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Advancements in nanomedicines have enabled breakthroughs in both disease diagnosis
and treatment, including ultrasound bioimaging and cancer immunotherapy. On the one hand,
nanomedicines of various formulations have been used as ultrasound contrast and greatly
improved the ultrasound imaging quality. However, an ideal ultrasound contrast agent— that
has tunable, modifiable surface, biodegradability, biocompatibility, and sufficient stability
(half-life) for transient ultrasound imaging— is yet to be explored. On the other hand, to
overcome the limitations of immune checkpoint blockade therapy, — immune-related toxicity
and inefficacy in immune-suppressive tumors— nanomedicines have been rationally designed
to trigger immunogenic cell death (ICD) of tumor cells. However, further work is necessary to

develop ICD-inducing nanomedicines that are biodegradable, biocompatible, and intrinsically
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potent in inducing ICD. In this dissertation, | will discuss how creating novel nanomedicines
can benefit both ultrasound imaging and cancer immunotherapy.

First chapter reviews applications of nanomedicines in both ultrasound imaging and
ICD-based cancer immunotherapy, with a highlight of successes and limitations of existing
nanomedicines.

Second chapter describes how sol-gel reaction combined with electrospray can generate
biodegradable calcium phosphate micro/nano particles. Effects of synthetic parameters on the
particle size and morphology are discussed in detail. The biodegradability of these particles was
validated.

Third chapter illustrates a bio-inspired, facile, mild, and solution-based synthetic
method for creating calcium phosphate micro/nano particles. Systematic investigations on
synthetic parameters led to calcium phosphate particles with versatile sizes (396+128 nm to
63+8 um) and morphologies (hexagonal micro-disc, micro-flower, micro-leaf, nano-butterfly,
and nano-ribbon). A “phosphate sponge” mechanism was found to be the key for regulating the
particle sizes and morphologies. These calcium phosphate micro/nano particles are proven to
be biodegradable, non-toxic, and efficient in creating transient ultrasound contrast.

Fourth chapter studies the building of proton sponge nano-assembly (PSNA) optimized
for imaging and triggering ICD of cancer cells. By carefully tuning the hydrophilic and
hydrophobic components, the self-assembly tendency of PSNA was optimized. In turn, the
PSNA with the highest fluorescence, positive surface charge density, intracellular fluorescence,
and cancer cell cytotoxicity was achieved. The lysosome rupturing-regulated pyroptosis and
necroptosis were triggered by PSNA, suggesting the great potential of the PSNA for anticancer

immunity.
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CHAPTER 1. NANOMEDICINES IN ULTRASOUND

BIOIMAGING AND CANCER IMMUNOTHERAPY: AN

INTRODUCTION

1.1. ABSTRACT

Advancements in nanomedicines have enabled breakthroughs in both disease diagnosis and
treatment. Here, | provide a review of the literature discussing how nanomedicines have promoted
ultrasound bioimaging and cancer immunotherapy.

Existing gas microbubbles and nanomedicine-based ultrasound contrast agents have
greatly improved ultrasound imaging quality. However, an ideal ultrasound contrast agent— that
has a tunable size (from nano to micro range), modifiable surface (for targeting and molecular
imaging), biodegradability, biocompatibility, and sufficient stability (half-life) for transient
ultrasound imaging— is yet to be explored. Phosphate glass micro/nanoparticles have been proven
to be an ideal candidate for the next-generation transient ultrasound contrast because of their
biodegradability and biocompatibility. However, a synthetic method for phosphate glass
micro/nanoparticles that is simple, scalable, and versatile in size control is yet to be investigated.

Nanomedicines also found the potential to improve cancer immunotherapy. Immune
checkpoint blockade therapy has reshaped cancer immunotherapy but still suffers from immune-
related toxicity (due to the overexpansion of T cells by antibodies) and inefficacy in immune-

suppressive (or immune-cold) tumors. Strategies for “normalizing” or “firing up” cold tumors are



urgently needed. A particularly appealing approach is applying nanomedicines to trigger
immunogenic cell death (ICD) of tumor cells. During ICD of tumors, dying cells release not only
tumor-associated antigens but also adjuvants including pro-inflammatory cytokines and damage-
associated molecular patterns. Both antigenicity and adjuvanticity convert dying tumor cells into
in-situ vaccines inducing tumor-specific immunity, thus overcoming the immune toxicity and
“heating” the immune-cold tumors.

Nanomedicines have been rationally designed to trigger tumor-specific ICDs for anticancer
immunity, such as targeted and stimulus-responsive nanomedicines. However, these
nanomedicines still face some common limitations. First, most of these nanomedicines cannot
degrade in physiological conditions or their degradation byproducts are toxic. Second,
nanoformulations of sensitizing agents/drugs suffer from drug leakage. Third, nanomedicines
relying on external stimuli face the limitations of penetration depth of stimuli (e.g. photon) and
undesired damages on normal tissues by irradiation. Therefore, further work is necessary to
develop ICD-inducing nanomedicines that are biodegradable, biocompatible, and intrinsically

potent in inducing ICD (i.e., without the aid of sensitizing agents/drugs and external stimuli).



1.2. NANOMEDICINES FOR ULTRASOUND BIOIMAGING
1.2.1. Ultrasound Imaging

Ultrasound imaging has been consistently applied for the diagnosis of a wide range of
diseases (e.g., heart diseases and cancers). This is because of several advantages: high spatial and
temporal resolution, safety (no need for ionizing radiation), portability, wide availability, and
relatively low cost.! According to a report,? the cost factor of ultrasound is five times lower than
MRI and three times lower than CT; up to $736 million annually could be saved by replacing MRI
with ultrasound for many standard studies.

Ultrasound is a sound wave with frequencies more than 20 kHz. The propagation of high-
frequency sound waves in organs and tissues can be managed to produce images. A transducer
both generates the sound pulses and detects returning echoes. The depth of a subject is determined
by the time difference between firing pulses and returning echoes and the amplitude of the echo is
displayed in a grayscale image. In addition, blood velocity can be measured by using the concept
of Doppler shift. Both the velocity and direction of blood flow can be measured in this mode.* 3

Although many tissues can be directly imaged by ultrasound, contrast agents can enhance
the imaging quality. Gas microbubbles were contrasts most widely used clinically. These are
microbubbles filled with air and stabilized by shells (e.g., proteins, lipids, or polymers).*®
Microbubbles enhance echoes because of the high acoustic impedance mismatch between the gas
and blood/tissue.® In an acoustic field, bubbles oscillate due to positive and negative pressure
changes; these oscillations are different from the surrounding medium because of differences in
the compressibility and density between the gas and blood/tissue. 78

However, gas microbubbles suffer from low stability and short lifetime (less than 30 min)

due to the fast diffusion of gas species.®** Encapsulated gas bubbles have improved lifetime but



are unstable in circulation even when treated with polyethylene glycol.*?** Besides, microbubbles
preclude the use of low frequencies because they can burst and result in local microvasculature
rupture and hemolysis.'> Moreover, the micron size (1-8 um) has constrained many applications,
such as tumor imaging where the pore size of tumor endothelium and trapping effects originated

from the reticuloendothelial system limit the size to less than 380 nm.*®

1.2.2. Nanomedicines as Ultrasound Contrasts
Nanomaterial-based ultrasound contrasts may overcome these limitations of gas

microbubbles. The stability of nanomaterials can be chemically tunable. Also, nanomaterials of
50-400 nm can accumulate in tumor sites as a result of the leaky vasculature and imperfect
lymphatic drainage associated with cancerous tissue and the slower circulation of the
nanomaterials, known as the enhanced permeability and retention (EPR) effect.’-1® Furthermore,
nanomaterials are facilely surface-modifiable to enable active targeting of diseases. One challenge
faced by nanomaterials is the relatively lower echogenicity at clinically relevant ultrasound
frequencies (1-10 MHz). However, prolific research in the area has resulted in various
nanomedicines that have circumvented this issue and enabled their application as ultrasound
contrasts.

1.2.2.1. Nano-Contrast with Gas Core
Gas is thought to be the most echogenic phase considering the maximized acoustic

impedance mismatch between gas and blood/tissue/bone. Gas nanobubbles, composed of a gas
core and shells, have been investigated with formulations including lipid bilayer particles
(liposomes),'*-?? polymeric-shelled particles,?2¢ and Pluronic incorporated lipid shells.® 2728
Yin and coworkers?® proposed a phospholipid-shelled gas-core nanobubble and validated
its in vivo echogenicity in tumors. The nanobubbles were made of octafluoropropane gas core and

lipid shell. The enhanced contrast lasted for ~1 h with the nanobubbles (436.8+£5.7 nm) but only



15 min with a micro-counterpart (1220£65 nm). This could be due to the better EPR effect-driven
accumulation of nanobubbles in tumors.

Echogenic liposomes (ELIPs) are lipid bilayer nanoparticles that contain small amounts of
inert gas in their lipid bilayer or micelles within their aqueous core.*® 3 Surface modification with
PEG greatly enhanced the stability, biocompatibility, and circulation time of ELIPs. Due to their
gas core, as well as other advantages, these particles have been proposed as potential contrast
agents for clinical ultrasound. However, due to their small size, low gas density, and rigid shell,
ELIPs do not produce sufficient contrast at diagnostic ultrasound frequencies.® 2

Nanobubbles with polymeric shells have also remarkably enhanced US contrast. Xu and
coworkers?® developed PLGA-shelled nanobubbles. Fluorescent Texas Red dye was encapsulated
and a tumor-targeting ligand HuCC49ACH2 antibody was introduced for targeting TAG-72
overexpressed in epithelial-derived cancers. This nanobubble demonstrated enhanced ultrasound
and fluorescent contrast in LS174T human colon cancer cells.

The surfactant is key to the stabilization and reduction of the size of bubbles. For example,
Pluronic can change the packing of the lipids in the shell and reduce the size of the bubbles to 100
nm or below while maintaining their echogenicity at a level comparable to clinical agents.?’

Certain bacteria genetically encode gas nanovesicles and use them to control their
buoyancy. Shapiro and colleagues purified these gas vesicles from bacteria and studied these gas
nanovesicles for ultrasonic imaging in mice. These gas vesicles have a protein shell with a
thickness of 2 nm and sizes of 45—250 nm in width and 100—600 nm in length. The authors reported
that these gas nanovesicles are imageable with ultrasound upon intravenous injection into mice in

vivo and are more stable compared to many of the nanobubble alternatives.®! Moreover, this work



suggests that a wholly new ability to image cells with ultrasound could thus result from transducing
selected cells with the gene vectors encoding the gas nanovesicles.

1.2.2.2. Nano-Contrast with Liquid Core
Liquid nanodroplets made of perfluoropentane core and polymer shells such as PLGA and

PLLA are alternatives to gas nanobubbles. Rapoport et al.% reported PEG-PLLA nanodroplets
encapsulating perfluoropentane. These nanodroplets remain liquid at room temperature—due to
perfluoropentane’s boiling point under Laplacian pressure—and transform into gas particles at
physiological temperatures. 4 h after intravenous injection, these nanodroplets were able to
produce intense ultrasound signal in tumor and negligible signal in the kidneys or liver.

Recently, a chitosan cross-linked vitamin C lipid nanobubble was created for dual
ultrasound and fluorescence imaging.®? The chitosan-vitamin C shell was found to improve tumor
accumulation due to its negative charge. This nanobubble enhanced ultrasound contrast in vivo.

1.2.2.3. Nano-Contrast with Solid Nanopatrticles
Solid nanoparticles such as SiO2 have been used for ultrasound contrast. Yang and

colleagues produced a series of hollow silica nanospheres from 100 to 400 nm.*® These hollow
silica nanospheres were produced by a hard-template synthesis where a 25 nm silica shell was
grown on top of polystyrene nanospheres (100—400 nm) by dropwise addition of tetraethyl
orthosilicate (TEOS) under slight heat. The polystyrene was then removed by soaking in hot
tetrahydrofuran (THF). While the 100 nm silica nanomaterials produced an ultrasonic signal at 6
MHz frequency, the authors found that the 400 nm spheres produced a higher signal.

One challenge faced by solid nanoparticles-based (<100 nm in at least one dimension)
ultrasound contrasts such as SiO: is that they often produce poor contrast strength relative to their
larger counterparts. This is because contrast interactions with acoustic waves require reflection,

acoustic impedance mismatch, refraction, attenuation, or diffraction.3* A trade-off must be reached



between the need for favorable in vivo biodistributions and kinetics and sufficient echogenicity to
enhance contrast.®>% One creative way to improve the echogenicity of solid nanoparticles has
been demonstrated by multiplying the number of interfaces in mesoporous SiO2 (“rattle”-type
mesoporous Si02).3" This rattle structure provides double scattering/reflection interfaces in a
single particle within the material to substantially increase contrast enhancement relative to the
other two nanostructures (solid and hollow) containing only one scattering/reflection interface.

Multiwalled carbon nanotubes (MWNTs) of 20—30 nm in diameter and 400 nm in length
were found to be surprisingly echogenic, which showed detectable ultrasonic contrast in living
animals such as mice and pigs.3-% It was reported that the strength of the signal observed from
MWNTSs was at the same level as clinically used sulfur hexafluoride microbubbles, yet the signal
does not degrade, as rapidly occurs with microbubbles.®® However, it should be noted that a
concentration as high as ~1 mg/mL of MWNTSs was required to generate the high ultrasonic signal.
Targeting MWNTSs to PSCA (prostate stem cell antigen) via monoclonal antibodies has led to high
ultrasonic contrast in the mouse prostate tumor grown in the abdominal wall.*® However, the
mechanism by which the high contrast is yet to be explored. One possibility is that the nanotubes
may serve as the center of nucleation for air bubbles that generate the echogenic signal.*®

1.2.24. Biodegradable Phosphate Glass: A Candidate for the Next-Generation
Transient Ultrasound Contrast

An ideal ultrasound contrast agent should have a tunable size (from nano to micro range to
allow for wide applications), modifiable surface (for targeting and molecular imaging),
biodegradability, biocompatibility, and sufficient stability (half-life) for transient ultrasound
imaging, which is yet to be explored. Gas microbubbles have significant limits from their size and
short lifetime (less than 30 min) due to the fast diffusion of gas species.®*. Nanobubbles of gas or

liquid also suffer from a short lifetime (minutes to 1 hour).?? % Encapsulated gas bubbles have an



improved lifetime but are unstable in circulation even when treated with polyethylene glycol >4
Moreover, the biocompatibility of these shell materials is yet to be verified. Existing solid
nanoparticles are hindered by their biodegradability; the long-term retention of non-degradable
materials results in high toxicity.**#> Therefore, alternative materials must be investigated in
search of candidates for the next-generation ultrasound contrast.

Phosphate-based bio-glasses are an attractive alternative because of their controllable
biodegradability and good biocompatibility.**->2 Phosphate glasses have better biodegradability
than silicate because the terminal oxygen in the PO4* tetrahedron makes the connectivity of the
phosphate network more reduced.*® Besides, when degraded, phosphate glasses release
biocompatible ions routinely found in the human body (e.g. phosphorous, calcium, and sodium).**
53 Finally, phosphate glasses can be facilely functionalized by loading imaging dyes'® and
drugs/biomolecules (e.g. trypsin inhibitor,>* tetracyclines,>® growth factors,*® gentamicin sulfate®’,
vancomycin®®), opening up new opportunities for theranostic applications.

The potential of phosphate glass nanoparticles (PGNs) in transient ultrasound imaging has
been demonstrated by Knowles and co-workers.'® These PGNs are 200 nm — 500 nm synthesized
via combining sol-gel with electrospray. The authors used PGNs as an ultrasound contrast to label
mesenchymal stem cells and determined in vitro and in vivo detection limits of 5 and 9 ug/mL,
respectively. Cell counts down to 4000 could be measured with ultrasound imaging. Moreover,
the time stability of PGNs (~4 h) is significantly longer than existing gas micro/nanobubbles
(minutes to 1 hour). Importantly, these PGNs biodegrade into aqueous media with degradation
products that can be easily metabolized in the body.

However, this synthesis method puts a constraint on the wider applications of PGNs

because of limited control over the particle size, low production rate, danger, and high energy



consumption. Therefore, a facile, mild, and scalable synthetic method for preparing micro-

/nanoparticles of this material is yet to be explored.



1.3.  NANOMEDICINES INDUCING IMMUNOGENIC CANCER CELL

DEATH
1.3.1. Cancer Immunotherapies and Major Limitations

Cancer immunotherapies refer to therapies that utilize the patient’s immune system to
eradicate cancers. As early as 1893, William Coley had observed that live or inactivated bacteria
could cause remission in sarcomas.*® However, it was until the 1990s that the concept of cancer
immunotherapy emerged based on the understanding of the interaction between immune cells and
melanoma.®®®* Following numerous research failures, it was until 2010 that the autologous cellular
immunotherapy, sipuleucel-T, was approved for the treatment of prostate cancer®, and in 2011
and 2014 that several significant antibodies were approved for treating melanoma (i.e., the anti-
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) antibody, ipilimumab, and anti-
programmed cell death protein 1 (PD1) antibodies).®® Now, cancer immunotherapy is a quickly
evolving field creating a whole spectrum of immunotherapies including adoptive cellular
therapy,®+"® vaccines,® immune checkpoint blockade (ICB, e.g., anti-CTLA-4,%% 747¢ Anti-PD1,
and anti-PD-L1,"""®), cytokines (IL-2 and IFN-u),%° combination immunotherapy,” 8 and
beyond. Detailed discussions on the working principles and limitations of these immunotherapies
can be found in review papers,53-64 6669, 72-73,76-77, 80-81

For immune cells to recognize and kill tumors, it requires the completion of a whole cancer
immunity cycle of seven steps: release of tumor-associated antigens (TAAs), TAAs’ exposure to
antigen-presenting cells (APCs, e.g., dendritic cells (DCs) and macrophages), priming and
activation of T cells by APCs, trafficking of T cells to tumors, infiltration of T cells into tumors,

recognition of tumors by T cells, and killing of tumors by T cells.®? However, tumors have

10



developed mechanisms to suppress this cycle and achieve local immune evasion, induction of
tolerance, and systemic disruption of T-cell signaling. Moreover, the immune editing process
promotes the formation of less immunogenic tumors via selective pressure.’’: 8

Deeper understandings of these immune-resistant mechanisms and cell-cell interactions
between tumors and immune cells have led to breakthroughs in immunotherapies. Here we use the
ICB therapies as examples for discussing how immunotherapies have benefited from such
understandings. One strategy of tumors to suppress T cell functions is by expressing ligands that
bind inhibitory receptors of T cells.®? 84 8 “Checkpoint blockade” refers to the blockade of some
checkpoints, i.e., immune-inhibitory pathways. CTLA-4 is one such inhibitory receptor of T cells
that down-regulates T cell activation. Ipilimumab, the first FDA-approved antibody, can target
CTLA-4, recover CD28-mediated positive costimulatory signals (e.g., phosphoinositide 3-kinase
(PI3K) and AKT pathways), and reverse the activity of T cells.®® Ipilimumab is now a first-line
therapy for melanoma patients with metastatic disease.®® & Other examples are anti-PD1 and
anti-PD-L1 immunotherapies.””""® PD-1 receptors expressed on activated T cells also serve to
suppress T cell responses and prevent damage to self-tissues’® 8 Tumor cells upregulate the
expression of programmed death ligand 1 (PD-L1) and PD-L2 on their surfaces, the two main
ligands binding to PD-1. When bound by PD-L1 or PD-L2, PD-1 initiates a negative signal to
dampen T cells’ activation, proliferation, and cytotoxic potential.® Therefore, antibodies for
PD-1, PD-L1, or PD-L2 can disrupt the PD1-PD-L1 or PD1-PD-L2 interactions and reverse the
exhaustion of T cells.®* For example, the anti-PD-1 antibody nivolumab has shown favorable and
durable clinical responses in melanoma patients.®? The anti-PD-L1 antibody atezolizumab has also
shown efficacies in patients of the lung, colon, head and neck, and gastric cancers in addition to

melanoma.®?
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Despite these encouraging therapeutic efficacies in cancer treatment, ICB therapies still
suffer from two major limitations: immune toxicity and inefficacy in immune-cold tumors. First,
because these antibodies target T cell receptors serving for minimizing autoimmune responses,
ICB therapies can cause immune-related toxicity due to uncontrolled T cell activation.”* For
example, grades 3-5 (severe) immune-related side effects occurred in 10-35 % of patients treated
via CTLA-4 blockade.®® Second, ICB therapies only produced favorable responses in a limited
portion of patients.®® This is because ICB therapies rely on functioning T cells infiltrated into
tumors but most cancers have developed an immune-suppressive (or immune-cold) tumor
microenvironment (TME).***" The immune suppression of TME can be understood in several
aspects. First, tumor-infiltration of T cells is suppressed by the physical barrier from aberrant
tumor vasculature; Second, functions of the cytotoxic T cells are hampered by immune suppressive
cells such as regulatory T cell (Treg), myeloid-derived suppressive cells (MDSC) and M2 type
tumor-associated macrophages (TAM); %1% Third, hypoxia and low pH (pH < 4) of TME further
reduce the activity of cytotoxic T cells;% Moreover, T cell exhaustion is favored by glucose-
reduced and cholesterol-enriched TME.13-197_ Therefore, it is necessary to develop new strategies

to reprogram (or normalize) the suppressive (or cold) TME.108-110

1.3.2. Immunogenic Cell Death
Triggering immunogenic cell death (ICD) of tumors is an emerging strategy that may

resolve both issues of immune toxicity and immune-cold tumors. ICD refers to programmed cell
death that can activate adaptive immune responses in an immunocompetent setting. According to
recent studies, both antigenicity and adjuvanticity are indispensable for anticancer immunity.t!-
112 During ICD of tumor cells, dying cells can release not only tumor-associated antigens but also
adjuvants including pro-inflammatory cytokines (e.g., interleukin-1p (IL-1B) and IL-18) and

damage-associated molecular patterns (DAMPS). Depending on the specific ICD types (discussed
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later), DAMPs may include a combination of calreticulin, heat-shock proteins (e.g., HSP70 and
HSP90), adenosine triphosphate (ATP), and/or high-mobility group box protein 1 (HMGBL1).
Specific roles and molecular mechanisms of each of these DAMPs are comprehensively discussed
in review papers.t*114 Briefly, DAMPs can stimulate the maturation of antigen-presenting cells
(APC) such as dendritic cells, and facilitate the presentation of tumor antigens to the T cells; In
turn, CD8" T cells’ activation and infiltration into tumors are boosted, thus firing up the immune-
cold TME and inducing anticancer immune responses.!*>22 Moreover, because the dying tumor
cells themselves act like in situ vaccines, tumor-specific immunity is possible and the immune-
related toxicity issue of other immunotherapies such as ICB could be overcome.’ 8 123-124

Discovered ICD subtypes include immunogenic apoptosis, pyroptosis, necroptosis, and
ferroptosis, which are discussed in detail as follows.

