothesis that by rendering
redox-responsive properties, the biodegradability of the material
is enhanced.

We monitored the weight of the mice every day for a period of
10 days post-intravenous injection to determine if the PEG-PSiQ
NPs cause any toxic effects. There were neither adverse side ef-
fects nor weight loss observed during this time (Figure S8a, Sup-
porting Information). Moreover, to further confirm the safety of
PEG-PSilQ NPs, histological evaluation of major organs was per-
formed (Figure S8b, Supporting Information). The H&E slides
for the organ sections showed no signs of adverse effects. These
data demonstrated that the PEG-PSilQ nanoplatform is safe at
concentrations as high as 60 mg kg™! during the time frame of
our experiments.

2.4. Investigation of the Phototherapeutic Efficacy Using
PEG-PSilQ NPs in an Orthotopic Mouse Model of TNBC

In addition to biodegradability and safety, a critical requirement
for a nanoparticulate platform, in order to be used as an effec-
tive delivery system for PDT in vivo, is its effective therapeutic
outcome. We investigated the phototherapeutic efficacy of PEG-
PSilQ NPs in an orthotopic model of TNBC. Patients with TNBC
are treated with conventional chemotherapy and radiation ther-
apy, which mostly are ineffective and result in several side effects.
Therefore, there is a clinical need to develop new therapeutic al-
ternatives for the treatment of TNBC.I”?] To evaluate the therapeu-
tic ability of the NIR-labeled PEG-PSilQ platform against TNBC
in vivo, we developed an orthotopic mouse model using NSG
mice and MDA-MB-231 TNBC cells.[”*! Orthotopic implantation
of the TNBC cells in mammary fat pads gives organ-specific mi-

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
THERAPEUTICS

www.advtherap.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

High
)
a o
=
g
»
G
o
w
o
b
)
-4
7]
=
V]
w
o
Low
Cc
)
c > 1.5%x10°
:34; 3%107- j : § .
B $ 2x107- 1} 4 ﬁ%- Ay
£ 3 1x1071 1 £5 1100 ¥ d g I
58 T €3 A,
8 e sx108{ [ 1 &2 .I—"”I’ . I
° 3 ‘ Nk BY sxi00 I koo
] T 1 85 AT
554'&10“— “,-L'--i" I--‘ 1-
] &
> T T T T T T T o
min min. min
f < OminSmin30min 1h 4h 24h 48h o
1.0 Time Omin 5min30min 1h 4h 24h 48h
"o 9 10 Time
308 1 6}
8 06 :
hat -
5 %
2 o
gﬂ.)A §
= x
€ 0.2 a
o
0.0

Liver Kidneys Lungs

Figure 4. Biodegradability of PEG-PSilQ NPs and PEG-MSNs. Fluorescent signals captured by IVIS imaging system at different time points after intra-
venous injection with a) PEG-PSilQ NPs (40 mg kg™') and b) PEG-MSNss (50 mg kg™') in C57BL/6 mice. c) Quantification of the NIR fluorescence signal
intensities in mice at different time points after intravenous administration with PEG-PSilQ (red circles) and PEG-MSN (brown squares) as analyzed
using Living Image 4.5.5. d) Two different ROl were defined in the mouse body to analyze the kinetics of accumulation associated with nanoparticles:
ROI-1 focuses on the upper abdominal region (liver, spleen, and lungs), while ROI-2 focuses lower and includes the bladder region. e) Quantification
of the PpIX fluorescence signal in mice associated with ROI-1 (black upward triangle) and ROI-2 (orange downward triangle) at different time points
after administration of PEG-PSilQ NPs, as analyzed using Living Image 4.5.5. f) Determination of the amount of Si element in liver, kidneys, and lungs
harvested 10 days post-injection of PEG-PSiIQ NPs at 20 mg kg™ (red diagonal line pattern), 40 mg kg™' (red checkers pattern), and 60 mg kg™ (red
brick pattern); and 50 mg kg™" (brown solid) of PEG-MSNs. The control group of mice, which were not administered with nanoparticles, is represented by
the black bars. g) Determination of the amount of PpIX in major organs harvested 10 days post-injection of PEG-PSilQ NPs at 20 mg kg™' (red diagonal
line pattern), 40 mg kg™' (red checkers pattern), and 60 mg kg™' (red brick pattern). n = 3 mice per group for all the figure sections. 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.

croenvironments for primary tumor growth, progression of the
disease, and metastasis.