1.3.2.1. Immunogenic Apoptosis
Immunogenic apoptosis differs from typical apoptosis in its immunogenicity. Apoptosis

has been thought to be immunogenically silent for a long time. This is because apoptosis is more
often a regulated cell death allowing for the removal of dead cells by phagocytes without triggering
the immune response.!*® 12 However, this view has been questioned by more recent studies—
when caused by oxidative stress and endoplasmic reticulum stress, apoptotic cells also release
DAMPs and become immunogenic.'?® For example, cancer cells have been treated ex vivo with
anthracyclines, oxaliplatin, photodynamic therapy (PDT), or y-irradiation to induce immunogenic
apoptosis. When syngeneic immunocompetent mice were implanted with these apoptotic cells and
subsequently rechallenged with live cancer cells, they rejected tumor growth, 13 126-129

Later, it has become clear that necrotic cell death pathways can also be regulated and

immunogenic, such as pyroptosis, necroptosis, and ferroptosis.
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1.3.2.2. Pyroptosis
Pyroptosis is a highly proinflammatory form of regulated necrosis. Due to its

immunogenicity, pyroptosis is being studied as an emerging strategy for converting immune-cold
tumors to hot.*3 Pyroptosis can be canonical (caspase 1 dependent) or non-canonical (caspase 3
and 11 dependent). Recent studies have well-defined these pathways.'!® 125 Take the caspase 1-
dependent canonical pathway as an example, caspase 1 is activated from pro-caspase 1 in response
to pathogenic infections or synthetic materials. Subsequently, caspase 1 cleaves proinflammatory
cytokines (e.g., pro-IL-1p and pro-1L-18) and gasermin (GSDM) D. The N-terminal of GSDMD
creates membrane pores and increases potassium efflux and water influx. Consequently,
morphologically, pyroptosis is accompanied by membrane rupture, cellular swelling, and bubble
formation. Meanwhile, matured proinflammatory cytokines are released out of cells, further
causing inflammatory responses. 16125

Pyroptosis can overcome the immune desert phenotype of TME and evoke anticancer
immunity. 133 |t has been shown that a high expression of GSDMs (e.g. GSDME) increases the
tumor-infiltration of natural killer cells and CD4" and CD8" T cells in mice tumor model and, in
turn, suppression of tumor growth; In contrast, GSDME-deficient tumors have lower level of
immune cell infiltration.®®! Utilizing single-cell RNA sequencing, another study shows that
pyroptosis of 4T1 tumor cells also induces macrophage M1 polarization and reduces suppressor
cell populations in breast 4T1 tumors including monocytes, neutrophils, and myeloid-derived
cells.®*2 Pyroptotic tumor cells release a large amount of neoantigens, which can stimulate the
systematic immune response and may provide a long-term tumor-suppressive effect.!3® Pyroptosis

of tumor cells also induces effective antitumor immunity that synergizes with anti-PD1 ICB.*
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1.3.2.3. Necroptosis
Necroptosis is another regulated necrosis with known immunogenicity. It initiates from the

phosphorylation of receptor-interacting protein kinase (P-RIPK)-1. P-RIPK-1 upregulates P-
RIPK-3. Together, these P-RIPKs activate phosphorylated mixed lineage kinase domain-like
protein (P-MLKL). P-MLKL is the executor of necroptosis that forms membrane pores and causes
cellular membrane rupture, 12! 134

Just like pyroptosis, this feature of membrane rupture enables necroptotic cells to release
cellular contents (tumor-associated antigens, DAMPs, chemokines, and pro-inflammatory
cytokines) and become immunogenic.!*> 135, It has been reported that necroptotic cancer cells act
as effective vaccines to protect mice from the challenge of viable cancer cells.!® The same study
showed that necroptotic cancer cells induce the activation and maturation of bone marrow-derived
dendritic cells (both in vitro and in vivo) and the cross-priming of T cells in vivo. Another study
observed the production of pro-inflammatory cytokines/chemokines downstream of the
RIPK1/RIPK3/NF-kB activation; These cytokines/chemokines are key for the cross-priming of
CD8+ T cells.!™> The antigenicity of necroptotic cancer cells has been highlighted— when
immune-dominant tumor antigen (AH1) was knocked out, necroptotic cancer cells were more
immunogenic than apoptotic cells in a murine prophylactic tumor vaccination model.**® Therefore,
necroptosis may be a valuable tool for cancer immunotherapy.

1.3.24. Ferroptosis
Ferroptosis is another regulated necrosis featured in increased cell membrane permeability.

It originates from the excessive generation of reactive oxygen species (ROS) and the depletion of
polyunsaturated fatty acids (PUFAS). In turn, the membrane permeability is increased 25 1%, In
normal physiological conditions, excessive ROS accumulation is prevented by antioxidants such

as glutathione peroxidase 4 (GPX4) ), the transcription factor nuclear factor erythroid 2 (NFE2L2),
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and some HSPs (e.g., HSP25, HSP beta 1(HSPB1) and HSP family A member 5 (HSPAS)).137-138
These antioxidants can convert phospholipid hydroperoxides (PLOOH) into nontoxic lipid
alcohols (L-OH).'3"-13% On the other hand, lysophosphatidylcholine acyltransferase 3 (LPCAT3),
acyl-CoA synthetase long-chain family member 4 (ACSL4), and arachidonate lipoxygenases
(ALOXs, e.g., ALOX12 and ALOX15) are all involved in the oxidation of PUFASs and consequent
oxidative damages.*%*! [ron can catalyze the peroxidation of PUFAs.

Although still under investigation, recent studies are in support of the immunogenicity of
ferroptosis. Ferroptosis has been found to release cytokines and DAMPs (e.g., decorin, ATP, and
HMGB-1); these biomarkers have been demonstrated to mediate the immunogenicity of
ferroptosis.!*>1%° For instance, decorin created by ferroptosis acts on macrophages to trigger
producing proinflammatory cytokines.'*® Ferroptotic cells (e.g., murine fibrosarcoma MCA205
and pancreatic ductal adenocarcinoma KPC cells) elicited a vaccine-like effect in the murine tumor

model and suppressed tumor growth.4¢

1.3.3. Smart Nanomedicines Inducing ICDs
Accumulating evidence supports that traditional nanomaterials can induce ICDs, such as

nano-carbons, 4’14 silica nanoparticles (NPs),'*° quantum dots (QDs)**°, and metallic NPs®,
These findings have inspired great efforts in the rational design of smart nanomedicines that can
induce ICD for anticancer immunity in a more controlled manner. “Smart” means that such
nanomedicines can either target tumors or be stimulus-responsive. Targeted nanomedicines can be
further classified as passive and active targeting, while the stimulus responsive nanomedicines

include those responsive to pH, enzyme, ATP, ROS, GSH, photon, ultrasound, and radio.
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1.3.3.1. Targeted Nanomedicines

Passive Targeting
Nanomaterials of 50-200 nm have a higher tendency to accumulate in tumor sites, known

as the enhanced permeability and retention (EPR) effect.)” Tumor tissues, due to the abnormal
metabolism, have more blood vessels present than normal tissues, causing better permeability of
tumor sites.!>215% Therefore, nanomaterials that have prolonged circulation time passively
accumulate in tumor sites. Nanomaterials with EPR effect have been utilized to deliver ICD
inducers to tumor sites. For example, liposomes, micelles, polymers, and proteins are applied to
deliver platinum-based anticancer drugs to induce ICD of tumors.™® Recently, Liu et al*®
developed a PEGylated liposome nanocarrier (met-oxa(lV)-liposome) loading water-soluble
metformin for anticancer immunity. met-oxa(IV)-liposome is made of an amphiphilic OXA
prodrug conjugated with 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine and other
commercial lipid liposomes. The nanocarriers accumulated at the tumor site after intravenous
injection. met-oxa(lV)-liposome gradually released metformin that inhibits oxygen consumption
of tumor cells and relieves the hypoxic environment of the tumor. In addition, the gradually
released OXA rejected CT26 tumors by inducing ICD-based antitumor immunity.

The overexpression of IDO induces the reduction of CD8* T cells and an increase in
regulatory T cells (Tregs), which can cause immune evasion of tumors.'®%" Zhai et al.'%®
developed a heparin-functionalized graphene oxide (GH) applied for the transdermal delivery of
docetaxel and 1-methyl-D-tryptophan, an indoleamine 2, 3-dioxygenase (IDO) inhibitor, termed
as D-1/GH. The retention of this nanomedicine on tumor sites was enhanced due to EPR-like
effects at the tumor-skin junction and the affinity of heparin for the protein. This enhanced
accumulation allowed D-1/GH to infiltrate deeper into tumors. The ICD-induced release of

“DMAPs” initiates antigen presentation and elicits subsequent antitumor immunity.
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Active Targeting
Nanomaterials have also been surface-modified with ligands to achieve active targeting of

tumors. Based on the specific subcellular organelle targets, these nanomaterials include those
targeting endoplasmic reticulum, mitochondria, and cell membrane receptors.

CRT located in the endoplasmic reticulum (ER) is crucial for maintaining calcium
homeostasis, intracellular signal transduction, and protein synthesis. ER stress can activate the
signaling pathway that induces ICD.™ PDT can induce ICD by ROS-based ER stress
generation.1®%-161 However, many PDTs fail to induce an effective ICD due to the short half-life of
ROS. You et al.'®! created a nanomedicine termed FAL-ICG-HAUNS with the ER-targeting ability.
Aided by the pardaxin (FAL) peptides, FAL-ICG-HAUNS localize in ER. Following the ER
accumulation and NIR irradiation, this nanosystem can generate ER-localized ROS stress via the
PTT and PDT of hollow gold nanospheres (HAuNS) and indocyanine green (ICG). CRT was
exposed on the surface of dying cells as “eat me” signaling, which stimulated DC cell maturation
and boosted the immune response to suppress tumor growth. You and coworkers®?163 also
demonstrated the efficacy of ER targeting in the induction of ICD. They created Par-ICG-Lipo, a
liposome modified by ER-targeting pardaxin (Par) peptides and loaded with ICG. Par-ICG-Lipo
was found to have a better accumulation in ER than those liposomes unmodified with Par. The
ICG-enabled PDT induced ER stress, ICD, and release of DAMPs and tumor antigens,
consequently enhancing the antitumor immune effect.

Mitochondria is also an important target. Intracellular oxidative stress in mitochondria can
trigger 1CD.*%* External stimuli can cause the collapse of mitochondrial membrane potential to
release more ROS, thus forming positive feedback to damage the neighboring mitochondria.®
Luan and colleagues!® developed mitochondria-targeted NPs (BSA@T780/DOX NPs).

BSA@T780/DOX NPs were made from bovine serum albumin (BSA) coating on the co-assembly
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of DOX and T780. T780 is an IR780 derivative tailed with triphenylphosphonium, a mitochondria-
targeted anchor. The BSA@T780/DOX NPs can damage mitochondria selectively via PDT and
PTT. In turn, ICD was triggered and both the primary and bilateral tumors were eliminated due to

anticancer immunity. Shen et al.*®’

created a nanomaterial based on the self-assembly of OPDMA-
Cela. OPDMA-Cela is a conjugation of poly(2-(N-oxide-N,N-diethylamino) ethyl methacrylate)
(OPDEA) and celastrol (cela). OPDEA introduces the mitochondria targeting and Cela is an
effective ICD inducer extracted from Chinese drugs. This strategy specifically delivered cela to
mitochondria and triggered ICD.

Targeting receptors on the cell membrane is another example of active targeting. Folic acid
(FA) receptors are overexpressed in many tumor cells. The research group of Cai prepared
multifunctional sonosensitizers (FA-MnPs) to generate sonodynamic effects and simultaneously
stimulate sonodynamic-induced immune responses by targeting FA receptors.*% Yubin Huang et
al.1®° designed a tumor-targeting liposome (FOIB@L.ip) carrying FA, BMS-1 as PD-L1 inhibitors,
and IR 780 and OXA as ICD inducers. FOIB@Lip was able to boost cancer immunotherapy
through ICD. As a polysaccharide, not only has the advantages of good biocompatibility and non-
immunogenicity but also can target tumors via specific binding to the CD44" receptor
overexpressed on the tumor surface. Liu et al. utilized PEGylated HA to modify black phosphorus
(BP) NPs (HA-BP).1"° HA-BP selectively accumulated in tumors due to the hyaluronic acid (HA)
binding to CD44" receptors overexpressed on the tumor. Both in vitro and in vivo studies
demonstrated that combined PDT and PTT of HA-BP can eliminate the primary tumors and induce

ICD. ICD promoted DCs maturation and effector T cells and stimulated antitumor immune

responses.
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1.3.3.2. Stimulus-Responsive Nanomedicines

pH and Enzyme Responsive
Due to deregulated glycolysis, TME is known to be highly acidic. pH-responsive

nanomedicines loaded with ICD-inducing drugs can specifically release drugs in TME to induce
ICDs. Zhu et al.'™* have constructed polyethylene glycol coated poly(lactic-co-glycolic acid)
(PLGA-PEG) nanoparticles coloaded with CaCOs, DOX, and IDO1 inhibitor (aNLG919) named
DNCaNPs for ICD of colorectal cancer (CT26). DNCaNPs are pH-responsive due to CaCOs. Acid-
triggered release of DOX killed tumors through ICD, during which DAMPs (CRT, HMGBL, and
ATP) are released from dying cells. DAMPs facilitated the maturation of DCs and activation of
cytotoxic T lymphocytes. Furthermore, the release of aNLG919 also depleted Tregs cells. Xia et
al.1"? conjugated DOX to polyamidoamine dendrimer (PAMAM) via a pH-liable hydrazone bond.
Immunoadjuvant (CpG ODNSs) were loaded onto this nanoformulation, followed by modification
with low molecular weight heparin (LMWH) to prevent uptake by the reticuloendothelial system.
Acidic TME can cleave the hydrazone bonds of the nanoparticles (LMWH/PPD/CpG) and release
CpG ODNs and DOX. The anticancer immunity of this nanomedicine was evaluated in a B16F10
tumor-bearing mice model. Analysis of tumor sections treated with this nanomedicine found
LMWH/PPD/CpG caused the exposure of CRT and release of HMGB1. These DAMPs can
facilitate the phagocytosis of tumor associated antigens. In turn, DCs and cytotoxic T lymphocytes
were activated against the tumor cells.

pH and enzyme dual responsiveness may enable more tumor-specific immunomodulation.
Su et al.'”® prepared MMP-2 and pH-responsive micellar nanoparticles (SAMcP) coloaded with
PTX and anti-PD-1 antibody. Enzymatic (MMP-2) cleavage can release anti-PD-1 antibodies and
low pH can release PTX. Anti-PD-1 reserved the activity of T cells for killing the tumor cells. PTX

caused the ICD of tumor cells and the release of tumor-associated antigen and CRT, which further

20



boosted the anticancer immunity demonstrated in B16F10-bearing mice. Du et al.}’* developed
cathepsin B/pH-responsive nanoconstructs (HRN) loaded with docetaxel (DTX). HRN was stable
in blood circulation. However, the acidic TME and lysosomal cathepsin can disassemble the
particle to release DTX. In the B16 expressing ovalbumin (B160OVA) tumor model, tumor tissue
treated with HRN nanoparticles showed upregulation of CRT and HMGBL1. The released DAMPs
caused the maturation of DCs as evidenced by the upregulation of CD80 and CD86 markers.
Moreover, the nanosystem was highly effective in activating cytotoxic T cells (CD8") and
suppressing B160VA tumors. Gao et al.!”™ prepared HA-Psi-DOX, a DOX and hyaluronic acid
nanoprodrug. In response to acidity and MMP-2, HA-Psi-DOX nanoparticles release DOX in TME.
When evaluated in the B16F10 melanoma model, HA-Psi-DOX nanoparticles demonstrated the
capability of triggering the ICD of tumor cells (as evidenced by the release of HMGB1) and

anticancer immunity.

ATP Responsive
ATP concentration is higher in TME (100 ~ 500 uM) than in normal tissues (10 ~ 100 nM)

due to hypoxia stress. Besides, intra and extracellular ATP levels are also different (1 ~10 mM
and <0.4 mM, respectively).1’® Such differences have motivated the research on nanomedicines
responsive to ATP for triggering ICDs. Yu et al.'”” developed a nano-complex, IR@ZIF-RGD,
that can effectively deplete intracellular ATP and inhibit ATP synthesis by ATP-responsive ZIF90
and siRNA targeting thioredoxin reductase-2, respectively. In turn, tumor metabolism disorders
and immunosuppression were reserved. IR@ZIF-RGD-induced oxidative stress and ICG-triggered
photothermal therapy together provoked potent immunogenic cell death of tumor cells and

antitumor immunogenicity. The vaccine effect of the nanocomplex has been demonstrated in vivo,
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achieving suppressed growth of both primary and abscopal tumors, as well as inhibited tumor
metastasis.

Jiang et al'’® created a nanocomposite made from silver nanoparticles (Ag NPs) and
peptide-functionalized doxorubicin (PDOX) (Ag-TF@PDOX). ER stress was activated by the
silver nanoparticle, which synergized with chemotherapy to enhance cytotoxicity and stimulate
the ICD effect. It downregulated P-gp expression via the increased production of ATP-consuming
chaperones. In addition, the peptide (CB5005) conjugated to DOX helped the cell membrane
penetration and nuclear localization of the drug. The surface TA-Fe** enabled the nanocomposite
with ATP-responsive disassembly and ATP depletion properties to improve biocompatibility and
decrease ATP-dependent drug efflux. Ag-TF@PDOX also showed efficacy in improving dual-
mode (PAI/MRI) imaging.

Sun et al'”® developed an ATP-responsive smart hydrogel that can release immune
adjuvants in response to repeated chemo- or radiotherapy to reinforce antigen-specific immune
response. Alginate was conjugated with an adenosine triphosphate (ATP)-specific aptamer, which
was hybridized with immunoadjuvant CpG oligonucleotide. Alginate-based hydrogel can form
after intratumoral injection. With low doses of oxaliplatin or X-rays, the hydrogel can trigger the
release of ATP and ICD; ATP competitively bonds with ATP-specific aptamer to trigger CpG
release. Therefore, the smart hydrogel can release the immune adjuvant synchronized with low-
dose repeated chemo/radiotherapies, achieving synergistic responses in rejecting established

tumors, as well as immune memory to reject re-challenged tumors.

ROS Responsive
Because of the abnormal upregulation of various inflammatory cytokines, ROS levels in

tumors are higher than in normal tissues.’®Chen et al. ‘8 developed a ROS-responsive hydrogel
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loading chemotherapeutic SN38 and anti-PD-L1. Importantly, this was synthesized by
crosslinking 7-ethyl- 10-hydroxycamptothecin modified by phenylboronic acid (PBA) (SN38-SA-
BA) with polyvinyl alcohol; PBA is degradable by ROS. Exposed to ROS in tumors, SN38-SA-
BA was oxidized and hydrolyzed to release chemotherapeutic SN38 and anti-PD-L1. SN38
stimulated ICD that releases a series of DAMPSs, leading to antitumor immune responses. Also,
the released anti-PD-L1 bound to PD-L1 to activate the T cell response, further restoring antitumor
immunity. The therapeutic efficacy was confirmed by effective inhibition of the tumor growth.

Park et al.’®? developed a ROS-responsive self-immolative polymer (R-SIP) that can
efficiently destroy redox homeostasis via self-immolation-mediated glutathione depletion in
cancer cells. R—SIP is amphiphilic and self-assembles into nanoparticles in agueous to encapsulate
DOX. In 4T1 cancer cells, DOX-encapsulated R-SIP (DR-SIP) induces the phosphorylation of
eukaryotic translation initiation factor 2o and overexpression of ecto-calreticulin, resulting in
endoplasmic reticulum-associated ICD. As a result, DCs were matured by the released DAMPs.
The potential of DR-SIP to elicit an immune response was further validated by inhibition of tumor
growth in mice.

Zhang et al.'®® developed a self-augmented ROS-responsive nanocarrier loaded with
immunogenic inducer paclitaxel (PTX) and indoleamine 2,3-dixoygenase 1 (IDO1) blocker 1-
methyl-D, L-tryptophan (1-MT). The carrier was composed of PEG as hydrophilic segments,
enzyme cleavable 1-MT ester, and ROS-sensitive peroxalate conjugation as hydrophobic blocks.
The copolymer self-assembles into nanoparticles loaded with PTX. A positive feedback loop of
ROS-accelerated PTX release and PTX-induced ROS generation was achieved. This nanoparticle

evoked the ICD of tumor cells and antitumor immune responses with high effector T cell
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infiltration. IDO inhibition also led to reprogrammed immunosuppressive TME with reduced
regulatory T cells (Tregs) and M2-tumor-associated macrophages (M2-TAMsS).

Du et al.*® created nanoparticles named SPTP@UCNP-RB-DOX. It is made of
upconversion nanoparticles (UCNPs) coated by ROS-responsive micelles. The synergistic effect
of chemotherapy and NIR-triggered photodynamic therapy (PDT) led to activated antitumor
immunity via inducing immunogenic cell death with CD8* and CD4" T cells infiltrating in tumors.
Another example can be seen from a NIR-triggerable ROS-responsive cluster-bomb-like
nanoplatform. This nano platform elicits ICD, normalizes the immunosuppressive tumor

microenvironment, and induces systemic immune response. '8

GSH Responsive
The amount of intracellular GSH is 100~ 1000 times higher than in the extracellular

microenvironment.’® Moreover, tumor tissue is often hypoxic and the GSH level is at least four
times higher than healthy tissue.'® Therefore, tumor-specific induction of ICD can be achieved by
enabling nanomedicines GSH responsive.

A nano platform based upon phosphorus dendrimer-copper (1) complexes- and
toyocamycin-co-loaded polymeric nanoparticles coated with cancer cell membranes is stable
under a physiological status but can be quickly dissociated within the reductive tumor
microenvironment to exhaust GSH and release drugs.'®” The released phosphorus dendrimer-
copper(11) complexes triggered mitochondrial dysfunction and toyocamycin-induced ER stress,
both leading to cancer cell ICD and efficient inhibition of tumor growth. The anticancer immunity
was reflected in improved DC maturation and tumor-infiltration of CTLs.

An efficient chemoimmunotherapy was demonstrated by an ICD nano-amplifier made of

diselenide-bridged mesoporous organosilica nanoparticles and KP1339.88 KP1339 is a ruthenium-
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mediated antitumor agent that can evoke the cascade of ICD.'®%1% These KP1339-loaded
nanoparticles showed controlled drug release through GSH-responsive degradation. ROS
generation, GSH loss, and ER stress in tumor cells were demonstrated using these nanoparticles.
Downstream activities included KP1339-induced ICD and robust antitumor immune response.
These nanoparticles inhibited primary tumor growth with low systemic toxicity as well as
alleviated distant spread and lung metastases.

A GSH-responsive nano assembly was developed to suppress MDSCs and induce ICD.*%
1921t can suppress lactate dehydrogenase A (LDHA) levels in tumors. MDSCs suppression was
achieved by reducing LDHA levels. Meanwhile, this nano assembly enhanced tumor
immunogenicity via doxorubicin-provoked ICD.1%

A GSH-responsive nano prodrug made from F127-coated drug dimers was demonstrated
to attenuate glycolysis of tumor cells and mediate immunosuppression.® The dimer connects
lonidamine and NLG919 (IDO1 inhibitor) via a disulfide bond. Upon cleavage of the disulfide
bond by excessive GSH, both drugs were released. Lonidamine can downregulate hexokinase 11
and damage mitochondria, leading to attenuation of glycolysis. NLG919 can prevent the
accumulation of kynurenine and the infiltration of Tregs. The disulfide bond further depleted GSH

and increased oxidative stress. Together, the ICDs of tumor cells were promoted.*%

Photon Responsive
Recent advancements in nanomaterials enabled ICDs to be triggered in a photon-

responsive manner. These include nanomedicines based on photodynamic therapy (PDT),
photothermal therapy (PTT), and photon-controlled drug release.
PDT is a photon-activated ROS generation approach relying on the photosensitizer (PS).

Nanomaterials with PDT capability may enable localized ROS generation at the subcellular level.
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Zhou and coworkers!® developed a TiO.@Ru@siRNA nanocomposite made of TiO
nanoparticles coated with a Ru(ll) PS and loaded with hypoxia-inducible factor-1a. (HIF-1a)
SIRNA. TiO@Ru@siRNA can be localized in the lysosome. Irradiated by visible light,
TiO2@Ru@siRNA produced Oze— and 'Oz and blocked the HIF-1a signal, resulting in the
activation of pyroptosis and reduced tumor hypoxia. In vivo, TiO2@Ru@siRNA inhibited tumor
growth and evoked anticancer immunity. Chen and coworkers 1% reported a series of pH-
sensitive nano-photosensitizers named ANPS for triggering pyroptosis. ANPS was made of a pH-
sensitive copolymer, a PS (Ce6), and a quencher (QSY?21). ANPS can selectively disassociate in
more acidic lysosomes, leading to the separation of Ce6 and QSY21, an “on state”. Released Ce6
produces a strong 1O response. Activated ANPS can trigger phospholipase C signaling, activation
of caspase-3 and GSDME, and photoinitiated pyroptosis. In mice, ANPS resulted in enhanced anti-
tumor efficacy and minimized systemic side effects.

Photothermal therapies (PTT) use photothermal agents (PTA) to induce localized heat
production and ablation of cancers. PTAs absorb energy from light exposure. The nonradiative
decay process releases heat.!® Instead of merely ablating tumors, recent studies show that

nanomedicines based on PTT can also trigger pyroptosis. Zhang and coworkers?®

reported the
first covalent organic frameworks (COF)-based pyroptosis inducer, COF-909-Cu. Mimicking key
enzymes such as peroxidase (POD), superoxide dismutase (SOD), and glutathione peroxidase
(GPx), COF-909-Cu showed good catalytic performances and a remarkable photothermal
conversion. It also facilitated the Fenton-like ionization process. As a result, COF-909-Cu
enhanced the intracellular H.O> levels and the depletion of glutathione (GSH). Moreover, COF-

909-Cu induced GSDME-dependent pyroptosis, which was accompanied by the release of

DAMPs, boosted dendritic cell maturation, T cell clone development and potentially increased
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201 created biomimetic

sensitivity to immune checkpoint therapy. Zhao and coworkers
nanoparticles (BNP) loading indocyanine green (ICG) and decitabine (DCT). When exposed to
NIR photoirradiation, the solution of BNPs had a temperature increased to 42 °C, demonstrating
the good heat conversion capability of BNP. The temperature increase caused the disassociation
of BNP and the release of ICG and DCT. DCT triggered the GSDME-dependent pyroptosis of
cancer cells. Zhou and coworkers?® developed a multifunctional and biodegradable oxidized
bacterial cellulose (OBC)-based nanomaterial, TB/aPD-1@AuUNCs/OBC. This material prevented
tumor growth and induced pyroptosis via the photothermal effects of the gold nanocages. The
pyroptosis process was accompanied by the release of HMGB1, LDH, and ATP and enhanced PD-
1-mediated immunotherapy. Zhang and coworkers?® reported a PTT carrier, DDP-
silicene@mMSNs-RGD, a 2D core/shell nanosystem made from silicon-based biomaterials loaded
with cisplatin (DDP). Irradiated by NIR, this material produced a local heat shock that can trigger
DDP release. Meanwhile, Caspase-3 and GSDME-mediated pyroptosis were activated.
Activating the release of ICD-inducing drugs with photons is another emerging strategy. Ji
and colleagues®® reported a pyroptosis-inducing nanoagonist, OA@IR820. It was created via the
assembly of oligomycin A (OA, an ATP synthase inhibitor) and IR820. NIA laser can trigger the
disassociation of OA@IR820 release of OA. Due to the mitochondria-targeting capability,
OA@IR820 resulted in efficient ATP inhibition and oxidative stress-mediated pyroptosis.

Increased expression of pyroptosis-associated proteins (NLRP3, cleaved caspase-1, GSDMD-N,

cleaved caspase-3, and IL-1pB) was observed, suggesting the antitumor immunity of OA@IR820.

Sono Responsive
Sonodynamic therapy (SDT) also induces ICD by producing ROS as PDT. Instead of using

photons, SDT relies on ultrasound, sonosensitizer, and oxygen.?%2% Qverall, SDT benefits from
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a better penetration depth of ultrasound than photons in biological tissues and may overcome the
limit faced by PDT.2%" Under the effect of ultrasound, tumor tissue absorbs more ultrasonic energy
due to its dense arrangement and large volume causing temperature rise and structural destruction.
Moreover, the small bubbles and respiratory vibration generated by ultrasound can activate
sonosensitizer to generate ROS, leading to a tumor-killing effect.?%82%° SDT can be promoted by
the rational design of nanomedicines. For example, Zhang et al.?'° developed a nano platform
MON-PpIX-LA-CO,. It was made from mesoporous organic silica (MON) loaded with
sonosensitizer protoporphyrin (PplX) and L-arginine (LA). PpIX can generate ROS and induce
ICD under ultrasonic irradiation. LA can reversibly adsorb and release carbon dioxide and trigger
the inertial cavitation effect. The generation of ROS and immunogenicity of SDT is promoted.

Mitochondria targeting can improve the efficacy of SDT for tumors. Cai and coworkers'®®
reported a nano-sonosensitizer platform (FAMNP) that used folate liposomes (FA) loaded with
manganoprotoporphyrin (MnPs) against triple-negative breast cancer (TNBC). With the help of
folate, nanoparticles could effectively target TNBC cells overexpressing folate receptors and
releasing MnP. The Mn?* in MnP improved the ultrasonic effect of nano-sonosensitizer. FAMnPs
showed significant inhibition of tumor growth, activation of the polarization of M2 macrophages
to M1 macrophages, and release of DAMPSs to induce ICD.

Huang and co-workers?'! synthesized nanodroplets (PMPS NDs) to target ER.
Protoporphyrin was reacted with 4-methylbenzene sulfonylurea (MPS) and subsequently modified
by cyclic-ArgGly-Asp (cRGD) peptide.[92] cRGD peptide promoted the accumulation of
nanodroplets around tumor vascular endothelial cells; MPSU enabled it to target sulfonylurea
receptors. Together, PMPS NDs selectively accumulated in the ER of tumor cells and generated

toxic ROS in situ, which further induced DCs maturation and enhanced immunogenic effects.
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The SDT effect is attenuated by tumor's inherent redox regulatory system that can
counteract singlet oxygen. The nuclear factor (erythroid-derived 2)-like 2 (Nrf2)- mediated
classical deoxidation signaling pathway maintains redox balance in tumor cells. Based on this,
Zhang and coworkers?'? developed a nuclear-targeted nano-sonosensitizer TIR @ siRNA carrying
transactivator of transcription peptide coupled to IR780 and Nrf2-siRNA. Nrf2-siRNA disrupted
intracellular redox pathways. In turn, acoustically induced ICD was activated and the

immunosuppressive TME was normalized.

Radio Responsive
Radiotherapy based on X-ray or y high-energy ionizing radiation can directly damage DNA

or interact with water molecules to form ROS. Radiotherapy is still limited by the low absorption
of ionizing radiation by hypoxic tumors; an improved dose of radiation is impractical due to
potential damage to the normal tissues. Nanomedicine can help here. For example, Kim and
colleagues designed Au NPs (SAUNC) loaded with anti-PD-L1 to achieve combined radiotherapy
and 1CB therapy.?!® The SAUNC produces ROS after being sensitized by radio and induces ICD.
Meanwhile, anti-PD-L1 is released upon radiation trigger, synergizing the ICD with ICB
immunotherapy.

Emerging scintillators can transfer X-rays to luminescence, a key property that can benefit
existing PDT due to the excellent tissue penetration of X-rays. This combined therapy is also
termed radiodynamic therapy (RDT). Exposed to X-rays, MOFs?* loaded with indoleamine-
pyrrole 2, 3-dioxygenase (IDO) inhibitor (IDOi@nMOFs) caused the CRT exposure and induced
ICD. Tumor infiltration of CD8" T cells was improved due to the released DAMPs and antigens.

The anticancer immunity of this RDT is evidenced by the suppression of the distant tumor growth.
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1.4. CONCLUSION

Nanomedicines have witnessed significant progress due to advancements in
nanotechnology and can be powerful tools in both disease diagnosis and treatment. In this
introduction, 1 focused on discussing how nanomedicines have facilitated ultrasound bioimaging
and cancer immunotherapy.

Ultrasound contrast agents of both micro and nano sizes have greatly improved ultrasound
imaging quality by creating an acoustic impedance mismatch between the agents and the
background (tissue/blood/bone). Gas microbubbles suffer from short lifetime and sizes that are too
big for molecular imaging of diseases such as tumors, which requires small sizes to achieve
sufficient penetration. Emerging nanomedicines can overcome this issue due to their smaller sizes.

A wide range of nanomedicines have been evaluated for ultrasound imaging, including gas
nanobubbles, liquid nanodroplets, and solid nanoparticles. Despite demonstrated promises of these
nanomedicines, an ideal ultrasound contrast agent— that has tunable size (from nano to micro
range), modifiable surface (for targeting and molecular imaging), biodegradability,
biocompatibility, and sufficient stability (half-life) for transient ultrasound imaging— is yet to be
explored. Here, phosphate glass is an ideal candidate due to its biodegradability and
biocompatibility. However, a simple and scalable synthetic method that can create versatile sizes
of phosphate glass micro/nanoparticles is yet to be investigated.

Immune checkpoint blockade therapy has reshaped cancer immunotherapy but still suffers
from immune-related toxicity due to the overexpansion of T cells by antibodies. Moreover, they
only produce favorable responses in a minority of patients. This is because many cancer types are
“immune-cold”, i.e., they have developed immune-suppressive TME to suppress key steps in the

anticancer immunity cycle (e.g., antigen presentation, dendritic cell maturation, T lymphocyte
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activation, and infiltration). Therefore, there is an urgent need to advance strategies for
“normalizing” or “firing up” cold TME.

A particularly appealing approach is applying nanomedicines to trigger immunogenic cell
death (ICD) of tumor cells. Tumor cells undergoing ICD can release tumor-specific antigens and
adjuvants including proinflammatory cytokines and DAMPs. These antigens and adjuvants,
together, can boost the tumor-localized maturation of DCs and activation of CD8" T cells. In turn,
the cold TME can be fired up due to reversed T cell populations, which may overcome the immune-
related toxicity and inefficacy in immune-cold tumors faced by current CITs. Nanomedicines have
been rationally designed to trigger tumor-specific ICDs for anticancer immunity. These include
targeted nanomedicines and stimulus-responsive ones. The targeted types are enabled by the EPR
effect or carefully modified surface ligands. Stimulus-responsive nanomedicines utilize tumor
endogenous stimuli (e.g., pH, enzymes, ATP, ROS, and GSH) or external stimuli (e.g., photon,
ultrasound, and radio).

Despite the demonstrated capability of inducing ICD and anticancer immunity, these
nanomedicines still face some common limitations. First, most of these nanomedicines cannot
degrade in physiological conditions or their degradation byproducts are toxic. Second,
nanoformulations of sensitizing agents/drugs suffer from drug leakage. Third, nanomedicines
relying on external stimuli face the limitations of penetration depth of stimuli (e.g. photon) and
undesired damages on normal tissues by irradiation. Therefore, further work is necessary in search
of ICD-inducing nanomedicines that are biodegradable, biocompatible, and intrinsically potent in

inducing ICDs (i.e., without the aid of sensitizing agents/drugs and external stimuli).
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CHAPTER 2. BIODEGRADABLE CALCIUM PHOSPHATE

MICRO/NANO PARTICLES SYNTHESIZED VIA

ELECTROSPRAY

2.1. ABSTRACT

Phosphate-based glasses are well-studied biodegradable materials in the bulk. However,
less is known about the synthesis and properties of phosphate glass when prepared as
microparticles or nanoparticles. These glasses have excellent biodegradability and
biocompatibility. Therefore, phosphate glass micro/nano particles have significant potential for
advances in drug delivery, bioimaging, degradable implants, and tissue engineering. In this study,
calcium phosphate micro/nano particles (CPPs) with the composition (P20s)25-(CaO)75 were
prepared through a combination of the sol-gel and electrospray methods. This synthesis method
shows great flexibility in controlling the size and morphology of CPPs. CPPs with an average
diameter in the range of 345 to 952 nm and various morphologies including carnation flower-like,
golf-ball-like, and apple-like were obtained. Optical microscopy was further used to demonstrate
that the CPPs can have an average size increase of 95% in diameter and 720% in volume within
the first 5-10 min of hydration in neutral aqueous media. The hydro-expansion process is

accompanied by a two-stage ion release of phosphorous and calcium.
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2.2. INTRODUCTION

Bulk phosphate-based glasses have been extensively studied for decades.*3-> 215-218 Thjs
research interest is driven by three unique properties: biodegradability and biocompatibility,*>52
tunable dissolution rate, %8 21° and ease of drug and biomolecule loading.>*%8 220-221 Djfferent
from their silicate counterparts,?'® 222224 phosphate glasses can completely dissolve in aqueous
media and release ions such as Ca?* and Na* that are routinely found in the human body.**3 This
bio-degradability is a direct result of the underlying chemical structure. Phosphate glass consists
of an inorganic phosphate network along with modifiers such as metal oxides. The PO4*
tetrahedron unit contains at least one terminal oxygen and shares the other three with neighboring
PO4* units. This terminal oxygen reduces the connectivity of phosphate glasses compared to their
silicate-based counterparts.“®

The connectivity is further reduced by adding modifier metal oxides (e.g. CaO, NaxO,
MgO, K:0, Al203, Fe;03, and TiO2), which depolymerize the glass structure by converting the
bridging oxygens into non-bridging oxygens. Second, the capability of introducing versatile
modifier oxides makes the dissolution rate tunable from hours to several weeks.?!® Third,
phosphate glasses can have biomedical functions: Drugs and biomolecules (e.g. trypsin inhibitor,>*
tetracycline,> growth factors,> gentamicin sulfate®, vancomycin®®) can be easily loaded into the
glass matrix and then released as the glass dissolves. These properties make phosphate glasses
promising candidates for biological applications such as bioimaging,*® drug delivery,5+58 220-221
tissue engineering,* bone regeneration,?'8 bacterial control, > neural repair,>* 2% oral healthcare,??
bioresorbable optical fiber,*® etc.

Bulk phosphate glasses are typically synthesized via the melt-quenching of precursors.

This is a high-temperature process (~1000 °C) and incompatible with most biomolecules and
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drugs. More recently, sol-gel methods have been shown to create bulk phosphate glasses with a
wide range of compositions below 200 °C.%> 220 227-231 |n the sol-gel process, the phosphate
precursors (e.g., n-butyl phosphate and triethyl phosphate) and desired metal oxide precursors
(e.g., sodium methoxide and calcium methoxyethoxide) are mixed, hydrolyzed, and condensed to
form the gel and carefully dried to form the glass.

Although bulk phosphate glasses are established, studies on the synthesis and properties of
phosphate glass micro/nanoparticles are still limited. The reduction of the size to micro/nano range
may benefit biomedical applications such as drug delivery, bioimaging, and degradable implants.
One approach for the preparation of nano phosphate glasses is the combined sol-gel and
electrospray method.*° Electrospray is an electrohydrodynamic atomization process that generates
fine charged droplets. Micro/nano- materials with controllable size and morphology can be formed
once the as-generated droplets are further solidified.?*? This method has been used in previous
research to generate biodegradable (P20s)s5—(Ca0)s0—(Na20)1s glass nanoparticles in the range of
200-500 nm.° These phosphate glass nanoparticles demonstrate good biodegradability and were
exploited as a transient contrast agent for ultrasound stem cell imaging. However, influences of
synthetic parameters such as the solvent physical property and the electrospray voltage, flowrate,
and working distance have not been explored in this work.

Here, we further refine this method to prepare (P20s)25-(CaO)7s calcium phosphate
particles (CPPs) via a combination of sol-gel and electrospray. CPPs of the size in the range of 345
to 952 nm and various morphologies including carnation flower-like, golf-ball-like, and apple-like
were obtained by tuning the flowrate of the electrospray process and tri-butyl phosphate
concentration. More importantly, we also report the discovery of the hydro-expansion property of

CPPs associated with the degradation process in aqueous media at pH= 7. To the best of our

35



knowledge, this is the first detailed study of size and morphology control and the first report

demonstrating the hydro-expansion property of phosphate-based glass micro/nano particles.

2.3. MATERIALS AND METHOD

2.3.1. Synthesis of CPPs
2.3.1.1. Synthesis of the Sol for Electrospray
The following chemicals were used without further purification: n-butyl phosphate (NBP,

a mixture of mono-n-butyl and di-n-butyl, Alfa Aesar), calcium methoxyethoxide (CME, ABCR,
20% in methoxyethanol), 2-methoxyethanol (2-ME, Sigma Aldrich, 99.9%), tri-butyl phosphate
(TBP, Sigma Aldrich, 99%). NBP was diluted by 2-ME in a molar ratio of 1: 3 (NBP:2-ME) and
magnetically stirred at 800 rpm for 10 min. This mixture was cooled in an ice-bath. CME was
added to the solution dropwise via a syringe pump (16 mL/h) with the solution being magnetically
stirred. Upon the completion of CME addition, the solution was brought to room temperature and
magnetically stirred overnight. See Table 2.4 for specific reactant addition.

2.3.1.2. Electrospray
The setup for electrospray is shown in Figure 2.1 (A). A 16 G metal needle was used as the

emitter, which was charged by a high-voltage generator. A metal ring with a diameter of 2.5 cm
was inserted 0.5 cm below the emitter, which was also charged by a secondary high-voltage
generator. Both the emitter and ring electrode shared the same ground electrode. The ground
electrode was inserted below the silicone oil bath. The ring electrode inserted between the emitter
and the ground electrode serves for modifying the spatial distribution of the electric field and
confine the spray inside the space that is collectible by the silicone oil bath.?*3 A silicone oil bath
maintained at 150 °C was used as the collection medium for particles. An appropriate amount of

TBP was added to the sol from the previous step and vortexed for 10 seconds right before
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electrospray. As-prepared sol solution was fed to the emitter at various flowrates and
electrosprayed by the applied voltage. Various combinations of TBP addition, flowrate, emitter
voltage (Ve), ring voltage (VVr), and working distance (ring-to-ground electrode distance, H,) were
studied to determine their influences on the particle size and morphology. See Table 2.4 for
specific parameters. The resulting particles were centrifuged at 5000 rpm, washed with acetone

three times, and then dried at 180 °C for 2 hours.

2.3.2. Characterizations
2.3.2.1. SEM, EDX, TEM, and DLS
SEM images were acquired with Zeiss Sigma 500 operated at 5 kV with a 30-um aperture

and 10 mm working distance. CPPs were drop-coated on a silicon substrate (Ted Pella Inc.) and
sputter-coated with gold alloys before SEM. For EDX, CPPs without gold alloy coating were used
and the voltage and aperture was 20 kV and 60 pum, respectively. TEM images were acquired with
aJEOL 1200 EX Il operating at 80 kV. DLS measurements were carried out using Zetasizer (ZS90,
Malvern Panalytical) with CPPs in 2-methoxyethanol solution.

2.3.2.2. XRD, FTIR, and Solid State 3!P MAS NMR
Dried CPPs-4 powders were used for XRD, FTIR, and 3P MAS NMR characterization.