To evaluate the phototherapeutic efficacy of the PEG-PSilQ
nanoplatform, four groups were tested: PBS and PEG-PSilQ NPs
without light irradiation, and PpIX and PEG-PSilQ NPs with
light irradiation. The therapeutic regimen includes multiple
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administrations and irradiation times, as shown in Figure 5a. It
has been previously shown that the effectiveness of PDT can be
improved further through multiple exposures of light.l”* Mice
bearing orthotopic MDA-MB-231 tumors of ~#100 mm? in size
were intravenously injected with 50 mg kg™ of PSilQ NPs, or
with the equivalent amount of PpIX (2.1 mg kg™ in PBS). The
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Figure 5. Phototherapeutic study of PEG-PSilQ NPs in the orthotopic TNBC mice. a) Schematic representation of the treatment regimen; the mice
were injected intravenously with PEG-PSilQ NPs or PplIX five times (black arrows) and irradiated at 24, 30, and 48 h post injection. b) Tumor volume
measurement throughout the study with various regimens: PBS (black triangles), PEG-PSilQ NPs (red circles), and PEG-PSilQ NPs (red squares) and
PpIX (green diamonds) plus light irradiations (n = 3 mice per group). Two-way ANOVA using Tukey's multiple comparison test was performed between
different groups and time points to determine the statistical difference. c) Tumor weights measured at the end point of the efficacy studies: PBS (black
triangles), PEG-PSilQ NPs (red circles), and PEG-PSilQ NPs (red squares) and PpIX (green diamonds) plus light irradiations (n = 3 mice per group).
Unpaired t-test was performed between different groups to determine the statistical difference. Statistics: ****p < 0.0001, ***p < 0.001, **p < 0.0,
*p < 0.05, and ns: p > 0.05. d) Ex vivo analysis of tumor sections with TUNEL assay kit to show the apoptotic cells in the tumors after treatment with
PBS without irradiations (D), and PplX and PEG-PSilQ NPs with light irradiations (L). Scale bar = 200 pm.

tumor region was irradiated at 24, 30, and 48 h post-injection  control group. The group treated with PEG-PSilQ NPs without
with red light (630 nm) for 12 min (90 ] cm™) each time. The  light irradiation showed an inhibition (p < 0.0001) in tumor
tumor growth was measured every other day using a caliper,and ~ growth at the end of the experiment as compared with the PBS
the tumor volume was plotted to determine the PDT efficacy on ~ group; however, the two groups showed similar tumor growth
tumor burden (Figure 5b). The group treated with PEG-PSilQ  until day 21. This result can be attributed to the fact that the
NPs and light irradiation showed a statistically significant higher =~ mice, in all groups, were kept under cycles of light or dark with
tumor growth inhibition (p < 0.0001) as compared with the PBS  intervals of 12 h each as recommended by the IACUC. Most
and PEG-PSilQ NPs without light irradiation. This is a clear  likely, this light environment triggered the phototherapeutic
indication that the PEG-PSilQ platform efficiently delivered pho-  effect in the group threated with PEG-PSilQ NPs without light
toactive PpIX molecule at the tumor site. Surprisingly, the group  irradiation. After 20 days, the treatment was ended, mice were
treated with PpIX and irradiated with red light also displayed a  sacrificed, the tumors were excised, and tumor weights were
decrease rate in tumor growth (p < 0.0001) as compared with the =~ measured. The weights corroborated the performance for the
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Figure 6. Posttreatment toxicity and biodistribution of PEG-PSilQ NPs in the TNBC orthotopic mouse model. a) Mice body weights were measured
throughout the whole treatment; PBS (black triangles), PEG-PSilQ NPs (red circles), PEG-PSilQ NPs plus light irradiations (red squares), and PpIX plus
light irradiations (green diamonds) (n =3 per group). b) Determination of the amount of PpIX in liver, lungs, and tumor after treatment with PBS (black),
PEG-PSilQ NPs (red), and PplX (green) (n =3 per group). Two-way ANOVA using Tukey’s multiple comparison test was performed between different
groups determine the statistical difference. c) Determination of the amount of Si element in liver, lungs, and tumor after treatment with PBS (black) and
PEG-PSilQ NPs (red) (n = 3 per group). Statistics: One-way ANOVA using Tukey’s multiple comparison test was performed between different groups
determine the statistical difference. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, and ns: p > 0.05.