XRD and FTIR spectra were acquired using Panalytical XRD and Perkin Elmer FTIR. The solid
state 3'P MAS NMR data were measured at ambient temperature using a Varian InfinityPlus-300
spectrometer (Bo = 7.05 T) operating at a Larmor frequency of 121.5 MHz. The experiments were
performed using a Varian HX 3.2 mm MAS probe spinning at a MAS frequency of 20 kHz.
Quantitative data were acquired with direct detection (single pulse) methods using a 7/6 flip angle
and a recycle delay of 400 s. The NMR data processing was carried out using ssNake while spectral

deconvolution was undertaken using Origin. All spectra were referenced against the IUPAC
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recommended primary reference of 85% H3POs (Siso= 0.0 ppm) via a secondary reference of
ammonia dihydrogen phosphate (ADP) (8iso = 0.99 ppm).

2.3.2.3. Hydro-Expansion Observation
The hydro-expansion of CPPs was observed using an inverted optical microscopy

(Keyence). Here, 0.1 mL CPPs in ethanol solution (1mg/mL) was dropped to a 35 mm glass-
bottom dish with a 14 mm micro-well #1.5 cover glass (Cellvis). 2 mL aqueous solutions with
pH= 7 were added to the dish respectively to initiate the hydration of particles. The first image was
taken after 2 minutes of waiting time, when particles naturally settled down on the bottom of the
dish and self-stabilized. Images of the same area were taken at various time points and then
analyzed by Image-Pro Plus 6 to determine the diameter of particles.

2.3.2.4. Biodegradation Monitoring
Biodegradation was monitored via ICP-MS (iCAP RQ, Thermo Scientific): 1.4 mg CPP-4

was deposited on a syringe filter with a pore size of 0.22 um (Millex-GP). CPP-4 was used because
the smallest particles found in this sample were larger than the pore size. ICP-MS samples were
prepared as stated below. Millipore water was continuously pumped (1.2 mL/h) through the
particle-deposited syringe filter using a syringe pump at room temperature. The liquid phase was
collected at various time points (0 min, 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h).
0.1 mL of each of these liquids was mixed with 0.571 mL 70% HNO3 and left for overnight
digestion. Subsequently, Millipore water was added to make a solution of 10 mL. The same process
was repeated for a flow cell without particles to create negative controls. The release of P and Ca
was measured with standard curves created in the range of 0-1000 ppb prepared from commercial
phosphorus standard and calcium standard (TraceCERT). All samples and standards contain 4%

HNO:s. Results were expressed as a cumulative ion release in mole versus time.
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2.4. RESULTS AND DISCUSSION
2.4.1. Synthesis, Composition, and Structure of CPPs

CPPs were prepared with a combination of sol-gel and electrospray’® (see Materials and
Method). Briefly, a sol solution was prepared using n-butyl phosphate (NBP) and calcium
methoxyethoxide (CME) as phosphate and calcium precursors, respectively. As-prepared sol
solution was subsequently electrosprayed with the setup as shown in Figure 2.1 (A). In the
electrospray, the sol solution was pumped through a metal needle and charged by the applied high
voltage. As a result, fine droplets were formed and collected by the silicone oil bath maintained at
150 °C. CPPs finally formed in the silicone oil bath after solvent evaporation. The size and
morphology can be well controlled by adjusting the flowrate in the electrospray parameters and
the solvent mixture of the sol (Figure 2.1 (B)), which will be discussed later. A summary of the
sample 1D and detailed synthetic parameters including the sol-gel recipe, flowrate, voltage, and
working distance are provided in Table 2.4.

A comparison of the intended composition of CPPs and that determined by EDX and ICP-
MS is shown in Table 2.1. The EDX and ICP-MS results are consistent with the intended CPPs
composition, (P20s)25-(Ca0)7s. Note that CPP-4 and CPP-9 were prepared without and with tri-
butyl phosphate (TBP) addition, respectively. No significant compositional difference was found
in these two samples indicating that TBP did not react with the sol. However, the addition of TBP

was found to affect the morphology of particles, which will be discussed later.
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Figure 2.1 Scheme showing the electrospray process, control over the size and morphology,
and hydro-expansion properties of CPP particles.

(A) Schematic illustration of the combined sol-gel and electrospray process. The sol solution
prepared from the sol-gel chemistry (step 1) was pumped through the emitter charged with a
high-voltage (step 2). This process generated fine droplets, which were collected by the heated
silicone oil to form CPPs. 1, Emitter; 2, Syringe pump; 3, High voltage generator; 4, Ring
electrode; 5, Silicone oil bath; 6, Ground electrode; 7, Hot plate. Vg, the voltage of the emitter;
VR, the voltage of the ring electrode; Vg, the voltage of the ground electrode; Hi, the distance
between the emitter and ring; Ha, the distance between the ring and ground electrode (working
distance). This figure was created with BioRender.com. Main findings of this study include (B)
the size and morphology control achieved by tuning the flowrate and tri-butyl phosphate
concentration, respectively and (C) the hydro-expansion behavior of CPPs in aqueous media.
Inset: schematic illustration of the phosphate glass network modified by calcium oxide. Note that
this scheme does not reflect the actual chemical structure and composition.

Table 2.1 Composition of CPPs

intended E0x GRS

Sample ID P2Os CaO P.Os CaO P.Os caO
(mol %) (mol %) (mol %) (mol %) (mol %) (mol %)

CPP-4¢ 25.0 75.0 24.6 75.4 25.1 74.9
CPP-9° 25.0 75.0 25.3 747 26.0 74.0

2 The intended value was calculated based on the ratio of NBP and CME chemical input in the sol-
gel process

> Both EDX and ICP-MS results were converted to mol% for comparison

¢ See Table 2.4 for specific synthetic parameters
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Figure 2.3 XRD and FTIR spectra of CPP-4.
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(A) XRD pattern of CPP-4 indicating the amorphous nature and (B) FTIR spectrum and
band assignments for CPP-4 indicating the presence of P-O-P bonding and Q' and Q?
species. Abbreviations: v, stretching; 6, deformation; s, symmetric; as, asymmetric. See

Table 2.4 for detailed sample ID and synthetic parameters.
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Figure 2.2 3'P MAS NMR spectra of CPP-4.

(A) -200-200 ppm and (B) -15-15 ppm.
Predominant Q° and Q! species indicate a low
degree of polymerization.

Table 2.2 3'P MAS NMR peak
parameters of CPP-4

Bico . FWHM Relatlye
(ppm) Q (ppm) Intensity
(%)
1.1 Q° 5.2 75.3
-2.3 Q! 4.0 24.3
-6.2 Q? 1.6 0.4

The structural characterization of the CPPs used a combination of XRD, FTIR, and 3P
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broad reflections observed between 20 and 60 degrees 26, which indicates the amorphous nature
of these particles as reported in the literature.?3+2% Figure 2.2 (B) shows that the nature of bonding
in the CPPs can be determined by FTI R. All bands are assigned according to previous literature
reports.>? 237240 gpecifically, the bands measured at 540, 730, 790, and 900 cm™ are all assigned
to vibrational and stretching modes of the P-O-P bonding. The Q" terminology is widely applied
for explaining the degree of polymerization of phosphate glasses.®> 21% 228241 Here, n represents
the number of bridging oxygens in the network. A higher n number represents a higher degree of
polymerization of the glass network. The presence of Q! species is indicated by the symmetric and
asymmetric POs? stretching modes at 1000 and 1100 cm™. The weak signals at 900 and 1220 cm”
L are assigned to the asymmetric P-O-P and PO, vibrations, which indicates the presence of Q?
units. However, the Q? signal is much weaker than Q! signal. The band around 3600 and 1600 cm™
1is assigned to the symmetric stretching and the deformation modes of O-H groups, respectively,
which can originate from surface hydroxyl groups or physically adsorbed surface water. The band
at 2900 cm is assigned to C-H stretching modes associated with residual organics. Figure 2.3
shows the *'P MAS NMR data measured under quantitative conditions from CPPs, where each
deconvoluted resonance is assigned according to previous literature values.!'* ?2% 24> From Table
2.2,75.3% of Q°, 24.3% of Q', and 0.4% of Q? species comprise the CPP structure, thus indicating
a very low degree of polymerization throughout the phosphate network. Hence, the glass network
is predominantly connected by P-O-Ca bonds rather than P-O-P bonds. The theoretical phosphate
glass compositions sustaining pure Q°, Q!, and Q? speciation are (P20s)25-(Ca0)7s, (P20s)as-
(Ca0)e7, and (P20s)s0-(CaO)so, respectively. Therefore, the theoretical composition of CPPs with

75.3% of Q°, 24.3% of Q', and 0.4% of Q? species is close to (P20s)27.14-(Ca0)72.86 (calculated by
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Figure 2.4 DLS Size Distribution and TEM images.

DLS and TEM images showing the effect of (A) flowrate, (B) emitter voltage, and (C) working
distance on the size distribution of CPPs. The flowrate was adjusted from 0.05 (CPP-1) to 0.1
(CPP-2), 0.2 (CPP-4), and 0.4 (CPP-3) mL/h; the emitter voltage was adjusted from 14.5 (CPP-5)
to 15.5 (CPP-6), and 16.5 (CPP-7) kV; the working distance was adjusted from 4 (CPP-5) to 7
(CPP-8), and 10 (CPP-4) cm. See Table 2.4 for details on synthetic parameters. See Figure 2.9 for
the TEM image for CPP-3. The mean diameter of particles increases as the flowrate increases from
0.05 to 0.4 mL/h and does not vary significantly with the change of emitter voltage and working
distance in the tested range. Scale bar, 1um.

weighted average). This NMR-derived composition is consistent with EDX and ICP-MS results
of Table 2.1.
2.4.2. Effects of Electrospray Parameters on the Size

The first electrospray parameter studied is the flowrate of the sol solution. In the
electrospray process, as the applied voltage increases, the spraying mode changes from dripping
mode to spindle mode, and Taylor cone-jet mode.?*3-4> Throughout this study, the Taylor cone-jet

mode was applied because it generates relatively more monodispersed particles with predictable
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sizes. According to the scaling law,?3> 246-247 the jet diameter is proportional to the flowrate and
governsthe size of as-generated droplets and particles. Our DLS and TEM results (Figure 2.4,
Figure 2.12, and Table 2.4) are consistent with this prediction. As the flowrate increases from 0.05
(CPP-1) to 0.4 (CPP-3) mL/h, the mean diameter (Z-Ave.) of CPPs increases from 345.5 to 952.3
nm (Figure 2.4 (A)). The polydispersity index (PDI) maintains around 0.25 for CPPs prepared
from the flowrate of 0.05-0.2 mL/h. The PDI, however, increases significantly to 0.564 when the
flowrate is 0.4 mL/h. The increasing polydispersity is due to a less stable Taylor-cone jet when the
flowrate is larger than 0.4 mL/h. The other two parameters, emitter voltage (14.5-16.5 kV) and
working distance (4-10 cm), however, do not result in a significant change of the particle size
(Figure 2.4 (B) and (C)). Note that a second peak ~ 5000 nm with 0.5-14% in intensity exists in
all samples. This was attributed to larger particles formed due to the bursting spray caused by the
occasional congestion of the nozzle. This bursting spray may also explain the relative polydisperse
nature of as-prepared CPPs. More detailed size information (Z-Ave., PDI, peaks, peak percentage,

and standard deviation for each peak) can be found in Table 2.4.

2.4.3. Effects of the Solvent Mixture on the Morphology
Both the size and morphology (or shape) have been known to greatly affect the cell

internalization of synthetic particles.?*32%2 It is therefore essential to be able to control the
morphology of CPPs for potential biomedical applications. Electrospray not only shows flexibility
in the control over the particle size but also the particle morphology. 10 232 253-264

One factor that influences the morphology of particles during electrospray is the
evaporation behavior of solvents. For example, the preparation of porous particles with tunable
pore structures?> 265266 and non-spherical particles (e.g. red-blood cell-like)?®®” have been
demonstrated via controlling the evaporation of solvents. We hypothesized that the addition of a

high-boiling point solvent to the sol solution can alter the solvent evaporation behavior and thus
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Figure 2.5 Effects of solvent boiling point on the morphology of CPPs.

(A) Schematic illustration of a hypothesized mechanism for the evolution of the morphology
of CPPs. A higher amount of TBP increases the boiling point of the solvent mixture, which
will slow down the evaporation of the solvent and allow for a more sufficient inward solute
diffusion and a homogenous shrinkage of the droplet before the formation of a void crust. This
more sufficient inward solute diffusion process can lead to a smaller void-to-crust volume ratio
upon the complete solvent removal and a lower degree of structural collapse and, therefore, a
smooth surface. (B) SEM images showing the evolution of the morphology of CPPs with the
increase of tri-butyl phosphate (TBP) addition in the sol solution from (i) 0 vol% (carnation-
like, CPP-9), (ii) 4.3 vol% (golf ball-like, CPP-10), (iii) 11.8 vol% (dented, CPP-11) to (iv)
18.3 vol% TBP (apple-like, CPP-4). The surface smoothness increases with the increase of
TBP addition. Inset images: higher magnification images showing a representative particle for
each case. Scale bar: 1um for all low-magnification images; 200 nm for all high-magnification
images.

the morphology of CPPs. TBP was selected as a model additive because of its much higher boiling
point relative to all other reactants in the sol solution (Table 2.3). Various amounts of TBP were
added to the sol solution immediately before the electrospray. An interesting evolution of the
morphology CPPs was observed with the increase of TBP addition (Figure 2.5 (B)). Without
adding TBP, the CPPs surface is highly wrinkled and resembles a carnation flower (Figure 2.5

B(i)). As the added TBP increases from 4.3 to 18.3 vol%, the surface becomes increasingly

smooth, and the morphology changes from golf ball-like (Figure 2.5 B(ii)) to mildly dented (Figure
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2.5 B(iii)), and then apple-like (Figure 2.5 B(iv)). The increase of TBP concentration to 34.9 vol%
can further reduce the surface dents and wrinkles (Figure 2.10).

The TBP does not participate in the chemical reactions because no significant
compositional difference resulted from the TBP addition (Table 2.1). Therefore, the observed
morphology evolution is more likely a result of changes in the physical properties of the sol caused
by TBP addition. A possible mechanism is proposed and shown in Figure 2.5 (A). A higher amount
of TBP addition will increase the overall boiling point of the solvent mixture meaning a slower
evaporation rate. This reduced evaporation rate may allow for a more sufficient inward solute
diffusion and homogenous shrinkage of the liquid droplet before the formation of a solid crust. As
aresult, a smaller void-to-crust volume ratio is possible upon the complete evaporation of solvents.
Therefore, the particle is more robust to resist the tendency toward structural collapse and result

in more smooth and spherical particles. On the contrary, with a less TBP addition, the solvent

Table 2.3 Comparison of the boiling point of reactants

Chemical Boiling point (°C) 2
n-Butyl phosphate 124
(Alfa Aesar)
Calcium methoxyethoxide 118
(ABCR, 20% in methoxyethanol)
2-Methoxyethanol
(Sigma Aldrich, 99.9%) 124-125
Tri-butyl phosphate 289

(Sigma Aldrich, 99%)
2 Data provided by corresponding manufacturers

evaporation can be so fast that a crust forms in an early stage. After complete solvent evaporation,
a larger void-to-crust volume ratio is possible. Such a relatively larger void volume will force the
particle to have a higher degree of structural collapse and the formation of a more wrinkled surface.

Of course, further studies are necessary to validate this hypothesis.
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H,0 (pH=7) + Ethanol Ethanol

Figure 2.6 Optical microscopy images showing the size evolution of CPPs (CPPs-4).

(A) in H20 (pH=7) + ethanol (Inset: high magnification images of particle #2) and (B) pure
ethanol over time. CPPs expansion was observed in in the presence of H2O but not in pure
ethanol. The light blue arrow indicates a particle that shrinks over time, which may be attributed
to the existence of internal voids. Scale bar: 5 um for low magnification images and 2 um for
high magnification images.

2.4.4. Hydro-expansion and Degradation of CPPs
Bulk phosphate glasses have been known for their good bio-degradability. Here, the

dissolution behavior of CPPs was investigated using an inverted optical microscope. Briefly, CPPs

in ethanol solution was dropped to a 35 mm glass-bottom dish and then DI water (pH= 7) was

47



added to the dish to initiate the hydration. 2 minutes of waiting time was taken to allow particles
to settle down and stabilize on the bottom of the dish. An interesting hydro-expansion behavior
was observed for CPPs (Figure 2.6 (A)). Such dissolution/expansion behaviors were not observed
in pure ethanol solution (Figure 2.6 (B)), indicating that the dissolution/expansion of CPPs is
associated with the interaction between CPPs and water. Note that some particles only shrank even
when pH=7 (highlighted by the blue arrow, Figure 2.6 ). This may be due to the void nature of
some CPPs.

As an example of quantitative analysis, the average diameter of particles (CPPs-4)
numbered in Figure 2.6 during the hydration process at pH=7 and pure ethanol was measured
using Image-Pro Plus 6 software. The evolution of the diameter, relative diameter change ((D-
Do)/Do%), and relative volume change ((V-Vo)/Vo%) over time is shown in Figure 2.7 (A) clearly
shows that no size change occurred for CPPs in pure ethanol (#7 and #8). As for CPPs in the
presence of neutral H.O (#1-#7), an initial “burst” increase of diameter within the first 5 min was
observed. After that, the diameter change reaches a plateau. The maximum relative diameter
change varies from ~ 48% (particle #5, Figure 2.6 (B)) to ~173% (particle #2, Figure 2.6 (B)).
Similarly, the relative volume change varies from ~ 230% (particle #5, Figure 2.6 (C)) to ~1950%
(particle #2, Figure 2.6 (C)). The number-weighted average values for the maximum (D-Do)/Do %
and (V-Vo)/Vo % are 95% and 720% respectively. The actual relative diameter change and volume

change should be more than 95% and 720% because the diameter and volume at t=2 min were

48



A gﬁ o—# J|l—o—#1
: —o— #2 Jo—#2
10t To—#3 {o—#3
'E"" —— #4 ——#4
22_5 [ 1—o—#5 1—<—#5
= —<— #6 {|—~—#6
8.0 Jo—#7 ||-o—#7
£ ——#8 | ——i
85t
(=]
10[
0.5 L 1 " " L L L L L _20 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (min) Time (min)
2000 e D 200 45
— *—"‘_:g 1800 | "\
/ a4 X oo} 1N
1500 | o] 4] o b
= —— #5 Z 1400 ! |
‘s —<— #6 S 1200f ! Y
= 1000 - & 1o—#7 % 1000} ! '
= e i |
= 18 S goof O Y
S 500 s soof #1  #3_ #6 |
= oof #4 D
0ok 200 | #5 [
1 1 i i 1 1 i 1 1 o i i i i i i
0 5 10 15 20 25 30 35 40 45 08 10 12 14 16 18
Time (min) Initial Diameter (um)

Figure 2.7 Quantification of the hydro-expansion of CPPs over time based on image
analysis of optical microscopy images.

(A) Diameter versus time. (B) The change in relative diameter versus time. (C) Relative volume
change versus time. (D) Maximum relative volume change versus initial diameter. For the
calculation of relative diameter and volume changes, diameter and volume values at t=2 min
were used as Do and Vo and an ideal spherical shape was assumed. There was an initial burst
increase of diameter within the first 5 min. The number average of the maximum (D-Do)/Do %
and (V-Vo)/Vo % is 95% and 720% respectively. The maximum relative volume change
decreases with increasing initial particle size.

used as the initial values in our calculation. Figure 2.7 (D) shows that the maximum relative
volume change tends to decrease with the increase of the initial particle size. This could be a result
of the difference in the surface-to-volume ratio of particles. The relative volume change of CPPs
caused by the hydration is comparable with that of some polymer particles reported in the
literature, e.g., 330% for chitosan microparticles,®® 200% for P(St-co-DMAEMA)

nanoparticles,®® 230% for PLGA microparticles, 2° and 800% for gelatin nanoparticles.?”* SEM
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images of CPPs hydrated at pH=7 and then dried at 100 °C (Figure 2.12) shows that the hydration
process significantly altered the morphology of CPPs. For example, the wrinkled surface of CPP-
9 became smooth. In some cases (CPP-10 and CPP-4), steps/facets typically observed in crystal
materials appeared. We hypothesize that the observed hydro-expansion behavior may be attributed
to chemical reactions between water and CPPs to form new calcium phosphate phase (s) that has
(have) a larger volume. A more systematic study combining microscopy, FTIR, TGA, and XRD
will be carried out in the future to verify the actual mechanism for the hydro-expansion.

The degradation of bulk phosphate-based glasses is known to release component ions. To
monitor the ion release of CPPs, a dynamic dissolution experiment was carried out by using a
home-made flow cell design. This flow cell is configured from a syringe and syringe filter. It
allows for the deposition of CPPs on a syringe filter membrane and a continuous flow of Millipore
water through the membrane. The liquid samples were collected at the desired time points for ICP-
MS analysis. Figure 2.8 (A) shows the cumulative release of P and Ca ions expressed as molar.
The ion release curve of both P and Ca can be divided into a non-linear region (t= 0-2h) and a
linear region (t=2- 8h). The non-linear region is featured with an initial burst release of ions, which
is consistent with the observed initial burst increase of size (Figure 2.7 ). As a control experiment,
Millipore water was running through a blank flow cell (without particles) and analyzed with ICP-
MS (P-blank and Ca blank, Figure 2.8 (A)). As expected, no ion release was observed in the control
experiment indicating no measurement error caused by the contamination from the flow cell. The
calculated cumulative particle dissolution (Figure 2.8 (B)) shows that ~0.54 mg or 38% of the
initial CPPs were dissolved after 8h. Interestingly, as shown in Figure 2.8 (C), the molar ratio of

P/Ca released to water decreases in the first hour of dissolution. It then increases between 1 h and
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Figure 2.8 Dissolution of CPP-4 monitored with ICP-MS.

(A) Cumulative ion release of P and Ca ions versus time showing an initial burst release of P
and Ca ions in the first hour and a linear release starting from the second hour. P-blank and Ca-
blank curves were created from DI water running through a flow cell without particles. (B)
Cumulative particle dissolution in weight (blue) and weight percentage relative to initial
particles (red) over time calculated based on cumulative ion release. (C) Released P/Ca molar
ratio versus time. The released P/Ca molar ratio decreases in the first hour and then increases.