irradiated PEG-PSilQ group as the tumor volumes for this group
showed lower tumor weights (p < 0.01). The PpIX group also
showed a similar therapeutic outcome (p < 0.01) as compared
to the PBS group (Figure 5c). The group treated with PEG-PSilQ
NPs in the absence of light showed a trend with smaller tumor
weights, but it is not statistically different from the control group
(p > 0.05). The phototherapeutic effect of the treatment with
PEG-PSilQ NPs in tumor tissue was further investigated ex
vivo using immunohistochemistry to determine the presence of
apoptotic cells (TUNEL assay kit). This analysis revealed a higher
population of apoptotic cells in the tumor tissue for the group
treated with PEG-PSilQ NPs plus light, as is evident from the
intense brown staining compared to both the group treated with
PpIX plus light and the PBS group (Figure 5d). These results not
only corroborate the effectiveness of PEG-PSilQ platform to kill
MDA-MB-231 cells in vivo, but also demonstrate that apoptosis
is the main mechanism for cell death.

2.5. Evaluation of Toxicity and Biodistribution of PEG-PSilQ NPs
in the Orthotopic Mouse Model of TNBC

To account for any signs of adverse effects from the different
treatments, the mice behavior was monitored, and the mice
weights were measured every other day throughout the whole
treatment period. No behavioral adverse effects were noted dur-
ing the experiment. Moreover, the mice did not show any signif-
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icant decrease in their body weights, indicating that neither the
PEG-PSilQ NPs nor PpIX produced any significant adverse ef-
fects (Figure 6a). The histological examination of the H&E slides
from the major organs of the mice treated with PEG-PSilQ NPs
did not show any signs of toxicity as compared with the con-
trol group. Though we observed a high accumulation of PpIX
in liver and lungs associated to the PpIX group (see below), no
major signs of toxicity were detected on the H&E slides. It has
been reported that PpIX can lead to biliary stones, hepatobil-
iary damage, and even liver failure, but these effects are usually
observed only after long-term exposure (Figure S9¢, Supporting
Information).l”>!

To determine the biodistribution of the PEG-PSilQ NPs after
the treatment, the tumors and major organs including heart,
spleen, kidneys, lungs, and liver were imaged for PpIX fluores-
cence using the IVIS imaging system (Figure S9a, Supporting
Information). The quantification of PpIX fluorescence signals
associated to the PEG-PSilQ NPs for all the organs is similar
(p > 0.05) to the control group (Figure S9b, Supporting Informa-
tion). This gives a good indication that most of the PpIX carried
by the PEG-PSilQ platform has been cleared within the treat-
ment period. However, the fluorescence signals for the group
treated with PpIX molecule showed a significant accumulation
of PpIX in liver and lungs (p < 0.0001) compared to both the
nanoparticles and the control group. To confirm this observation,
the PpIX content was quantified in liver, lungs, and tumor by
using the fluorometric method after extraction of PpIX from
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those organs (Figure 6b). The higher accumulation (p < 0.0001)
of PpIX molecule in both liver and lungs for the PpIX group
was confirmed. The accumulation of PpIX molecules in these
organs can be explained by the aggregation of the compound
under physiological conditions. On the contrary, the amounts of
PpIX in liver and lungs associated to the PEG-PSilQ NPs group
were equivalent to the control group (Figure 6b). The presence
of a high content of PpIX in the body has been associated with
skin photosensitivity, biliary stones, hepatobiliary damage, and
even liver failure, therefore necessitating the development of
efficient delivery systems for PpIX. The Si content analysis from
liver, lung, and tumor for the PEG-PSilQ NPs group confirmed
the presence of nanoparticles in these organs (Figure 6¢). These
results point to the conclusion that PEG-PSilQ platform effi-
ciently transport and deliver PpIX molecules to the tumor tissue,
avoiding significant accumulation in other organs.

3. Conclusions

In this work, we report on the development of a silica-
based redox-responsive polysilsesquioxane nanomaterial with
improved biodegradability and safe delivery of PpIX. We show
that PEG-PSilQ NPs have an effective phototherapeutic effect
for the treatment of TNBC in vivo. Our data demonstrate that
the redox-responsive PSilQ platform is degraded and quickly ex-
creted from the animal body, most likely via a renal excretion
pathway. The effective PDT treatment of orthotopic TNBC tu-
mors shows that PpIX is efficiently delivered into the tumor
region without decrease in photoactivity. Our in vitro and in
vivo data corroborate that cancer cells are eliminated mainly
through the apoptotic cell death pathway. Overall, the data re-
ported demonstrate that PEG-PSilQ NPs are a promising candi-
date for the safe and efficient delivery of PpIX to reduce tumor
growth in preclinical settings. We envision that demonstration
of the redox-responsive properties of PSilQ NPs, which leads to
their enhanced biodegradability and to effective delivery of the
PS agent in the tumor site, will further advance the use of this
platform for the treatment of cancer using PDT.

4. Experimental Section

Synthesis of PpIX-Loaded PSilQ NPs: The synthesis of PpIX-ligand (1)
is described in the literature.['*] The fabrication of the PSilQ NPs was car-
ried out through a reverse-microemulsion method.!?$] An organic phase
was prepared by mixing Triton X-100 (7.08 g, 6.6 mL), hexanol (6.4 mL),
and cyclohexane (30.0 mL). At the same time, an aqueous phase was pre-
pared by quickly dissolving PpIX ligand (1) (8 mg) in H,O (5.6 mL) and
NH,4OH (1.0 mL, 25% w/w). The aqueous phase was immediately added
dropwise to the organic phase under stirring. This emulsion was stirred
for 24 h at room temperature. Afterwards, the PSilQ NPs were obtained
by precipitating out the material with the addition of ethanol (40.0 mL).
The 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.

Functionalization of PSilQ NPs with Amino-Methoxypolyethylene Gly-
col (MeO-PEG-NH2) Polymer or NIR-Labeled PEG: The synthesis and
characterization of MeO-PEG-NH,- and NIR-797-labeled PEG-NH, is de-
scribed in the Supporting Information. To functionalize the surface of
PSIIQ NPs with MeO-PEG-NH, (MW = 2 K), PSIQ NPs (10 mg) were
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dispersed in dimethylformamide (DMF, 10 mL). To this dispersion, N-3-
dimethylaminopropyl-N-ethylcarbodiimide (EDC, 25 mg, 0.13 mmol) and
MeO-PEG-NH, (50 mg, 25 pmol) were added. The solution was stirred for
48 h at room temperature. The final PEG-PSilQ materials were collected by
centrifugation, washed twice with ethanol, and stored in the same solvent.

For the in vivo experiments, NIR-797-labeled PEG was used to syn-
thesize NIR-PEG-PSilQ NPs. PSilQ NPs (10 mg) were dispersed in DMF
(10 mL). To this dispersion, EDC (0.13 mmol, 25 mg) and NIR-797-labeled
PEG-NH, (50 mg, 17 pmol) prepared in situ (see Supporting Informa-
tion) were added. The solution was stirred for 48 h at room temperature.
The NIR-PEG-PSilQ NPs were collected by centrifugation and stored in
ethanol.