8h. This subtle variance of P/Ca molar ratio over time may be attributed to the dissolution
mechanism of CPPs. The dissolution of phosphate-based glasses can either be governed by the
hydrolysis of the P-O bond of the P-O-P unit or the hydration of the Ca-O bond of the P-O-Ca
unit. If the dissolution is governed by the hydrolysis of the P-O bond, each basic phosphate unit
containing calcium will be released intactly. In other words, one will expect a constant P/Ca molar
ratio detected from water over time. On the contrary, a changing P/Ca molar ratio was observed,
indicating that the hydration of the Ca-O bond of the P-O-Ca unit is a more likely mechanism for

the dissolution of CPPs. This is consistent with findings from previous research: the rate of

51



hydrolysis of P-O-P bonds is significantly slower than the rate of hydration of the entire phosphate

272

anion“’< and, as a result, phosphate anions can be separated intactly from their accompanying metal

cations.?”®

2.5. CONCLUSION

The preparation of calcium phosphate micro/nano- particles, (P20s)2s5-(CaO)7s, via the
combined sol-gel and electrospray method was studied in detail. It was found that the flowrate has
a significant effect on the size of CPPs, while the working distance and voltage of the emitter in
the tested range do not. We also found that the surface smoothness of CPPs was improved with
increasing tri-butyl phosphate concentration in the sol solution. This knowledge enabled us to
prepare CPPs with an average diameter in the range of 345 to 952 nm and various shapes including
carnation flower, golf-ball, and apple-like. Interestingly, a hydro-expansion behavior of CPPs in
aqueous solutions of pH=7 was discovered with optical microscopy. Specifically, CPPs can have
a more than 95% increase in diameter and a 720% increase in volume within the first 5-10 min of
hydration in a neutral aqueous media. Such a hydro-expansion process is accompanied by a two-

stage ion release of phosphorous and calcium.
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2.1.

Table 2.4 Summary of synthetic parameters and size distribution measured by DLS

SUPPLEMENTARY INFORMATION

Sample
ID

CPP-1
CPP-2
CPP-3*
CPP-4
CPP-5
CPP-6
CPP-7
CPP-8
CPP-9
CPP-10
CPP-11
CPP-12
CPP-13

CPP-14

NB

(mL

13
13
13
13
13
13
13
13
13
13
13
13
13

13

CME
(mL)

11.6
116
11.6
116
11.6
116
116
116
116
116
116
116

116

1.88

188

1.88

188

1.88

1.88

1.88

1.88

1.88

1.88

1.88

1.88

1.88

(m
L)

33
33
33
33
33
33
33

33

0.7

TBP

(vol%b)

18.3
18.3
183
18.3
18.3
18.3
183
183
0
4.3
11.8
21.2
28.7

34.9

Flowrat
e (mL/h)

0.1
0.4
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.2

Emitter
voltage
(kv)

325
325
325
145
155
16.5
235
325
325
325
325
325

325

Ring
voltags
(kv)

30
30
30
30
12
12
12
21
30
30
30
30
30

30

e

0.5

0.5

05

0.5

05

0.5

05

05

0.5

05

0.5

05

0.5

05

10

10

10

10

10

10

10

10

10

10

Z-
Ave
(nm)

3455
422.8
952.3
577.7
633.4
641.7
686.9
643
563.4
558
556.2
605.4
570.1

633.9

0.2
3
0.3
0
0.5
6
0.2
6
0.3
8
0.2
4
0.3
0
0.4
2
0.2
4
0.1
8
0.2
6
0.1
6
0.2
8
0.2
0

Size
(nm

329.
387.
1271
634.
543.
2
599.
606.
8
567.

557.

Peak 1

Inten
sity

97.9
91.8
75.4
95.9
96.6
98.4
93.2
97.0
99.5
98.6
911
99.3
85.9

97.9

Std. Dev.
(nm)

82.49
124.2
509.3
3118
157.1
158.9
164.2
182.1
186.2
2126
229.4
2298
269.6

209.9

Siz
m)
517
480
520
1
436
552
4
544
478
7
544
7
520
8
520
8
402
2
522
1
373
3

523
2

Peak 2

Inten
sity

21
8.2
6.9
4.1
3.4
16
6.8
3.0
0.5
14
8.9
0.7
141

21

Std. Dev.
(nm)

488.1
764.4
474.9
1028
290.6
268.1
7313
269.5
469.6
469.6
1201
461.8
1159

452.1

* Peak 3 information for CPP-3: Size: 288.5 nm; % Intensity: 17.8; Std. Dev.: 92.26 nm.
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Figure 2.9 TEM image for CPP-3.
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Figure 2.10 SEM images showing the evolution of the morphology of CPPs with
the increase of tri-butyl phosphate (TBP) addition in the sol solution.

(A) 21.2 vol% (CPP-12), (B) 28.7 vol% (CPP-13), to (C) 34.9 vol% (CPP-14).
Insets: higher magnification images of representative particles. Increase of TBP
concentration to 34.9 vol% can further reduce the surface dents and wrinkles for
nanoparticles. However, microparticles still maintain these wrinkles and dents in this
condition.
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Figure 2.11 Intensity-based DLS size distribution.
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(A) CPP-9, (B) CPP-10, (C) CPP-11, (D) CPP-12, (E) CPP-13, and (F) CPP-14.
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Figure 2.12 SEM images of particles hydrated at pH=7 and then dried at 100 °C.
(A) CPP-9, (B) CPP-10, (C) CPP-11, and (D) CPP-4. The hydration process significantly

altered the morphology of CPPs, e.g., the wrinkled surface of CPP-9 became smooth;
steps typically observed in crystals appeared in CPP-10 and CPP-4.
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CHAPTER 3. BIO-INSPIRED SYNTHESIS OF DEGRADABLE
POLYETHYLENIMINE/CALCIUM PHOSPHATE MICRO-
INANO COMPOSITES FOR TRANSIENT ULTRASOUND

IMAGING

3.1. ABSTRACT

Inorganic nanomaterials hold immense potential in theranostics but their translation is
limited by the toxicity resulting from non-degradability. Bulk phosphate-based glasses offer great
biodegradability, biocompatibility, and easiness in incorporating imaging dyes and drugs.
However, the facile and mild solution-based synthesis of micro-/nano particles of this material is
yet to be explored. Inspired by the biosilicification process in the diatom, we created
PEl/phosphate aggregates via the hydrogen bonding between amine (PEI) and hydroxyl
(phosphate) groups, which was proved by dynamic light scattering and H nuclear magnetic
resonance. The sol-gel reaction between the calcium precursor and PEIl/phosphate aggregates
yielded degradable polyethylenimine/calcium phosphate (PEI/CP) micro-/nano composites with
versatile sizes (396128 nm to 63+8 um) and morphologies (hexagonal micro-disc, micro-flower,
micro-leaf, nano-butterfly, and nano-ribbon). PEI/CPs composition and chemical structure were
examined. PEI/CPs have negligible cell cytotoxicity and degrade within 24 h. In vitro studies

showed the promise of PEI/CP in transient ultrasound and photoluminescence imaging.

58



3.2. INTRODUCTION

Inorganic nanomaterials hold immense potential in theranostics.?’4?% Specific for
bioimaging, inorganic nanomaterials have the advantage of controllable size, chemically
functionalizable surfaces, and unique physical properties creating imaging signals. For example,
gold nanoparticles are a versatile imaging agent for photoacoustic imaging owing to surface

plasmon resonance.?’

Semiconducting quantum dots have tunable emission spectra,
photostability, and high efficiency ideal for fluorescent imaging.?®5-27 Superparamagnetic iron
oxide nanoparticles are good contrast agents for magnetic resonance imaging (MRI).288-28 Silica
nanoparticles have a high acoustic impedance mismatch and can improve ultrasound imaging.**
Despite these successes, one major limitation of most inorganic nanomaterials is without/slow
biodegradability and high toxicity resulted from the long-term retention.?%2% Therefore,
biodegradation into non-toxic and renal clearable components is an ideal property for theranostic
nanomaterials.2%5-3%0

Metal oxide-doped phosphate (MODP) is an emerging class of biomaterial. MODP can be
crystalline or non-crystalline. Crystalline MODP nanomaterials, e.g. calcium phosphate (CP)
nanocrystals, can be easily prepared from the controlled precipitation of metal ions (e.g. Ca®*) and
H(PO4)?* ions and show promising biomedical applications, e.g. gene delivery to breast cancer
with fluorescent imaging.>-3% However, these CP nanocrystals are not degradable at the
physiological pH (~ 7.3), making them still suffer from the long-term retention problem when
applied at the physiological pH. Even though they can degrade at more acidic conditions (pH <6),
i.e. within the endosome/lysosome (pH 6-4.5), the resulted over-concentrated ions within the cell

can trigger the cell necrosis.®®® On the other hand, amorphous MODP, or phosphate-based glasses,

are known for excellent biodegradability and biocompatibility at both the physiological and acidic
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pH values.?'® This degradability is a result of their amorphous structure: the terminal oxygen in
the PO,* tetrahedron reduces the connectivity of the phosphate network. After degradation, they
release ions routinely found in the human body (e.g., PO+*, Ca?*, and Na*).>® Finally, phosphate
glasses can be facilely functionalized by incorporating imaging dyes®® and drugs®* *’. However,
an obstacle to the wide theranostic application of phosphate glasses is the lack of facile, mild, and
solution-based methods for preparing this material into monodispersed particles with controllable
sizes. Ideally, the size should be tunable from nanometers to microns for customized theranostic
tasks. Take ultrasound imaging as an example, the pore size of tumor endothelium constrains the
size of contrast agents to less than 380 nm for tumor targeting;'® Cell labelling requires the
contrasts to be sufficiently small for efficient cell uptake.!* While for the vascular imaging,
contrasts of several microns (comparable to blood cells, e.g. microbubbles) are more suitable
considering stronger echogenicity.3%4-3% Phosphate glass particles (PGP) of 200 nm -3 pm have
been prepared via sol-gel combined with electrospray.’® 3%-37 These PGPs show strong
echogenicity effective in in-vivo ultrasound imaging and easiness in incorporating dyes for
fluorescence imaging. Moreover, their biodegradability and biocompatibility circumvent the long-
term toxicity issue.'® However, this synthetic approach is limited by sophisticated instrumentation,
risk of electric shock (20-30 kV), and high temperature (180 °C) incompatible with temperature-
sensitive drugs, peptides, and proteins.306-307

One may learn from biosilicification in nature to design a solution-based method for
preparing phosphate glass micro-/nano particles. Diatoms are unicellular photosynthetic organisms
known for the sophisticated design of their silica-based cell walls via biosilicification process.?’®
308-310 |y this process, silicic acids are attracted and templated by amine-rich polypeptides (silaffins)

or long-chain polyamines via hydrogen bonding between the hydroxyl and amine groups. The
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templated silicic acid further poly-condensates to form biosilica.3% 31° We hypothesized that a
similar interaction could happen between phosphate precursors and synthetic polyamines (e.g.
polyethylenimine (PEI)), which may be exploited to produce phosphate micro-/nano particles.
Here, we report, for the first time, the synthesis of biodegradable PEIl/calcium phosphate
(PEI/CP) micro-/nano composites via the biomimetic route for transient ultrasound and
photoluminescence imaging. Inspired by the bio-silicification process of diatoms, we applied PEI
to template phosphate esters in solution and eventually produced PEI/CP particles with
controllable size and morphology at a mild temperature range (25-90 °C). The interaction between
phosphate precursors and PEI was systematically studied by dynamic light scattering (DLS) and
'H nuclear magnetic resonance (NMR), confirming the formation of PEI/phosphate aggregates
referred to as “phosphate sponges”. These phosphate sponges act as nuclei and mediate the growth
of PEI/CP particles. The size, morphology, composition, and chemical structure were
characterized using DLS, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), optical microscopy, inductively coupled plasma mass spectroscopy (ICP-MS), energy-
dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), and solid-state 3P and *H magic angle spinning nuclear magnetic resonance
(MAS NMR). Lastly, their biodegradability, cell cytotoxicity, and promise for transient ultrasound

and photoluminescence imaging were validated.
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3.3. MATERIALS AND METHOD
3.3.1. Materials

Ethanol (200 proof, Koptec) and phosphate buffered saline (PBS, x1, Corning) were
purchased from VWR. Tri-n-butyl phosphate (TBP, 98%) and branched polyethylenimine (b-PEl,
1.8k MW) were purchased from Alfa Aesar. n-Butyl phosphate (NBP, a 1:1 mixture of mono-n-
butyl and di-n-butyl) were purchased from Thermo Scientific. Dibutyl phosphate (DBP, 97.0%),
branched polyethylenimine (b-PEI, 25k and 800 MW), chloroform-d (CDCls, 99.8 atom %D), and
resazurin were purchased from Sigma-Aldrich. Calcium methoxyethoxide (CME, 20% in
methoxyethanol) was purchased from ABCR Chemical. Ultrapure Agarose (Invitrogen) was

purchased from Fisher Scientific.

3.3.2. Synthesis of PEI/CPs
Ethanol was used instead of water to avoid the uncontrollable hydrolysis of CME.>? 219

Branched PEI (MW 1.8 k or 25k) was dissolved in ethanol to make a 1x107° mol/mL PEI stock
solution. An appropriate amount of PEI stock solution was then diluted by extra ethanol to make
a desired final PEI concentration. Under magnetic stirring at 500 rpm, NBP was added to the
diluted PEI in ethanol. After stirring at room temperature for 1 h, CME was added, and the solution
allowed for another 1 h stirring at room temperature. Then, the well mixed solution was incubated
at a raised temperature with or without magnetic stirring for a certain reaction time. All detailed
parameters including reagents addition, stir speed, temperature, and reaction time can be found in
Table 3.1. As-prepared particles were purified by repeating centrifugation (5000 rpm, 20 min) and

ethanol wash for 3 times.

3.3.3. 'H NMR and DLS Study of the Interaction between PEI and Phosphate Esters
The interaction between PEI and phosphate esters was studied with the combination of

liquid state 'H NMR and DLS. PEI (25k MW) was first dissolved in either CDCls (for liquid state
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'H NMR) or ethanol (DLS) to make 1mM PEI solutions. Then an appropriate amount of phosphate
precursors (TBP, NBP, or DBP) were mixed with the PEI solution to make desired phosphate:b-
PEI molar ratios. *H NMR spectra were recorded on a Bruker 300 MHz spectrometer and all
chemical shifts are referenced to the reported literature!! (CDCls: 7.26 ppm). DLS measurements
were performed on a Malvern NANO-ZS90 Zetasizer to determine hydrodynamic sizes of

PEIl/phosphate ester aggregates.

3.3.4. Morphology and Size of PEI/CPs Particles
SEM images were obtained using Zeiss Sigma 500 operated at 5 kV with a 30-um aperture

and 10 mm working distance. Particles in ethanol were drop-coated on a silicon substrate (Ted
Pella Inc.), dried at room temperature, and sputter-coated with gold alloys before SEM. TEM
images and EDX mapping were acquired using an FEI Tecnai F20 instrument at an operation
voltage of 200 kV. Particles in ethanol were drop-coated on a copper TEM grid and ethanol was
evaporated naturally at room temperature before TEM imaging.

Keyence fluorescent microscope was used for observations of microparticles either in
bright field mode or fluorescence mode (DAPI channel, excitation 358 nm). For characterizing the
morphology, ethanol was used as the solvent. To monitor the particle degradation, particles were
deposited in a flow cell®'? and PBS was flowed at 1.2 mL/min to simulate the human blood flow.
See Figure 3.24 for details of the flow cell design. DLS measurements were performed on a
Malvern NANO-ZS90 Zetasizer to determine hydrodynamic sizes of both PEl/phosphate ester
aggregates and PEI/CP particles (<1.5 um) dissolved in ethanol. The size distribution of PEI/CP
particles larger than 1.5 um was determined by image analysis over 500 particles using Image-Pro

Plus software based on optical microscopy images.
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3.3.5. Spectral Studies of the PEI/CPs Particles
PEI/CPs in ethanol were dried under vacuum at room temperature and used for spectral

studies. rrir spectroscopy was performed on a Perkin Elmer Spectrum Two FTIR Spectrometer.
xro was performed on Rigaku MiniFlex with Cu Ko radiation (A = 1.5406 A). Solid state 3p and 1 mas
nvr. All 3P MAS NMR measurements were performed at 9.4 T using a Bruker 400 MHz Avance
I11 HD spectrometer operating at Larmor frequency of 161.9 MHz (400 MHz for 'H). Samples
were loaded under a N2 atmosphere into Bruker 3.2 mm rotors and spun at a magic angle spinning
(MAS) frequency of 15 kHz. Each spectrum was acquired at room temperature by direct excitation
(single pulse) methods employing m/4 pulses of length 2 us and 80 kHz of *H decoupling which
was applied during data (FID) acquisition. To ensure quantitative results a recycle delay of 300 s
was used which were checked against tests of longer recycle delays. All data were referenced
against the IUPAC recommended primary reference of 85% H3zPOs (diso= 0.0 ppm), via a
secondary solid reference of ammonia dihydrogen phosphate ((NH3)H2PO4 or ADP) (§iso = 0.99
ppm). The corresponding *H MAS NMR room temperature measurements were undertaken at 16.4
T using a Bruker 700 MHz Avance 111 HD spectrometer operating at a Larmor frequency of 700.13
MHz. All samples were packed under a N2 atmosphere into Bruker 1.3 mm rotors and spun at a
MAS frequency of 60 kHz. To obtain quantitative spectra, direct excitation (single pulse) methods
using n/4 pulses of length 1.25 ps were used in conjunction with a recycle delay of 10 s. All data
were referenced against the IUPAC recommended primary reference of tetramethylsilane
((CHBa)4Si or TMS) (siso= 0.0 ppm), via a secondary solid reference using the methyl (CHsz) group
resonance from alanine (§iso = 1.1 ppm). The acquisition and processing of all SSNMR data was
performed using the Bruker TopSpin software package, while deconvolution of spectra was
performed using DMFit. Photoluminescence emission measurements were performed on an

BioTek Synergy H1 microplate reader.
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3.3.6. ICP-MS Measurements
ICP-MS measurements were carried out using iCAP RQ, Thermo Scientific. For ICP-MS

analysis of particles’ composition, overnight digestion of particles was carried out by adding 571
ML 70% Nitric acid to 0.01 mg dried particles in a glass vial. This solution was transferred to a
15mL plastic centrifugation tube and Millipore water was added to make a final solution of 10 mL.
For ICP-MS analysis of particles’ ion releases, 0.1 mL of 10 mg/mL particle in ethanol was
deposited on a syringe filter (Millex-GP, 220 nm). Millipore water (pH 7.30) was continuously
pumped (1.2 mL/h) through the particle-loaded syringe filter. The solution was collected at the
time points of 0, 5, 10, 30, 60, 120, 240, 480, and 1440 min. Collected solutions were diluted 100

times with 4% HNO3 and measured by ICP-MS.

3.3.7. Invitro Ultrasound Imaging
Ultrasound images were captured with Verasonics, Vantage 256 system performed at 40

V with a L22-14vX transducer (18 MHz, 3k PRF, 6 pulse cycle, ~30% bandwidth, 128 elements,
and 0.10 mm pitch). Ethanol solutions of PEI/CP-3 (34 + 3 um), PEI/CP-31 (7.8 £ 2.7 um),
PEI/CP-32 (4.8 £ 1.4 um), and PEI/CP-18 (546 + 131 nm) from 0 to 10 mg/mL were loaded into
a 1.5 mL plastic centrifuge tube. The tube was immersed in a water bath and B-mode ultrasound
images were acquired. To determine the ultrasound intensity decay during the particle dissolution,
PEI/CP-3 (34 um) and PEI/CP-31 (7.8 um) were dispersed in 1:1 ethanol and PBS buffer solution
with a final concentration of 2.5 mg/mL were used. The ultrasound intensity was then quantified
by measuring the average RGB value of the same area of interest using Image J. For Doppler
imaging, 10 mg/mL PEI/CP-31 (7.8 um) in ethanol solution was pumped through a channel inside
an agarose phantom (2 wt%) with a peristaltic pump. The average red value inside an area of

interest was measured using Image J to quantify the power Doppler intensity.
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3.3.8. Cell Cytotoxicity
The cytotoxicity of materials (pure PEI-1.8k, pure PEI-25k, fresh PEI/CP-5 and -15, and

PEI/CP-5 and -15 degraded for 24 hours in PBS) were studied on both HEK 293T and HeLa cells
using resazurin assay. 0.1 mL cell solution (200000 count/mL in DMEM with 10% FBS and 1%
PS) were loaded to a 96-well plate and incubated for 24 hours (5% CO? at 37 °C). 0.01 mL
materials in PBS buffer were added to wells containing cells in DMEM to make the final equivalent
PEI concentration in the well in the range from 0 to 1 mg/mL. After materials addition, the cells
were incubated for another 24 hours (5% CO? at 37 °C). 0.01 mL resazurin was then added to each
well. After incubation for another 2 hours, the fluorescence was read. A well with only DMEM
and resazurin dyes and another well with only cells, DMEM, and resazurin dyes were also prepared
following the same volume and incubation condition. In the case of PEI/CP particles, the
equivalent PEI concentration is defined as the resulting PEI concentration assuming a complete
dissolution of PEI/CP particles. Therefore, to achieve the equivalent PEI concentration, higher
PEI/CP mass concentration was used than pure PEI. The cell viability was calculated as follows:

l'-"Lmaterial - 1::Lempty x 100%
0

Cell viability = FLooy — Flom,
ce empty

FLmateriai: fluorescence intensity read from the well with cells, DMEM, resazurin dyes, and
materials (PEI-1.8k, PEI-25Kk, fresh PEI/CPs, or PEI/CPs degraded for 24 hours);

FLempty: fluorescence intensity read from the well with only DMEM and resazurin dyes;

FLcen: fluorescence intensity read from the well with only cells, DMEM, and resazurin

dyes.
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3.4. RESULTS AND DISCUSSION
3.4.1. Synthetic Strategy and Mechanism

We hypothesized that the hydroxyl-amine hydrogen bonding between silicic acid and
polyamines found in diatom3*8-2% could also form between the phosphate precursor and synthetic
PEL. This interaction may result in templated phosphate precursor and be exploited to produce
structured PEI/CP micro-/nano composites (Figure 3.1(A)). Besides, these PEI/CPs may be
degradable in the aqueous environment and used as transient ultrasound and photoluminescence
imaging agents.