Investigation of PSilQ NPs Degradability in Solution: The PSilQ NPs
were dispersed in PBS at a concentration of 0.5 mg mL™!. The hydrody-
namic size (Dy,) of this dispersion was taken as the reference point (t =
0). After that, the reducing agent DTT was dissolved in the nanoparticle
dispersion under slow stirring at 37 °C for a final concentration of 10 x
1073 m. Aliquots (1 mL) were taken at different time points (4, 24, and 48
h) for the analysis of Dy, using DLS. A sample of PSilQ NPs in the absence
of DTT was used as a control. The data are represented as PSD in volume
(%) at different time points.

Release Profile of PplX from PSilQ NPs: To determine the release of
PpIX from PSilQ NPs under simulated reducing conditions, DTT was used.
The PSilQ NPs were washed at least five times with DMF to eliminate
any physisorbed porphyrin. The nanoparticles were redispersed in DMF
(10 mL) at a concentration of 0.5 mg mL™". The dispersion was stirred for
19 h total under N, atmosphere to determine the quantity of background
PplX release. After the background was determined, DTT was dissolved
in the dispersion to obtain a final concentration of 10 x 1073 m. Aliquots
were taken at different time points, centrifuged down, and the UV-vis ab-
sorption of the supernatant was measured at 408 nm to determine the
amount of PplX released. A similar procedure was followed for the control
experiment that included PSilQ NPs in the absence of the reducing agent.
The data are represented as percentage of PpIX released based on the to-
tal amount of PpIX loaded into the nanoparticles. The data are reported
as the mean =+ SD of three independent experiments.

Phototoxicity Studies: MDA-MB-231, MDA-MB-453, and MCF-7 cells
were seeded at a density of 5 x 103 cells per well in a 96-well plate with
100 pL of media and incubated for 24 h at 37 °C under 5% CO, atmo-
sphere. The cells were inoculated with PplIX, PSilQ NPs, or PEG-PSilQ NPs
at equivalent concentrations ranging from 0.1 x 1076 to 5.0 x 107® m of
PplIX (Table S3, Supporting Information) and incubated for 72 h at 37 °C
with 5% CO, atmosphere. As a control, PpIX was dispersed in media to
obtain concentrations ranging from 0.1 x 1076 to 5.0 x 107® m. After 72 h,
the cells were washed twice with PBS and irradiated using a BioTable power
source with RGB LED array (University of Sdo Paulo, Brazil) at 630 nm for
20 min at 24.5 mW cm2 (29.4 ] cm™2) in PBS. After irradiation, the PBS
was removed, fresh complete media was added, and cells were incubated
again at 37 °C with 5% CO, atmosphere. Irradiation was performed two
more times at 4 and 8 h following the first irradiation, for a total fluence of
88.2 | cm~2. After the final irradiation, fresh media was added to the cells
and they were incubated for 24 h at 37 °C with 5% CO, atmosphere. Then,
the cells were washed twice with PBS, and 120 pL of a 17% v/v CellTiter
96 solution in media was added. The cells were incubated for 3 h at 37
°C with 5% CO, atmosphere. After that, the absorbance was measured at
490 nm using a Multiskan FC plate reader. Cell viability (%) was calculated
as follows: viability = (Agymple /Acontrot) X 100%, where Ag, e and Acgpirol
denote the absorbance values of the sample and of the control wells mea-
sured at 490 nm, respectively. The results are reported as the average +
SD of four experiments. The ECs, values were determined using Graph-
Pad Prism (v8.2.0 for Windows, La Jolla California, CA, USA) by fitting the
cell viability data to a sigmoidal curve mathematical model.

In Vitro ROS Generation: MDA-MB-231 cells were seeded in a six-well
plate at a concentration of 2 X 10° cells per well and incubated for 24 h
at 37 °C with 5% CO, atmosphere. The cells were inoculated with PplX,
PSilQ, or PEG-PSilQ NPs at an equivalent concentration of 2 X 107 m
PplX, and incubated for 24 h at 37 °C with 5% CO, atmosphere. After
that, the cells were washed twice with PBS, a 10 x 10 m solution of 2,7
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dichlorodihydrofluorescein diacetate (DCFH-DA) in serum-free media was
added, and the cells were incubated for 30 min. The cells were washed
again with PBS before irradiation using the BioTable at 630 nm for 20 min
at 24.5 mW cm™2 (29.4 | cm™2). Immediately after irradiation, the cells
were washed with PBS and harvested using trypsin. The formation of 2/,7"
dichlorofluorescein was quantified by monitoring fluorescence at 528 nm
using a flow cytometer (BD LSRFortessa cell analyzer). Cells not treated
with nanoparticles, but incubated with ROS probe solution, were used as
the control. The data are represented as percentage of cells DCF positive
and are reported as the average + SD of three independent experiments.

To further confirm the intracellular generation of ROS, confocal mi-
croscopy was used. MDA-MB-231 cells were seeded at a concentration
of 5 x 10* cells per well on a glass cover slip in a six-well plate with 2 mL
of complete media and incubated for 24 h at 37 °C with 5% CO, atmo-
sphere. The cells were inoculated with PplX, PSilQ, or PEG-PSilQ NPs at
an equivalent concentration of 2 x 107% m PpIX and incubated for 24 h at
37 °Cwith 5% CO, atmosphere. The cells were washed twice with PBS and
incubated with DCFH-DA probe solution (5 X 1076 m, 1 mL) for 30 min at
37 °C with 5% CO, atmosphere. After incubation with the probe, the cells
were washed twice with PBS. The cells were kept on PBS and irradiated
using BioTable at 630 nm for 20 min at 24.5 m\W cm2 (29.4 ) cm™2). After
irradiation, the PBS was removed and the glass cover-slips were mounted
on a microscope slide using a spacer. Cells without any treatment, and
cells treated with PplX, PSilQ, or PEG-PSilQ NPs but not irradiated, were
used as controls. The DCF-positive cells were imaged using an Olympus
FluoView FV 1000 confocal microscope.

In Vitro Singlet Oxygen Generation: Intracellular 'O, generated by
nanoparticles was quantified by an indirect method using the fluorescence
from a '0, probe, SOSG in the cell lysate.['] MDA-MB-231 cells were
seeded in a 96-well plate at a density of 5 x 103 cells per well and incubated
for 24 h at 37 °Ciin 5% CO, atmosphere. The cells were treated with PplIX,
PSilQ, or PEG-PSilQ NPs (2 x 107¢ m PpIX) and incubated for 48 h at 37 °C
in 5% CO, atmosphere. After inoculation with nanoparticles, the cell me-
dia was removed, and the cells were washed twice with PBS to remove any
non-internalized nanoparticles. Then, 100 pL PBS was added and the cells
were lysed by adding 20 pL of 1% Triton X-100 to each well. The plates were
incubated for 30 min at room temperature for complete cell lysis. Mean-
while, a stock solution of 10, probe (5 x 1073 m) was prepared by dis-
solving 100 pg of SOSG molecule in 33 pL of methanol. The SOSG stock
solution was further diluted in PBS to afford a working solution of 50 x
107 wm. After cell lysis, 12 pL of the working SOSG solution (50 x 1076 m)
was added to each well. The lysate-containing plates were irradiated with
using BioTable at 630 nm for 20 min at 24.5 mW cm™ (29.4 | cm~2). The
fluorescence of the lysates was measured at 505/520 nm (ex/em) using a
microplate reader. Cells without any treatment and cells treated with PpIX,
PSilQ, or PEG-PSilQ NPs but not irradiated were used as controls. The
fluorescence intensity (Fl) values obtained were used to calculate the rela-
tive FI (RF1)= (Flsample = Fleontrol) /Fleontrols Where Flegnyol is measured for
cells not treated with nanoparticles in the presence of SOSG. The results
are reported as the average of relative fluorescence intensities (RFl) = SD
of three independent experiments.