The synthesis (Figure 3.1 (B)) simply added n-butyl phosphate (NBP) and calcium
methoxyethoxide (CME) stepwise to branched PEI in ethanol. Ethanol was used instead of water
to avoid the uncontrollable hydrolysis of CME.5? 21 Then, the sol-gel reaction between NBP and
CME was allowed at the controlled stirring rate (0-500 rpm), temperature (25-90 °C), and time (1-
18.5 h) (see Materials and Method and Table 3.1 for detailed parameters). NBP was chosen as the
phosphate precursor because of its well-known reactivity with CME.?'® Mixing PEI and NBP may
form PEI/NBP aggregates with reactive NBP on the surface via the hydrogen bonding between the
hydroxyl group (NBP) and amine group (PEI) (Figure 3.1 B(ii)). We term these aggregates as
“phosphate sponge” in analogy to the well-known “proton sponge”.3'* Upon the addition of CME
(Figure 3.1 B(iii)), it may react with NBP on phosphate sponges’ surface (via hydrolysis and
polycondensation) to form PEI/CP micro-/nano composites (Figure 3.1 B(iv)).

To verify the as-proposed phosphate sponge mechanism, the interaction between
phosphate esters and branched PEI of 25k MW was studied using dynamic light scattering (DLS)
(Figure 3.2 (A) and S1) and H nuclear magnetic resonance (NMR) (Figure 3.2 (B-D) and S2).

Tri-butyl phosphate (TBP), di-butyl phosphate (DBP), and NBP are phosphate esters with 0, 1,
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Figure 3.1 Diatom-inspired synthesis of PEI/CPs for transient ultrasound and
photoluminescence imaging.

A(i) Scheme showing that mimicking the biosilicification, phosphate precursors can also be
templated by PEI and further reaction between phosphate and calcium precursors produces
PEI/CPs. A(ii) SEM image showing an example of as-prepared PEI/CP structure (PEI/CP-3).
A(iii) Scheme showing the biodegradation and decay of the ultrasound and photoluminescence
signal of PEI/CPs in water. (B) The synthesis simply adds NBP to B(i) PEI in ethanol to form
B(ii) templated PEI/NBP aggregates. These aggregates serve as nuclei in B(iii) the sol-gel
reaction between CME and NBP to form B(iv) PEI/CPs particles.

and 1.5 equivalent hydroxyl groups on average (Figure 3.14 (A)). In DLS measurements, ethanol
was used to keep the same solvent condition as the synthesis process. DLS results showed a nearly
invariant PEI hydrodynamic diameter (~10 nm) in the presence of increasing TBP (Figure 3.2 (A)
and S1(B)). While a steady increment of the diameter was observed when increasing the DBP and
NBP addition (Figure 3.2 (A) and S1 (C-D)), indicating the formation of PEI/phosphate aggregates

is only possible when the phosphate precursor contains hydroxyl groups. To further prove that the
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Figure 3.2 DLS and 'H NMR proving the formation of “phosphate sponges”.

(A) Hydrodynamic diameter of PEI/phosphate aggregates versus phosphate:PEI molar ratio as
measured by DLS showing that the aggregate size increases only with phosphate esters
containing hydroxyl groups (DBP and NBP). ns: not significant, * p<=0.05, ** p<=0.01, ***

p<=0.001; n=3. (B) "H NMR chemical shift of amine versus phosphate:PEI molar ratio showing
that the amine peak shifts only with phosphate esters containing hydroxyl groups (DBP and

NBP). 'H NMR spectra of PEI-25k (1 mM) and its mixture with (C) TBP and (D) DBP. 300
MHz, CDCl;, 298 K. Amine peak of PEI (1.8 ppm) is filled in pink.

formation of PEIl/phosphate aggregates is governed by the hydrogen bonding between hydroxyl
and amine groups, the chemical shift of the amine groups (PEI) was tracked by *H NMR when PEI
was titrated by these phosphate esters (Figure 3.2 (B-D) and S2). CDCls was used as the solvent

to exclude the hydroxyl groups from the solvent. The amine peak of PEI (1.8 ppm3!*, highlighted
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in pink, Figure 3.2 (C)) remained invariant despite increasing TBP addition. While in cases of both
the DBP and NBP addition, the amine peak shifts steadily towards the downfield direction (Figure
3.2 (D) and S2). Therefore, both DLS and *H NMR results support the formation of the phosphate

sponge via hydrogen bonding between hydroxyl and amine groups.

3.4.2. Exemplar Particles, Composition, and Chemical Structure
This PEIl-mediated sol-gel approach is simple (stepwise additions of reactants and

incubation) and mild (25 - 90 °C). Moreover, it is highly flexible in controlling PEI/CPs’
morphology (Figure 3.3 (A)) and size (Figure 3.3 (B)) when parameters were tuned. These
parameters include the PEI:NBP molar ratio, solution dynamic condition, PEI molecular weight,
reaction temperature, and reaction time (See Table 3.1 for detailed parameters). The effects of
these parameters will be discussed in detail later. Briefly, PEI/CP particles ranging from 63+8 um
to 396128 nm and versatile morphologies were obtained, including hexagonal micro-disc (Figure
3.3 A(i-ii)), micro-flower (Figure 3.3 A(iii)), micro-leaf (Figure 3.3 A(iv)), nano-butterfly (Figure
3.3 A(Vv)), and nano-ribbon (Figure 3.3 A(vi)).

We expected as-prepared particles to be composites of PEI and calcium phosphate phases.
The composite nature was proved using three tools. First, energy-dispersive X-ray (EDX) mapping
shows three major elements: P, Ca, and N (Figure 3.3 A(vii-x)). Second, Fourier transform infrared
(FTIR) spectra of seven representative PEI/CPs (Figure 3.16) show characteristic bands of PEI
and phosphate species. Specifically, bands of PEI were seen at 2952-2862 and 1453 cm™
(CH2CHy>), 1620-1585 cm™* (NH), and 1122 cm ™! (CN).31>-31¢ The phosphate phase was evidenced
by bands at 1220 cm™ (vas (PO2)’), 1000 and 1070 cm™* (vas (PO3)?), 900 cm™? (vs (P-O-P)), and
790, 730, and 540 cm™* (& (P-O-P)).2 Lastly, solid-state 3P and *H magic angle spinning nuclear
magnetic resonance (MAS NMR) shows the presence of phosphate species and amine groups

(Figure 3.18).
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Figure 3.3 Exemplar particles and effects of synthetic parameters.

Optical microscopy and SEM images showing A(i-ii) hexagonal micro-discs (PEI/CP-3 and -
10), A(iii) micro-flower (PEI/CP-5), A(iv) micro-leaf (PEI/CP-25), A(v) nano-butterfly
(PEI/CP-17), and A(vi) nano-ribbon (PEI/CP-22). A(vii-x) TEM and EDX mapping of the nano-
butterfly (PEI/CP-17) showing element P, Ca, and N. The diameter decreases with increasing
B(i-ii) PEI:NBP molar ratio, stir speed, and B(iii) PEI molecular weight, while increasing with
increasing B(iv) reaction temperature and B(v) time
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The calculation of the composition based on inductively coupled plasma mass spectroscopy (ICP-
MS) (Table 3.2) showed that the weight percentage of PEI (or calcium phosphate) varies from
67.34 (32.66%) to 50.26 (49.74%), depending on synthetic conditions. Besides, the calcium
phosphate phase has a formula of (P20s)x(Ca0)1-x with x varying from 0.31 to 0.40.

X-ray diffraction (XRD) spectra of PEI/CPs (Figure 3.17) were compared to those of nine
typical calcium phosphate (CP) phases reported in the literature®%® 317324 The major XRD peaks
of PEI/CPs created from PEI-25k match well with those of the HAp crystal®?* but are broader;
PEI/CPs prepared from PEI-1.8k have an even broader XRDpattern like the amorphous
electrospray CP,% indicating the glassy nature of PEI/CPs. Based on the broadness of XRD peaks,
the degree of crystallization decreases in the order of HAp > PEI-25k/CP > PEI-1.8k/CP >
electrospray CP.

There are three possible bonding types contributing to the PEI/CP network formation: P-
O-P bonding, PO-Ca-OP bonding, and/or POH-NH> hydrogen bonding. We first investigated the
nature of P-O-P bonding using solid-state 3P MAS NMR. Q" is widely applied to represent
phosphate species, where n is the number of P-O-P bonding (i.e. bridging oxygens) in each PO4*
tetrahedron.?'® For PEI/CPs prepared from both PEI-1.8k and -25k, all 3P resonances (Figure 3.18)
were observed between -4 and 4 ppm, which can be assigned to the Q' speciation (i.e.
pyrophosphates).3?® Therefore, pyrophosphate is the building block of PEI/CPs. Figure 3.18 shows
the chemical structure of pyrophosphate with four isolated oxygens highlighted. Assuming the
presence of calcium oxide and partially reacted NBP, each of the four isolated oxygens can form
PO-Ca, PO-H, or PO-CHCH,CH.CHs groups. Pyrophosphate units containing different
combinations of these chemical groups are different Q' species measurable by 3P MAS NMR

(Figure 3.18). We observed only one dominant Q! peak (~1ppm) in all PEI-25k/CPs (Figure 3.18
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(D-H)) and those prepared from a high PEI-1.8k concentration (Figure 3.18 (C)). Pyrophosphate
units in these PEI/CPs are mainly connected by PO-Ca-OP because their ICP-MS-measured
composition (Table 3.2) is close to (P20s)0.33(Ca0)o.67, Which is the theoretical composition of the
Q! speciation saturated by Ca. In contrast, multiple Q* species were seen from PEI/CPs prepared
from low PEI-1.8k concentrations (Figure 3.18 (A-B)). Besides, the ICP-MS-measured P,Os ratio
of these particles is larger than 0.33. Both results support the presence of PO-H and/or PO-
CH2CH2CH,CH3s along with PO-Ca. PO-H may form hydrogen bonding with NH; (PEI) and
therefore, further connects pyrophosphate units and extends the network. Indeed, *H MAS NMR
results (Figure 3.18 (5A-B)) of PEI/CPs containing multiple Q! species also show multiple amine
peaks including those highly shifted (>9 ppm), which supports the formation of POH-NH:

hydrogen bonding.

3.4.3. Effects of PEI:NBP Molar Ratio
Sol-gel reactions were firstly performed using PEI-1.8k at 90 °C for 18.5 h without

magnetic stirring. The PEI:NBP molar ratio was varied from 0.0002 to 0.006. The average
diameter of PEI/CPs decreases as the molar ratio increases and can be tuned from 63+8 pm
(ratio=0.0002) to 861 nm (ratio=0.006) (Figure 3.3 and Figure 3.4; See Figure 3.19 for size
distributions.). PEI/CPs appeared to be porous hexagonal micro-discs with the size ranging from
28+6 to 638 pum when the molar ratio was between 0.0002 and 0.002 (Figure 3.4 (A-D)). High-
magnification SEM images (Figure 3.4 (A-D)) indicate that these hexagonal micro-discs may be
assembled from smaller micro-flakes, which is supported by particle growth studies shown later
(Figure 3.8). This PEI:NBP molar ratio-dependent size change can be explained by the proposed
phosphate sponge mechanism. Phosphate sponges can be considered as nuclei for particle growth.
With a fixed NBP and CME addition, a higher PEI:NBP molar ratio results in a higher number-

concentration of nuclei and, therefore, smaller particles.

73



PEI:NBP= 0.0002 0.0006 0.001
% 43 +6 ym ;

-

LN 63 +8 ym |

.\ d.
v e

Figure 3.4 Effects of PEI:NBP molar ratio.

Optical microscopy (white, low-magnification), SEM (white, high-magnification), and TEM
(black) images of PEI/CPs prepared from (A) PEI-1.8k, 90 °C, 18.5 h, no stirring, and various
PEI:NBP molar ratio (PEI/CP-1 to -6).

3.4.4. Effects of Solution Dynamic Condition
We then repeated sol-gel reactions using PEI-1.8k at 90 °C for 18.5 h with magnetic stirring

at 500 rpm. At the same PEI:NBP molar ratio, magnetic stirring at 500 rpm resulted in 18.5t0 1.4
times smaller particles than no stirring (Figure 3.3 (B)). These particles also appeared to be micro-
discs with the molar ratio ranging from 0.0002 to 0.002 (Figure 3.5 (A-D)) and micro-/nano
flowers when the ratio was above 0.002 (Figure 3.5 (E-F)). By carefully controlling the stirring
speed from 0 to 200, 400, and 500 rpm, the average particle size can be finely tuned from 3443 to

7.8+2.7,4.8+1.4, and 2.8+1.3 um (Figure 3.19 (C) and Figure 3.20).
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Figure 3.5 Effects of solution dynamic condition.

Optical microscopy (white, low-magnification), SEM (white, high-magnification), and TEM
(black) images of PEI/CPs prepared from (B) PEI-1.8k, 90 °C, 18.5 h, 500 rpm stirring, and
various PEI:NBP molar ratio (PEI/CP-7 to -12).

3.4.5. Effects of PEI Molecular Weight
To determine the influences of the PEI molecular weight, PEI-1.8k was replaced by either

PEI-25k or PEI-800 while other conditions were kept the same (Figure 3.3 (B) and Figure 3.6).
Comparing Figure 3.6 to Figure 3.4, at the same PEI:NBP molar ratio, PEI-25k resulted in smaller
particles. This trend is clearer in Figure 3.3 (iii). The micro-disc shape (~2790 nm) appeared when
the molar ratio was 0.0002 (Figure 3.6 (A)). When the molar ratio exceeded 0.0002, submicron-
flowers (914+240 to 760+181 nm) and nano-butterflies (659+138 to 546131 nm) were formed
(Figure 3.6 (B-F)). The PEI molecular weight-dependent size change can be explained by the
difference in chemical bonding. Based on the solid-state 3P and *H MAS NMR results discussed

before (Figure 3.18), PEI/CPs prepared from low-concentration PEI-1.8k can extend their network
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Figure 3.6 Effects of PEI molecular weight.

Optical microscopy (white, low-magnification), SEM (white, high-magnification), and TEM
(black) images of PEI/CPs prepared from PEI-25k, 90 °C, 18.5 h, 500 rpm stirring, and various
PEI:NBP molar ratio (PEI/CP-13 to -18).

via both PO-Ca-OP and POH-NH2 hydrogen bonding, which explains for larger particles formed
in these conditions. However, in the case of high- concentration PEI-1.8k and PEI-25k, the
connection of pyrophosphate units via the POH-NH2 hydrogen bonding is less likely, resulting in
smaller particles. As shown in Figure 3.21, within the tested range of PEI:NBP molar ratio (0.0002
to 0.006), PEI-800 did not produce monodispersed particles with defined shapes as seen in the case
of PEI-1.8 and PEI-25k. Instead, only amorphous gel-like products were observed. This difference
indicates that PEI-800 may be too small to efficiently regulate the growth of monodispersed

PEI/CP particles.
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3.4.6. Effects of Reaction Temperature
Sol-gel reactions were also carried out at various temperatures (90, 80, 70, 60, 50, and 40

°C) with other parameters being kept constant (PEI-25k:NBP=0.001, magnetic stirring at 500 rpm,
and 18.5 h). The average diameter of particles increased as the reaction temperature was raised
(Figure 3.3 B(iv)). At 40 and 50 °C, particles have a nano-ribbon morphology (490 and 412 nm)
(Figure 3.7 (A-B)). When the temperature was adjusted between 60 °C and 90 °C, particles possess
the nano-flower morphology (from 811+241 to 768 +148, 746171, and 677+134 nm) (Figure 3.7
(C-F)). The temperature-dependent change of particle size can be explained by the reaction
kinetics. A higher reaction temperature may result in faster reaction and particle growth and

therefore, a larger size during a given period of reaction.

I 412:83] 490 +116] CHG

60°C

D 6 &1 - 768 +148 F
| 4 nm

°C

90 °C

70

Figure 3.7 Effects of reaction temperature.

SEM (white) and TEM (black) images of PEI/CPs prepared from PEI-25k, PEI:NBP molar ratio
0.001, 90 °C, 18.5 h, 500 rpm stirring, and various temperature.
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3.4.7. Effects of Reaction Time
Hexagonal micro-disc (PEI/CP-3) and nano-flower (PEI/CP-15) were chosen as models to

understand the growth of PEI/CP particles. Particles were collected at different time points and
examined. Figure 3.8 (A) shows the evolution of the hexagonal micro-disc (PEI/CP-3) over time.
The first hour of reaction at room temperature resulted in an inhomogeneous mixture of nano-
spheres (~80 nm) and nano-rods (LxW=400x150 nm, Figure 3.8 A(i)). After raising the
temperature to 90 °C for another hour, these mixed structures transformed into homogenous micro-
leaves (LxW=1200x400 nm, Figure 3.8 A(ii)). When extending the reaction time at 90 °C to 4 h
(Figure 3.8 A(iii)), the size and shape of micro-leaves remained almost the same; Meanwhile, parts
of these micro-leaves assembled to form a loose micro-disk structure (~7 pum in diameter),
implying the transition from micro-leaves’ growth to the assembly during this period. Finally,
when the reaction time at 90 °C reached 18.5 h, micro-leaves disappeared, and larger and
homogeneous hexagonal micro-discs (34+3 um in diameter) were observed (Figure 3.8 A(iv))). In
short, the formation of hexagonal micro-discs started with the growth of micro-leaves from a
mixture of nano-spheres and nano-rods. As-formed micro-leaves then assembled to form the loose
micro-disc structure. Finally, further deposition of materials on the micro-disc surface led to the
formation of larger and denser hexagonal micro-discs.

A similar observation was performed for nano-flowers (PEI/CP-15, Figure 3.8 (B)). The
growth of PEI/CP-15 also began with a mixture of nano-spheres and nano-rods with an average
diameter of 396+128 nm (3 h at 90 °C, Figure 3.8 B(i)). After 4 h at 90 °C, these mixed particles
transformed into homogenous nano-ribbons (549+104 nm, Figure 3.8 B(ii)). These nano-ribbons
then evolved to nano-flowers with the size increasing from 676+120 nm (4.5 h at 90 °C, Figure
3.8 B(iii)) to 734+157 nm (5 h at 90 °C, Figure 3.8 B(iv)) and 811+241 nm (18.5 h at 90 °C, Figure

3.8 B(Vv)) (See Figure 3.3 B(v) for the diameter versus time relationship).
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Figure 3.8 Effects of reaction time.

SEM (white) and TEM (black) images showing the growth process of (A) hexagonal micro-disc
(PEI/CP-3) and (B) nano-flower (PEI/CP-15).

3.4.8. Degradability
The poor clearance of nanomaterials is a major impediment to clinical translation. By

design, PEI/CPs should slowly degrade into small molecules and simple ions for renal clearance.
We further tested the degradability of PEI/CPs. Optical microscopy images show that PEI/CPs

gradually dissolved in PBS buffer (Figure 3.9 (A)). PEI/CPs were continuously hydrated by fresh
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Figure 3.9 Biodegradability.

(A) Optical microscopy images showing the dissolution of PEI/CP-3 under a continuous flow of
PBS. lon release profile of (B) PO43' and (C) Ca’" from PEI/CP-3 under a continuous flow of
fresh water (pH 7.30).

water (pH 7.30) and a release of about 80% - 90% major ions (i.e., POs* and Ca?*) were detected

within the first 24 h using ICP-MS (Figure 3.9 (B-C)).

3.4.9. Ultrasound and Photoluminescence Imaging
We hypothesized that PEI/CP particles can have a high acoustic impedance mismatch with

the liquid phase and be used as ultrasound contrasts. To determine how the particle size and
concentration affects the echogenicity, PEI/CPs in ethanol solution were added to tubes (Figure
3.10 (A)) and imaged in the B-mode at 18 MHz. Ethanol was used as the solvent at this step to
prevent any uncertainties from the degradation caused by water. No ultrasound signal was detected
from pure ethanol (Figure 3.10 A(ii)). At the same particle mass concentration (2.5 mg/mL), the
ultrasound intensity increases with increasing particle size (546+131 nm to 34+3 um, Figure 3.10
A(iii)), which is consistent with previous findings and can be attributed to the differences in the
scattering cross-section.® 32 This size effect holds true for all concentrations tested (0-10 mg/mL,
Figure 3.10 (B)). With a given size, the ultrasound signal increases as the mass concentration

increases (Figure 3.10 (B)). A linear intensity-concentration relationship was seen at the lower
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concentration range (Figure 3.22). Defining the limit of detection (LOD) as the concentration of
particles creating the intensity at three standard deviations above the mean of the background and
using the background value of 0.08+0.01 and the best-fit equations (Figure 3.22), we estimated the
LOD of PEI/CPs of 34+3 um, 7.8+2.7 um, 4.8+1.4 um, and 546131 nm to be 0.17, 0.30, 1.47,
and 11.10 pg/mL, respectively. The LOD of 546+131 nm PEI/CP is comparable with that reported
for silica NPs. (18.5 pg/mL, 300 nm, at 16 MHz), which has been demonstrated feasible for in-
vivo stem cell imaging.!* Thanks to the degradability of PEI/CPs, the ultrasound intensity of
PEI/CPs dissolving in a static PBS buffer dropped about 40% within the first 24 h, and only slightly

in the next 24 h (Figure 3.10 (C)). Therefore, in practice, PEI/CPs can be dispersed in PBS buffer
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Figure 3.10 Transient B-mode ultrasound imaging.

A(i) Imaging slice in a tube. B-mode images of A(ii) ethanol and A(iii) 2.5 mg/mL ethanol
solution of PEI/CP-3 (34 £ 3 um), PEI/CP-31 (7.8 £ 2.7 um), PEI/CP-32 (4.8 £ 1.4 um), and
PEI/CP-18 (546 + 131 nm). Dashed lines and arrow show the tube wall. (B) Ultrasound intensity
versus particle concentration. (C) Ultrasound intensity versus degradation time.
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Figure 3.11 Doppler ultrasound imaging.

PEI/CP-31 (7.8 = 2.7 um) in ethanol. Overlay of power Doppler and B-mode images of 10
mg/mL PEI/CP-31 (7.8 + 2.7 um) in ethanol B(i) without and B(ii-iv) with flow at time points
marked in B(v). B(v) Doppler intensity versus time.

and used as transient ultrasound contrast agents with a 24 h imaging window. They may bridge
the gap between the unstable gas microbubbles (degrade within 30 min)! and slowly-degradable
silica nanoparticles (degrade after 24 days)®?’ considering the degradation speed.

Contrasts with size comparable to blood cells have been used for Doppler vascular
imaging.3%4-3% Here, we tested in vitro the potential of using PEI/CPs for Doppler imaging. As a
negative control, pure ethanol was constantly pumped through a channel inside an agarose
phantom using a peristaltic pump, which did not result in detectable color-Doppler signals (Figure

3.11 A(i)). In contrast, flowing 10 mg/mL PEI/CP-31 (7.8 um) generated color-Doppler signals
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used clinically to monitor heartbeats and changes in blood flow rate. Taking advantage of the
pulsive flow of the peristaltic pump, we were able to mimic the heartbeat. Heartbeat-like wavy
power-Doppler signals were observed from the flow of PEI/CP-31 but not ethanol or stagnant
particles (Figure 3.11 (B)).

PEI/CPs also emitted blue light when excited at 358 nm (Figure 3.12 (A)). This is due to
the intrinsic photoluminescence of PEI reported previously, although the mechanism of this
intrinsic photoluminescence is yet to be explored.>® The emission peak of pure PEI-1.8k and
PEI/CPs were found at 411 nm and 450 nm (excitation at 350 nm, Figure 3.23). The
photoluminescence intensity increases linearly with PEI/CPs concentration (Figure 3.12 (B)).
Although, considering the low quantum yield (1%) reported for PEI-1.8K and PEI-25k,3? PEI/CPs
may not be the best choice of fluorophores, this intrinsic photoluminescence can still be used for

labelling and tracking these particles when necessary.

0 2 4 6 8 10
Concentration (mg/mL)
Figure 3.12 Photoluminescence imaging.
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(A) Fluorescence microscopy images showing PEI/CP-3 emitting blue light (DAPI, excitation
at 358 nm). (B) Photoluminescence intensity versus PEI/CP-3 concentration (excitation at 350
nm).

83



3.4.10. Cell Cytotoxicity
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Figure 3.13 Cell cytotoxicity of pristine PEI and PEI/CPs.

Tests used resazurin assay on (A) HEK 293T and (B) HeLa cells. Ratio of cell viability treated
with fresh particles to pristine PEI in the case of (C) PEI-25k and (D) PEI-1.8k. PEI/CP-5 was
selected to represent particles made from PEI-1.8k and PEI/CP-15 for PEI-25k. PEI/CPs show
negligible cytotoxicity compared to pristine PEI. *: P<0.05; NS: not significant, i.e. p>0.05;

n=4.

The dose-dependent cytotoxicity of pure PEIs and PEI/CP composites was evaluated with
HEK 293T and HeLa cells using the resazurin assay (Figure 3.13). Pure PEI-25k showed high
cytotoxicity; a low dose of 0.028 mg/mL can dramatically reduce the cell viability to below 20%.
PEI-1.8k is less toxic but still caused a steady drop in the viability of HEK 293T (Figure 3.13 (A)).
Surprisingly, PEI/CPs have negligible cytotoxicity compared to PEIs. Both cell types treated with
fresh and degraded PEI-25k/CP and PEI-1.8k/CP have viability above 85% in the concentration
range tested except HeLa cells treated with 0.909 mg/mL degraded PEI-25k/CPs (77%). In the
case of HEK 293T cells, fresh PEI-25k/CP and PEI-1.8k/CP, respectively, resulted in 9-26 and 1-
4 times, respectively, higher viability than corresponding PEI; these values are 6-23 and 1-1.6 in
the case of HeL a cells (Figure 3.13 (C-D)). The toxicity of pure PEI is originated from the damage

of the cell membrane by abundant positive amine groups.®?° Therefore, the reduced cytotoxicity
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of PEI/CPs compared to pure PEI can be explained by the charge neutralization by negative

phosphate species in both intact and degraded phases.

3.5. CONCLUSION

We demonstrated a facile and mild (25-90 °C) synthesis mimicking the bio-silicification
in diatoms for preparing PEI/CP composites. Using DLS and *H NMR, we proved the formation
of proposed “phosphate sponges”, which are aggregates composed of phosphate esters and PEI
resulting from hydrogen bonding between hydroxyl (from phosphate ester) and amine groups
(from PEI). These phosphate sponges served as nuclei in the reaction of CME and phosphate esters.
By controlling parameters such as the PEI:NBP molar ratio, solution dynamic condition, PEI
molecular weight, reaction temperature, and reaction time, PEI/CP composites were prepared with
versatile sizes (396+128 nm to 63+8 um) and morphologies (hexagonal micro-disc, micro-flower,
micro-leaf, nano-butterfly, and nano-ribbon). PEI/CPs exhibited excellent biocompatibility and
biodegradability, indicated by negligible cell cytotoxicity and degradation within 24 h. The
echogenicity of PEI/CPs increases with the increment of size and concentration. PEI/CPs also
generated Doppler signals containing the flow direction and speed information. Finally, PEI/CPs
showed intrinsic blue photoluminescence. We envision that PEI/CPs are promising transient

ultrasound and photoluminescence imaging agents.
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3.7. SUPPLEMENTARY INFORMATION

Table 3.1 Synthetic parameters and sample names

. . . Time at
Sample Final - Extra PEI NBP CME stir Raised raised
name vol ethanol MW PEI (mol) (mol) (mol) Speed  temperatur temperatur
(mL)  (mL) (rom)  e(C)M e (h) !

PEI/CP-1 10.32 1.8k  2.00E-07 1.00E-03 5.00E-04 0 90 18,5
PEI/CP-2 10.28 1.8k  6.00E-07 1.00E-03 5.00E-04 0 90 18,5
PEI/CP-3 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 0 90 18.5
PEI/CP-4 10.14 1.8k  2.00E-06 1.00E-03 5.00E-04 0 90 18.5
PEI/CP-5 9.94 1.8k  4.00E-06 1.00E-03 5.00E-04 0 90 18,5
PEI/CP-6 9.74 1.8k  6.00E-06 1.00E-03 5.00E-04 0 90 18,5
PEI/CP-7 10.32 1.8k  2.00E-07 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-8 10.28 1.8k  6.00E-07 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-9 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-10 10.14 1.8k  2.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-11 9.94 1.8k  4.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-12 9.74 1.8k  6.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-13 10.32 25k 2.00E-07 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-14 10.28 25k 6.00E-07 1.00E-03 5.00E-04 500 90 18,5
PEI/CP-15 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 90 18,5
PEI/CP-16 1 10.14 25k 2.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-17 9.94 25k  4.00E-06 1.00E-03 5.00E-04 500 90 18,5
PEI/CP-18 9.74 25k 6.00E-06 1.00E-03 5.00E-04 500 90 18,5
PEI/CP-19 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 80 18.5
PEI/CP-20 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 70 18.5
PEI/CP-21 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 60 18.5
PEI/CP-22 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 50 18.5
PEI/CP-23 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 40 18.5
PEI/CP-24 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 0 90 0
PEI/CP-25 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 0 90 1
PEI/CP-26 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 0 90 4
PEI/CP-27 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 90 3
PEI/CP-28 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 90 4
PEI/CP-29 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 90 4.5
PEI/CP-30 10.24 25k 1.00E-06 1.00E-03 5.00E-04 500 90 5
PEI/CP-31 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 200 90 18,5
PEI/CP-32 10.24 1.8k  1.00E-06 1.00E-03 5.00E-04 400 90 18.5
PEI/CP-33 10.32 800 2.00E-07 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-34 10.28 800 6.00E-07 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-35 10.24 800 1.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-36 10.14 800 2.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-37 9.94 800 4.00E-06 1.00E-03 5.00E-04 500 90 18.5
PEI/CP-38 9.74 800 6.00E-06 1.00E-03 5.00E-04 500 90 18.5

[a] All reactions were performed at room temperature for 1 hour then raised to a certain temperature as shown.

[b] The extra time at the raised temperature after 1 hour incubation at the room temperature.
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Table 3.2 Composition determined by ICP-MS

CP CP composition, (P20s)x(Ca0)1x!
Sample name PEI wt%ol Wil

X 1-x
PEI/CP-1 58.97 41.03 0.40 0.60
PEI/CP-3 50.26 49.74 0.38 0.62
PEI/CP-5 56.25 43.75 0.34 0.66
PEI/CP-15 61.73 38.27 0.35 0.65
PEI/CP-16 54.00 46.00 0.31 0.69
PEI/CP-18 67.34 32.66 0.33 0.67
PEI/CP-20 56.85 43.15 0.34 0.66
PEI/CP-22 57.16 42.84 0.33 0.67
PEI/CP-29 57.44 42.56 0.35 0.65

[a] Assuming the mass of PEI in particles equals to the mass of indissoluble material when PEI/CPs
were dissolved by 70% nitric acid, the mass of PEI in particles were calculated by subtracting the
mass of completely dissolved calcium phosphate from the mass of dried particles before
dissolution.

[b] The mass of calcium phosphate is calculated from the (P205)x(CaO)1.x formula and the mass of
released PO4* and Ca*" ions determined by ICP-MS.

[c] The (P20s)x(Ca0)1x formula is calculated from released PO4* and Ca®* ions determined by
ICP-MS.
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Figure 3.14 DLS results showing the formation of PEI/phosphate aggregates.

(A) Chemical structures of TBP, DBP, and NBP, which have 0, 1, and 1.5 hydroxyl groups,
respectively. Size distribution of aggregates when PEI was mixed with (B) TBP, (C) DBP, and (D)
NBP. The PEI in ethanol solution was 1 mM. In the case of NBP and DBP addition, the size of the
aggregate increased with the increasing phosphate:PEI molar ratio. The size did not change when
TBP was added indicating that the PEl/phosphate aggregate was formed in the presence of the
hydroxyl group.
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Figure 3.15 "H NMR titration (300 MHz, CDCl3, 298 K) showing the formation of

PEl/phosphate aggregates.

(A) Plots of *H NMR chemical shift of amine versus phosphate:PEI molar ratio. *H NMR spectra
of PEI-25k (1 mM) and its mixture with (B) TBP, (C) DBP, and (D) NBP. The addition of TBP
caused nearly no shift of the amine group of PEI (1.8 ppm3%*, filled in pink), while the addition of
DBP and NBP resulted in steady amine peak shifts to the lower field, indicating the hydrogen
bonding between the hydroxyl group (phosphates) and amine group (PEI).
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Figure 3.16. FTIR spectra of representative PEI/CPs.

Peak assighments:

540: & (P-O-P)
730: vs (P-O-P)
790: vs (P-O-P)
900: vs (P-O-P)
1000: vas (PO;)*
1070: vas (PO;)*
1220: vas (PO,)
3600: v (O-H)

2862-2952 and
1453: CH,CH,
1122: CN
1585-1620: NH

Bands of PEI (pink solid lines)®™ and calcium phosphate (black dashed lines)>? were seen.
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Figure 3.17 XRD spectra.

Comparison of PEI/CPs, electrosprayed calcium phosphate,3® and commonly reported calcium
phosphate crystals3/-318 320, 322-324, 330331 ' pE|/CP-1 and -3 were made from PEI-1.8k, while
PEI/CP-15, -16, -18, -20, and -22 were from PEI-25k. The degree of crystallization based on peak
broaoslgess: HAp > PEI-25k/CPs > PEI-1.8k/CPs > ES CP. Dashed lines indicate major peaks of
HAp3#,
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3P and 'H MAS NMR peaks
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Figure 3.18 Solid state *'P and '"H MAS NMR spectra.

(A) PEI/CP-1 (B) PEI/CP-3, (C) PEI/CP-5, (D) PEI/CP-15, (E) PEI/CP-16, (F) PEI/CP-18, (G)
PEI/CP-20, and (H) PEI/CP-22. (I) Scheme of the chemical structure of pyrophosphate. Red
numbers show the four isolated oxygens. All *'P resonances were observed between -4 and 4 ppm,
which can be assigned to the Q* speciation.3? PEI/CPs made from PEI-25k (PEI/CP-15, -16, -18,
-20, and -22) have a dominant Q' peak at ~1 ppm, regardless of differences in PEI-25k
concentration and reaction temperature. In contrast, there is a distribution of Q* species in PEI/CPs
made from PEI-1.8k (PEI/CP-1 and -3). As the PEI-1.8k concentration increases (PEI/CP-1, -3,
and -5), the number of Q* species decreases. 'H MAS NMR results coincide with 3P resonances;
PEI-25k/CPs showed only a dominant *H MAS NMR amine peak at ~7.2 ppm, while PEI-1.8k/CPs
contain multiple amine species between 5.9 ppm to 10 ppm. Again, as the PEI-1.8k concentration
increases, the number of amine species decreases.
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Figure 3.19 Size distribution of PEI/CPs.

Specific synthetic conditions: (A) PEI-1.8k at 90 °C for 18.5 hours without magnetic stirring and
with varying PEI:NBP molar ratio (PEI/CP-1 to -6), (B) PEI-1.8k at 90 °C for 18.5 hours with
magnetic stirring at 500 rpm and varying PEI:NBP molar ratio (PEI/CP-7 to -12), (C) PEI-1.8k at
90 °C for 18.5 hours with PEI:NBP molar ratio of 0.001 and varying stir speed (PEI/CP-3, -31, -
32 and -9), (D) PEI-25k at 90 °C for 18.5 hours with magnetic stirring at 500 rpm and varying
PEI:NBP molar ratio (PEI/CP-13 to -18), (E) PEI-25k for 18.5 hours with magnetic stirring at 500
rpm at varying temperature (PEI/CP-19 to -23 and -15), and (F) PEI-25k at 90 °C with magnetic
stirring at 500 rpm for various reaction time (PEI/CP-27 to -30 and -15). The size of particles
below 1.5 um was measured by DLS, while those above were determined by optical microscopy

image analysis of over 500 particles.
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Figure 3.20 Optical microscopy images.

The particle diameter decreases with increasing stir speed. Specific conditions: PEI-1.8k, PEI:NBP
molar ratio of 0.001, 90 °C, 18.5 hours and stir speed (A) 0 rpm (PEI/CP-3), (B) 200 rpm (PEI/CP-
31), (C) 400 rpm (PEI/CP-32), and (D) 500 rpm (PEI/CP-9).
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Figure 3.21 SEM images of PEI/CPs (PEI/CP-33 to -38).

Synthetic conditions: PEI-800, 90 °C, 18.5 hours, stir speed 500 rpm, and PEI:NBP molar ratios
of (A) 0.0002, (B) 0.0006, (C) 0.001, (D) 0.002, (E) 0.004, (F) 0.006.
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Figure 3.22 Plot of US intensity versus concentration.

From 0 — 1.4 mg/mL with linear fitting.
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Figure 3.23 Photoluminescence emission spectra of PEI/CP-2 and PEI-1.8k.

Ethanol solution; excitation 350 nm.
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Figure 3.24 (A) Photo and (B) scheme of the flow cell setup for observing the PEI/CPs
degradation under simulated human blood flow.

All measurements are in millimeters.
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CHAPTER 4. PEPTIDE-DRIVEN PROTON SPONGE NANO-

ASSEMBLY FOR IMAGING AND TRIGGERING

IMMUNOGENIC CANCER CELL DEATH

4.1. ABSTRACT

Triggering immunogenic cell death (ICD, e.g., pyroptosis and necroptosis) of cancer cells
with nanomedicines is an emerging approach for turning “immune-cold” tumors “hot”— a key
challenge faced by cancer immunotherapies. Here, a proton sponge nano-assembly (PSNA) was
created to image and trigger ICDs of cancer cells. The PSNA was constructed via conjugating low-
molecular-weight branched PEI to a self-assembling peptide carrying tetraphenylethene
pyridinium (PyTPE, an aggregation-induced emission-based luminogen). The self-assembly of
PEI assisted by peptide-PyTPE led to the positive surface charge density and cell cytotoxicity of
the PSNA. The self-assembly tendency of PSNA was optimized by tuning the hydrophilic and
hydrophobic components. In turn, the PSNA with the highest fluorescence, positive surface charge
density, intracellular fluorescence, and cancer cell cytotoxicity was achieved. Systematic
mechanistic studies revealed that the lysosome rupturing-regulated pyroptosis and necroptosis are
at least two causes of the cancer cell death. The known immunogenicity of pyroptosis and

necroptosis implies the great potential of the PSNA to trigger anticancer immunity.
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4.2. INTRODUCTION

Despite the potency of cancer immunotherapies (CIT) (e.g., immune checkpoint therapy),
CIT only produces favorable responses in a minority of patients. This is because many cancer types
are “immune-cold”, i.e., they have mechanisms to suppress the immunity cycle involving antigen
presentation, dendritic cells maturation, and T lymphocyte activation and infiltration.33? Therefore,
there is an urgent need to advance strategies for turning “cold” tumors “hot” (i.c., immune-active).
A particularly appealing approach is applying nanomaterials to trigger immunogenic cell death
(ICD) of cancer cells.16-118

Indeed, accumulating evidence supports that ICDs such as pyroptosis and necroptosis can
convert immune-cold tumors into hot in-situ vaccines by releasing damage-associated molecular
patterns (DAMPs) along with tumor-associated antigens from dying tumor cells; The released
DAMPs including pro-inflammatory cytokines (e.g., Interleukin-1p (IL-1B) and IL-18),
calreticulin, heat-shock proteins (e.g., HSP70 and HSP90), adenosine triphosphate (ATP), and/or
high-mobility group box protein 1 (HMGB1) can stimulate the maturation of dendritic cells and
the activation and infiltration of T cells, thus boosting anti-cancer immunity.*'¢-122 Furthermore,
existing nanomaterials has been reported to trigger pyroptosis (e.g., nano-carbons,4"-14 silica
nanoparticles (NPs),'*° quantum dots (QDs)159, and metallic NPs!51). These findings have inspired
the emergence of nanomedicines with pyroptosis-induced anticancer immunity including
inorganic NPs generating reactive oxygen species (ROS) (e.g., modified magnetic iron oxide
NPs333), NPs disrupting ionic homeostasis118.303,334 (g,g., NaCl NPs334), NPs generating photon-
assisted ROS!17. 335 (e.g., acid-activatable nano-photosensitizer for PDT33%), and nano-

formulations encapsulating pyroptosis-drugst1é. 336 (e.g., liposome-based336).
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While promising, these nanomedicines also have major limitations. For example, most
non-degradable inorganic NPs can cause toxicity in vivo;**#>2%0 NPs disrupting ionic homeostasis,
such as NaCl NPs, are unstable in aqueous solution due to quick dissolution (half-life ~2.5 h);33
NPs relying on photons to generate ROS are limited by the penetration depth of light and
sophisticated instrumentation;**’ Nanoformulations of pyroptosis-drugs suffer from drug
leakage®*® and cumbersome design for tumor targeting.>*® Ideally, future nanomedicines for
inducing anticancer pyroptosis should be biodegradable, biocompatible, cancer-targeting, and
intrinsically potent in triggering pyroptosis without the aid of external stimulus such as light.

Targeting lysosomes may provide an alternative solution. More than a membrane-enclosed
and acidic organelle digesting and recycling intracellular macromolecules, the lysosome also plays
a pivotal role in regulating cell death.z«c Damaged lysosomes not only interrupt intracellular
macromolecule digestion but also cause the release of lysosome enzymes (e.g., hydrolytic
cathepsins), both of which can trigger ICDs such as pyroptosis and necroptosis.*** 34 Moreover,
cancer cells have weaker lysosomal membranes than noncancerous cells.342-343

Polycations such as high-molecular-weight branched polyethylenimine (hwPElI, e.g., PEI-
25kDa) are well-known for cell cytotoxicity originating from lysosome rupturing. This can be
explained by the proton sponge effect**-34°, where hwPEI enhances the pH of lysosomes via the
protonation of rich amine groups. Lysosomes actively concentrate protons (H* ions) via the proton
pump to maintain acidic pH. This is accompanied by an increased influx of counterions (e.g., CI°
), water, and, eventually, an increased osmotic pressure that ruptures lysosomes. However, the
translation of hwPEI to a nanomedicine for anticancer immunity is hindered by uncontrollable

toxicity due to fixed positive charge density.
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Interestingly, low-molecular-weight branched PEI (IwPEl, e.g., 800 Da) does not possess
cell cytotoxicity due to a lower buffering capacity.>*3*6 We hypothesized that the positive surface
charge density would be enhanced when IWPEI underwent self-assembly driven by a peptide,
causing a dramatic enhancement in lysosome rupturing capability and cell cytotoxicity. A
successful validation of this hypothesis could lead to an anticancer nanomedicine with numerous
advantages. First, if the cell cytotoxicity were controllable by the self-assembly, then cancer-
specific toxicity could be achievable by rendering the self-assembly activatable by tumors. Second,
peptides can be easily functionalized with small molecules (e.g., drugs®*’ and imaging
molecules®*®). Third, the nanomedicine could be degraded into renal clearable amino acids, IWPEI,
and/or other small molecules in vivo, considering the proven biodegradability of peptides®*® and
the cut-off molecular weight ~30 - 50 kDa for glomerular filtration®**°. Finally, the formation of
nano-assemblies introduces other advantages of nanomaterials, such as slower blood clearance and
excellent tumor accumulation via the enhanced permeability and retention (EPR) effect.!®

Here, we report the engineering of a proton sponge nano-assembly (PSNA) optimized for
imaging and triggering potent pyroptosis and necroptosis of cancer cells via lysosome rupturing.
A series of PSNA compounds were created by conjugating IwPEI with different self-assembling
peptides carrying a tetraphenylethene pyridinium (PyTPE, an aggregation-induced emission
(AIE)-based luminogen (AlEgen)). A systematic comparison of zeta potential and cell cytotoxicity
was made between peptide-PyTPE-PEI and various combinations of its building blocks, thus
revealing that peptide-PyTPE-PEI has the maximized positive surface charge density and cell
cytotoxicity from the surface accumulation of PEI assisted by self-assembling peptide-PyTPE.
PSNA was further optimized for cell imaging and cell cytotoxicity by tuning the number of

hydrophilic and hydrophobic amino acids of the peptide and detailed characterizations of as-
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formed nano-assemblies: morphology, size, self-assembly tendency (e.g., particle number
concentration and AIE fluorescence), zeta potential, intracellular fluorescence, and cell
cytotoxicity. The cell death mechanism triggered by the PSNA was studied in detail and indicates

lysosome-regulated pyroptosis and necroptosis.
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43. MATERIALS AND METHOD
4.3.1. Synthesis of Peptides (Acetylated)

The synthesis of peptides used the standard solid phase Fmoc synthesis method using 200
mg Fmoc-Gly-Wang resin. 2 x 4 mL 20% piperidine in DMF, 0.1 M amino acid in 3 mL DMF (5
equivalents), 0.1 M HBTU in 3 mL DMF (5 equivalents), and 0.2 M DIPEA in 3 mL DMF (10
equivalents) were used for each coupling cycle under the protection of nitrogen. After the
completion of solid phase synthesis, the resin with peptides was washed by DMF three times and
incubated with 0.5 mL pyridine and 0.5 mL acetic anhydride in 4 mL DMF at room temperature
for 1 h for acetylation followed by three rounds of DCM washing and vacuum drying. When
cleavage was necessary, acetylated peptides were cleaved off the resins by treating with cleavage
cocktail containing trifluoroacetic acid (TFA, 88% v/v), phenol (5% wi/v), water (5% v/v), and
triisopropy!l silane (TIPS, 2% v/v) for two hours followed by filtration to remove resin. Peptides
were precipitated by addition of ice-cold diethyl ether to the filtrates (filtrates: diethyl ether = 1:9)
and centrifuged. Peptides in the pellet were vacuum dried. Crude peptides were purified using
semi-preparative HPLC. For peptides to be used for the synthesis of (PAS)iFo, (PAS)iFy,

(PAS)1F, (PAS)3F2, and (PAS)sF2, peptides are left intact on resin without cleavage.