Apoptotic Cell Determination Using Annexin-V Assay: MDA-MB-231
cells were seeded in a six-well plate at a concentration of 1 x 10° cells
per well and incubated for 24 h at 37 °C in 5% CO, atmosphere. The cells
were inoculated with the PpIX, PSilQ, or PEG-PSilQ NPs (4 x 107 m PplX)
and incubated for 48 h at 37 °Cin 5% CO, atmosphere. After that, the cells
were washed twice with PBS before irradiation using BioTable at 630 nm
for 20 min at 24.5 mW cm™2 (29.4 ) cm™2). Then the PBS was removed, cen-
trifuged, and stored to include the dead cells. The cells were replenished
with fresh complete media and incubated at 37 °Cin 5% CO, atmosphere.
The irradiation was repeated two more times, at 4 and 8 h following the
first irradiation, for a total fluence of 88.2 | cm™2. After the final irradiation,
the cells were replenished with fresh complete media and incubated for 12
h at 37 °Cin 5% CO, atmosphere. After 12 h, the cells were washed with
PBS, trypsinized, and centrifuged to collect the cell pellet. Then, the cell
pellet was gently mixed with T mL of 1x binding buffer and centrifuged
down. The cells were resuspended in 200 pL of binding buffer followed
by the addition of 5 pL of Annexin V-FITC solution. The cell suspensions
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were incubated for 15 min at room temperature in the dark. Then, 700 pL
of the binding buffer was added and the cells were centrifuged down. The
cell pellet was resuspended in 200 pL of binding buffer and transferred to
flow cytometry tubes. Then 5 pL of PI solution was added to each tube
and incubated for 5-10 min at room temperature under dark. The cells
were immediately analyzed using FACS. Cells without any treatment, and
cells treated with PplX, PSilQ, or PEG-PSilQ NPs but not irradiated, were
used as controls. Cells that were both Annexin V-FITC and PI (FITC-/PI-)
negative are considered healthy; Annexin V-FITC positive and Pl negative
(FITC+/PI-) cells are considered early apoptotic; cells that are positive for
both Annexin V-FITC and PI (FITC+/Pl+) are considered late-apoptotic;
finally, Annexin V-FITC negative and Pl positive (FITC—/PI+) cells are con-
sidered necrotic. The data are represented as apoptotic cells (early plus
late-apoptotic cells) and necrotic cells. The results are reported as the av-
erage + SD of three independent experiments.

All animal experiments were reviewed and approved by the University
of North Carolina at Charlotte (Charlotte, NC) Institutional Animal Care
and Use Committee under protocol (17-013) and followed the National
Institutes of Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978). Female C57BL/6 and NOD SCID
Gamma (NSG) mice were purchased from Jackson Laboratory.

Establishment of an Orthotopic Xenograft TNBC Model: Female NSG
mice (6-8 weeks) were used to establish the TNBC orthotopic mice
following a protocol already reported in the literature with slight
modifications.!”3] MDA-MB-231 cells (1 x 10°) were mixed with Corning
GFR reduced Matrigel (100 pL of 1:1 Matrigel/PBS), and implanted into
the left fourth mammary fat pad of NSG mice. After cell implantation, the
tumor growth was measured every alternate day using a caliper and tumor

volume was calculated using the following formula (%).[76] The tumors
reached palpable sizes at 7 days, and ~100 mm? after 14 days post-cell
implantation.

Phototherapeutic Efficacy of PEG-PSilQ NPs:  NSG mice bearing ortho-
topic tumors of ~#100 mm?3 were used for evaluating the phototherapeu-
tic efficacy of PEG-PSilQ NPs. The mice were randomly divided into four
groups (n = 3): PBS (control/dark, D), PEG-PSilQ NPs (dark, D), PpIX
(light, L), and PEG-PSilQ NPs (light, L). The mice were intravenously in-
jected using a retro-orbital injection with 50 mg kg™' of PEG-PSilQ NPs
and equivalent PpIX (2.1 mg kg™") solution in PBS (200 pL) for a total of
five injections, with an interval of 4 days between injections (Figure 5). For
the groups under light treatment, after each injection, there were three
irradiation doses using the LINCE instrument at 24, 30, and 48 h post-
injection with red light (630 nm, 125 mW cm™2, 12 min, 90 ) cm2). The
timing and irradiation conditions were chosen based on the nanoparticle
localization in the tumors and to prevent the formation of hypoxic environ-
ments in the tumors.l74] For all groups, the mice were kept under regular
intervals of dark and light cycles in the vivarium =12 h under light and 12 h
under dark conditions as recommended by the IACUC. The tumor growth
was monitored using caliper, every other day, during the treatment pro-
cess. The mice body weights were recorded every other day to keep track
of any weight loss due to adverse effects. After the completion of five cy-
cles of treatment, the mice were monitored for additional 2 days and the
mice were sacrificed. All major organs, including tumors, were harvested
and the tumors were weighed to corroborate the phototherapeutic efficacy.
The organs were imaged using IVIS and sections of tissue samples were
fixed for sectioning and histological examinations, as depicted in Support-
ing Information. The rest of the tissue samples were frozen and used later
to determine the PplX and Si content following the protocols described in
the following two sections.

Analysis of PpIX Content in Major Organs and Tumor: The organ sam-
ples were weighed and placed in an extraction solution of 1% SDS in
methanol/ 1N perchloric acid (1:1; v:v).l”"] Each organ was homogenized
using an IKA T-25 high-speed digital homogenizer until no solid pieces re-
mained. The homogenized organ solution was incubated for 24 h to guar-
antee maximum extraction of PpIX from the tissue. After that, the solution
was centrifuged and the supernatant was collected. The fluorescence of
the supernatants was measured at 407/620 (ex/em) in a 96-well plate us-
ing fluorometer (SpectraMax M5, Molecular devices). The concentration
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of PpIX was determined by using a calibration curve with different concen-
trations of PplX treated under similar conditions and reported as micro-
grams of PplIX per gram of organ. The results are reported as the average
+ SD of organ samples from all the mice in a group (n = 3).

Analysis of Si Content in Major Organs and Tumor:  Tissue samples were
weighed and completely dried in an oven at 60 °C for 3 days. The dried
organs were weighed and digested using a mixture of HNO; /HCI/HF
(10:2:1). The samples were placed in the digestion vessels with the acid
mixture for predigestion during 20 min at room temperature. The samples
were then digested in a CEM Mars microwave system using the following
conditions: ramp to 200 °C for 20 min, hold at 200 °C for 20 min, and cool
down to room temperature. The digested samples were diluted to 50 mL
using DI water. Finally, these samples were used for the Si content analysis
using an ICP-OES system (PerkinElmer 8300 DV). Calibration standards
were prepared by diluting Si element PlasmaCAL (SCP Science) standard
in 0.1 M HNOj3. The wavelength of 251.66 nm was selected for Si anal-
ysis and the concentration was determined using Syngistix software. The
data are represented as the milligrams of Si per gram of tissue. The results
are reported as the average + SD of organ samples from all the mice in a
group (n = 3).

Statistical Analysis: Al the data in the manuscript are represented as
mean = SD unless mentioned otherwise. For the nanoparticle size analy-
sis using SEM, 160 nanoparticles were analyzed using Image), and the size
distribution is reported. The hydrodynamic size, {-potential, and nanopar-
ticle degradation analysis using DLS were performed in triplicates. The
amount of PpIX loaded, singlet oxygen generation, and PplX release was
analyzed in triplicates or more using different batches of nanoparticles.
Cellular uptake using flow cytometry was evaluated with a minimum of
5000 gated cells. The cellular uptake, ROS, singlet oxygen generation, and
apoptotic/necrotic cells were quantified in triplicates. The statistical anal-
ysis was performed with one-way ANOVA using Tukey's multiple compar-
ison test. For the cell viability studies, the GraphPad prism was used to
calculate the ECs, values (n = 6). All the in vivo experiments were eval-
uated using n = 3 mice per group. Statistical analysis for NIR/PpIX fluo-
rescence data, Si, and PplX content in organs was analyzed using two-way
ANOVA using Tukey’s multiple comparison test. The tumor volumes were
reported as mean + SEM, and two-way ANOVA with Tukey’s multiple com-
parison test was used for statistical analysis. For tumor weights, unpaired
t-test was performed to analyze the statistical difference of each group
with respect to PBS group. All the statistical analyses were performed us-
ing GraphPad Prism (v8.2.0 for Windows) with « = 0.05 and reported as
stars assigned to the p-values; ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05, and ns p > 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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