4.3.2. Synthesis of Azide-Functionalized Tetraphenylethene Pyridinium (PyTPE)

—.  CH3I(CH3),CH,l — NaN, — 1. TPE-CHO
(OO, o N, Oy, R
CH4CN, reflux I CH;CN, reflux 1 2. KPFg

Scheme S1. The synthetic routes of PyTPE
PyTPE was synthesized according to the procedures in literatures.>>! Crude PyTPE was

purified using semi-preparative HPLC. See Figure 4.12 for *H NMR and mass spectra.
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4.3.3. Synthesis of Peptide-PyTPE
Coupling of PyTPE with peptides was via the copper-catalyzed azide-alkyne click reaction.

Crude peptide on resin (before cleavage, 0.12 umol), PyTPE (64 mg, 0.12 umol), sodium ascorbate
(47.5 mg, 0.24 umol), and copper (I) iodide (45.7 mg, 0.24 umol) were dissolved in DMSO/H,0
(v/v=9:1) solution and stirred at 60 °C for 24 h under the protection of nitrogen. The resin with
peptide-PyTPE was washed by DMF three times, followed by three-time DMF and DCM wash,
respectively, and vacuum dried. Peptide-PyTPE was cleaved of the resins by treating with cleavage
cocktail containing TFA (88% v/v), phenol (5% w/v), water (5% v/v), and TIPS (2% v/v) for two
hours followed by filtration to remove resin. Peptide-PyTPE was precipitated by addition of ice-
cold diethyl ether to the filtrates (filtrates: diethyl ether = 1:9) and centrifuged. The pellet was

vacuum dried. Crude peptide-PyTPE was purified using semi-preparative HPLC.

4.3.4. Synthesis of Peptide-PEI
Purified peptide (0.037 umol), HBTU (0.149 umol, 4 equivalents), and DIPEA (0.297

umol, 8 equivalents) were dissolved in 5 mL DMF and vortexed for 20 seconds and then added to
branched PEI (800 Da) (0.186 umol, 5 equivalents) pre-dissolved in 1 mL DMF under nitrogen
protection. The solution was stirred at 60 °C for 24 h under the protection of nitrogen. Peptide-PEI
was precipitated by addition of ice-cold diethyl ether to the solution (solution: diethyl ether = 1:9)
and centrifuged. The pellet was vacuum dried. Crude peptide-PEI was purified using semi-

preparative HPLC.

4.3.5. Synthesis of Peptide-PyTPE-PEI
Peptide-PyTPE (0.037 pumol), HBTU (0.149 umol, 4 equivalents), and DIPEA (0.297

umol, 8 equivalents) were dissolved in 5 mL DMF and vortexed for 20 seconds and then added to

branched PEI (800 Da) (0.186 umol, 5 equivalents) pre-dissolved in 1 mL DMF under nitrogen
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protection. The solution was stirred at 60 °C for 24 h under the protection of nitrogen. Peptide-
PyTPE-PEI was precipitated by addition of ice-cold diethyl ether to the solution (solution: diethyl
ether = 1:9) and centrifuged. The pellet was vacuum dried. Crude peptide-PyTPE-PEI was purified

using semi-preparative HPLC.

4.3.6. Cell Culture
HelLa cells (Sigma Aldrich) were grown in DMEM (Dulbecco’s Modified Eagle’s Medium, Gibco,

Lot No. 2263286). SKOV-3 cells (Sigma Aldrich) were grown in McCoy’s SA Medium (modified,

Gibco, Lot No. 2193402). All the cell culture media were supplemented with 10% fetal bovine serum (FBS)

and 100 units/mL of penicillin and 100 units/mL streptomycin (MediaTech, USA). All cells were maintained in

a humidified, 5% carbon dioxide atmosphere at 37 °C.

4.3.7. CellTiter-Blue Cell Viability Assay to Study Cell Cytotoxicity
Cells were seeded into 96-well plates at the density of 1x10* cells in 100 uL medium per

well and incubated overnight. Then the cells were treated with 10 pL various compounds dispersed
in PBS (phosphate-buffered saline, 1x, Corning, Lot No.: 31222010) for 48 h. 20 pL CellTiter-
Blue Cell Viability assay (Promega, G8080) was then added to each well. After incubation for
another 2 h, the fluorescence was read with a plate-reader (Synergy H1, BioTek). Controls settings
are as follows:

Blank well: cell culture medium + assay

Negative control: cells + cell culture medium + assay

Positive control: cells + cell culture medium + assay + 1 mg/mL PEI-25kDa

The cell viability was calculated as follows:

FLexp - FLblank

Cell viability = X 100%

Lnegative control — l:"Lblank

Zeta potential and critical zeta potential change concentration

107



Zeta potential of compounds were measured using the diffusion barrier method.3?
Disposable folded capillary cells (Malvern, DTS1070) was pre-filled with PBS (phosphate-
buffered saline, 1x, Corning, Lot No.: 31222010). 50 uL compounds in PBS was gently loaded
into the bottom of the cell and zeta potential was immediately measured with a Malvern NANO-
ZS90 Zetasizer. This whole process was triplicated for each measurement. Zeta potential versus
concentration of compounds was plotted. The plot before reaching plateau was divided into two
linear region and linearly fitted. The critical zeta potential change concentration was determined

by the interception of the two linear fittings.

4.3.8. Transmission Electron Microscopy Imaging (TEM)
TEM images were acquired with a Jeol 1400 plus microscope (voltage 80 KeV).

Compounds in PBS (125 pM) were drop-coated on copper TEM grids and dried at room
temperature. Compound-coated TEM grids were further stained by drop coating uranyl acetate
(2%, Electron Microscopy Sciences, Lot No.: 210205-01) for 20 s, followed by dropping DI water

three times and drying at room temperature.

4.3.9. Particle Number Concentration, Size Distribution, and Light Scattering Imaging
Particle number concentration, size distribution, and light scattering images were acquired

from 62.5 uM compounds in PBS using multi-laser nanoparticle tracking analysis (MANTA,
Horiba).
4.3.10. Aggregation Induced Fluorescence Emission

100 puM compounds (OD = 0.1) in PBS were added to a 96-well plate and the emission
spectra were read by a plate-reader (Synergy H1, BioTek) with an excitation at 405 nm and step

resolution of 10 nm.
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4.3.11. Confocal Imaging of Intracellular Fluorescence
SKOV-3 cells were seeded at a density of 2x10* in 200 uL medium in 35 mm dishes

(Cellvis, Lot No.: D35-14-1.5-N) and cultured overnight followed by treatment of 250 uM
compounds for 30 min. Cells were washed thrice with PBS. Cells were incubated with Hoechst
33342 (1 pg/mL, Immunochemistry) for 10 min. Cells were washed thrice with PBS and fixed by
4% paraformaldehyde in PBS (Thermo Scientific) at room temperature for 20 min. Cells were
imaged by a confocal microscope (Leica SP8 with lighting deconvolution). Ex/Em for Hoechst

33342: 400 nm/410-430 nm; Ex/Em for tested compounds:400 nm/550-700 nm.

4.3.12. Optical Microscopy Imaging of Cell Bursting
Cells were seeded at a density of 2x10% in 100 pL in 96-well plates and cultured overnight.

The medium was replaced by COz-independent medium (10% FBS, Gibco, 18-045-088) Cells
were treated by 250 uM (PAS)1F2 compound followed by immediate time-lapse images acquisition
at room temperature for 4 h. The same process was repeated for cells without (PAS)1F. treatment

as negative controls. Data was presented either as images or in video format.

4.3.13. Realtime-Glo Annexin V Apoptosis and Necrosis Assay to Study the Cell Death Mode
SKOV-3 cells were seeded at a density of 2500 cells in 12.5 pL CO.-independent medium

(Gibco, 18-045-088) in 384-well plates (Corning, white solid, CLS3570) and cultured overnight.
The Realtime-Glo Annexin VV Apoptosis and Necrosis assay (Promega, JA1011) was performed
following the manufacturer’s protocol. Cells were then immediately treated by 10 pg/mL digitonin
(apoptosis positive control) or 250 puM (PAS):F.. Luminescence and fluorescence were
continuously read for 20 h at 37 °c with a plate-reader (Synergy H1, BioTek). The same process

was repeated for cells without compound treatment for negative control.
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4.3.14. Celltiter-Glo 2.0 Assay to Assess the ATP Level
SKOV-3 cells were seeded into 384-well plates (Corning, white solid, CLS3570) at a

density of 2500 cells in 25 pL medium per well and incubated overnight. Then the cells were
treated with 10 pL (PAS):F. (250 uM) for 24 h at 37 °c. After equilibrating the cells to room
temperature, 25 pL CellTiter-Glo 2.0 Assay (Promega) was added and the luminescence was read
after 15 min with a plate-reader (Synergy H1, BioTek). Controls settings are as follows:

Blank well: cell culture medium + assay

Negative control: cells + cell culture medium + assay

The relative ATP level was calculated as follows:

Lumi.exp — Lumi.blank

Relative ATP level = X 100%

UMl.pegative control — Luml-blank

4.3.15. Flow Cytometry to Study the Mechanism of Cell Internalization of (PAS)1F2
SKOV-3 cells were seeded at a density of 5x10°in 1 mL medium per well in a 12-well

plate and cultured overnight. Cells inhibitions were achieved by 4 °C incubation or endocytic
inhibitors treatment for 15 min. For endocytic inhibitors treatment, pitstop 2 (TargetMol, Lot No.:
148603), filipin from S. filipinensis (MedChemExpress, Lot No.:152222), 5-(N-ethyl-N-
isopropyl)amiloride (EIPA, MedChemExpress, Lot No.:238298) were added to the cells to achieve
final concentrations of 36, 15, and 45 pg/mL, respectively. After inhibition, cells were incubated
with 250 uM (PAS)1F> for 30 min at 4 °C or 37 °C (for endocytic inhibitors) after which the culture
medium was removed, and cells were washed twice with PBS and detached with trypsin. The
detached cells were suspended in PBS solution, centrifuged for 5 min at 400 x g and 4 °C. PBS
was removed and replaced with 4% formaldehyde in PBS. The cells were incubated at room
temperature for 20 min and centrifugation washed with a fresh portion of PBS. The cells were

analyzed with BD FACSCelesta flow cytometer, registering 10000 events per sample. To verify
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the efficacy of endocytic inhibitors, cells were inhibited by endocytic inhibitors as mentioned and
FITC-labelled transferrin (5 pg/mL) (Jackson Immunoresearch Labs), dextran (100 ug/mL)
(MedChemExpress, Lot No.:178439), and cholera toxin B subunit (10 pg/mL) (Sigma Aldrich)
were added in replacement of (PAS)1F> to pitstop 2 (36 pg/mL), EIPA (45 pg/mL), and filipin (15
ug/mL), inhibited cells, and incubated for 20 min, 1 h, and 1.5 h, respectively. Data were analyzed
using FlowJo. Inhibition rate was calculated as follows:

FLinnibition — FL
Inhibition = —nbition — “blank 1 9oy,

FLstaining - FLblank

FLinnibition: fluorescence signals from inhibited cells with staining by either (PAS)1F2 or
FTIC markers.

FLuiank: background fluorescence signals from cells without inhibition and staining.

FLstaining: fluorescence signals from stained cells (either (PAS)1F. or FTIC markers) without
inhibition.

4.3.16. Confocal Imaging to Study the Colocalization of (PAS)iF2 with Lysosomes and
Mitochondria

SKOV-3 cells were seeded at a density of 2x10* in 200 uL medium in 35 mm dishes
(Cellvis, Lot No.: D35-14-1.5-N) and cultured overnight. Cells were stained by Magic Red
Cathepsin B assay (30 min, 25%, Immunochemistry, Catalog No.: 937, Lot No.: 23F15) or
MitoView 633 (30 min, 100 nM, Biotium) to label lysosomes or mitochondria, followed by three
rounds of PBS washing. The cells were then treated with (PAS)1F2 (250 uM) for 5, 15, or 30 min
and washed by PBS three times. PBS was replaced by CO»-independent medium (Gibco, 18-045-
088) and immediately imaged by a confocal microscope (Leica SP8 with lighting deconvolution).

Ex/Em for Magic Red Cathepsin B: 600 nm/630-700 nm; Ex/Em for MitoView 633: 630 nm/650-
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700 nm; EX/Em for (PAS)1F2:400 nm/550-700 nm. The Mander’s colocalization coefficients were

analyzed using ImageJ (JACoP plugin) for three confocal images.

4.3.17. Confocal Imaging to Assess Lysosome and Mitochondria Integrity
SKOV-3 cells were seeded at a density of 2x10* in 200 uL medium in 35 mm dishes

(Cellvis, Lot No.: D35-14-1.5-N) and cultured overnight. Cells were stained by acridine orange
for labeling lysosome (30min, 20 M, Immunochemistry) or MitoView 633 (30 min, 100 nM,
Biotium) for labeling mitochondria and washed by PBS three times, followed by staining with
Hoechst 33342 (10 min, 1 pg/mL, Immunochemistry) and 3-time PBS wash. Subsequently, cells
were treated with (PAS)1F2 (250 uM) for 1h and washed by PBS three times. PBS was replaced
by CO.-independent medium (Gibco, 18-045-088) and immediately imaged by a confocal
microscope (Leica SP8 with lighting deconvolution). The same process was repeated for cells
without (PAS)1F treatment as negative control. Ex/Em for acridine orange: 470 nm/630-700 nm;
EX/Em for MitoView 633: 630 nm/650-700 nm; Ex/Em for Hoechst 33342: 400 nm/410-430 nm;
Ex/Em for (PAS)1F2:400 nm/550-700 nm. Organelles integrity was analyzed for 3 confocal images
and calculated as follows:

(FLred/FLblue)exp

x 100%
(FLred/FLblue)negative control

Integrity =

(FLred/FLubiue)exp: red fluorescence (organelles) normalized by blue fluorescence (nuclei)
from the experiment group.
(FLred/FLbiue)negative control: red fluorescence (organelles) normalized by blue fluorescence

(nuclei) from the negative control group.

4.3.18. Magic Red Cathepsin B Assay for Assessment of Cathepsin B Release
SKOV-3 cells were seeded at a density of 2x10* in 200 pL medium in 35-mm dishes

(Cellvis, Lot No.: D35-14-1.5-N) and cultured overnight. Cells were stained by Magic Red

112



Cathepsin B assay (30 min, 25x, Immunochemistry, Catalog No.: 937, Lot No.: 23F15) for
labeling cathepsin B and washed by PBS three times followed by staining with Hoechst 33342 (10
min, 1 ug/mL, Immunochemistry) and PBS washing thrice. Subsequently, cells were treated with
(PAS)1F2 (250 uM) for 10, 20, and 25 min, respectively and washed by PBS three times. Cells
were fixed by 4% paraformaldehyde in PBS (Thermo Scientific) at room temperature for 20 min
and immediately imaged by a confocal microscope (Leica SP8 with lighting deconvolution). The
same process was repeated for cells without (PAS):F. treatment as negative control. EX/Em for
Magic Red Cathepsin B: 600 nm/630-700 nm; ExX/Em for Hoechst 33342: 400 nm/410-430 nm;

Ex/Em for (PAS)1F2:400 nm/550-700 nm.

4.3.19. FLICA 660 Caspase-1 Assay for Assessment of Cleaved Caspase-1
SKOV-3 cells were seeded at a density of 2x10% in 200 puL medium in 35 mm dishes

(Cellvis, Lot No.: D35-14-1.5-N) and cultured overnight. Cells were co-incubated with FLICA
660 Caspase-1 assay (30%, Immunochemistry, Catalog No.: 9122, Lot No.: 22B28) and
compounds ((PAS)1F2 (250 uM, 1 h) or Nigericin (20 uM, 24 h, Immunochemistry) and washed
by PBS three times. Cells were stained with Hoechst 33342 (1 pug/mL, 10 min, Immunochemistry)
and washed thrice with PBS. Cells were then fixed with 4% paraformaldehyde in PBS (Thermo
Scientific) at room temperature for 20 min and immediately imaged by a confocal microscope
(Leica SP8 with lighting deconvolution). Ex/Em for FLICA 660: 630 nm/650-700 nm; Ex/Em for

Hoechst 33342: 400 nm/410-430 nm; Ex/Em for (PAS)1F2:400 nm/550-700 nm.

4.3.20. Western Blot Analysis
SKOV-3 cells were seeded at a density of 4 x10° per well in a 6-well plate and cultured

overnight. The medium was replaced/washed by FBS-free medium three times. Depending on
targeted proteins, cells were challenged by 250 uM (PAS)1F2 for 30 min (for cleaved caspase-3

and -8), 1 h (for cleaved caspase-1, GSDMD-NT, P-MLKL, and cleaved caspase-3 and -8), or 4 h
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(for IL-1B). The conditioned medium was removed for later use. Cells were washed by PBS three
times and lysed for 30 min at 4°C in RIPA buffer containing protease and phosphatase inhibitor
cocktail (Thermo Scientific, 78441) and centrifuged at 12,000 x g for 10 min. The conditioned
medium (serum free) was centrifuged at 500 g for 5 min to remove cell debris and then
concentrated by Centrifugal Filters (Amicon® Ultra, 10 kDa NMWCO). Protein concentrations
were measured and held consistent via a bicinchoninic acid assay (BCA) protein assay kit (Bio-
Rad, 5000002). All samples were boiled in loading buffer for 10 min before gel electrophoresis.
Proteins were separated by 4-12% NuPAGE Bis-Tris gels and transferred to PVDF membranes.
Membranes were blocked with 5% nonfat dry milk and incubated with primary antibodies at 4 °C
overnight. Then, membranes were incubated with horseradish peroxidase-conjugated goat anti-
mouse 1gG (Cell Signaling Technology, 7076) or goat anti-rabbit IgG (Cell Signaling Technology,
7074) for 1 h at RT. Blots were visualized using ECL substrate (Thermo Scientific, 35050). The
following primary antibodies were wused: anti-GAPDH (Proteintech, HRP-60004),
Apoptosis/Necroptosis Antibody Sampler Kit (Cell Signaling Technology, 92570), and Pyroptosis

Antibody Sampler Kit (Cell Signaling Technology, 43811).

4.3.21. Lumit Human IL-1p Immunoassay for Detection of Cleaved IL-1§ In Medium
SKOV-3 cells were seeded into 384-well plate (Corning, white solid, CLS3570) at a

density of 2000 cells in 18 pL medium per well and cultured overnight. Cells were challenged by
(PAS):F2 (250 pM) or Nigericin (20 uM) for 1h. Lumit Human IL-1p Immunoassay (Promega)
was performed following the manufacturer’s protocol. The luminescence signal was read with a
plate-reader (Synergy H1, BioTek) and the concentration of cleaved IL-1B in the conditioned

medium was calculated from a standard curve of luminescence versus concentration.
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4.3.22. Inhibition of Cell Death
Cells were seeded into 384-well plates at the density of 2500 cells in 25 pL medium per

well and incubated overnight. Cells were incubated with either NaCl in water or inhibitors in PBS
(CA-074, Pepstatin A, E-64d, zVAD-fmk, and necrosulfonamide (NSF), all from Apexbio
Technology) for 1 h followed by (PAS):F2 (125 or 250 uM) for 24 h. Here, 5 puL CellTiter-Blue
Cell Viability assay (Promega, G8080) was then added to each well. After incubation for another

2 h, the fluorescence was read and the cell viability was calculated as mentioned before.
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4.4, RESULTS AND DISCUSSION

4.4.1. Proof of Concept: Self-Assembly Controllable Surface Charge Density and Cell
Cytotoxicity

We envisioned that IWPEI conjugated to a self-assembling peptide carrying PyTPE could
form the proton sponge nano-assembly (PSNA) in aqueous environment. The PSNA would have
both enhanced fluorescence (from AlEgen aggregation) and positive surface charge density (from
PEI aggregation) compared to its building blocks (Figure 4.1 (A)). The enhanced fluorescence
could be useful for cell imaging, while the increased positive surface charge density could boost
cell cytotoxicity and trigger immunogenic cancer cell death (Figure 4.1 (B)).

We synthesized a series of PSNA compounds with the formula
(ACE)LAGGGG(F)yPra(PyTPE)(PAS)xG(PEI) (reads from the N-terminal to C-terminal) (Figure
4.1 (A); see Materials and Method and Figure 4.12-Figure 4.18 for method and mass and NMR
spectra). Single-letter codes®>® were used for amino acids unless otherwise specified. ACE
represents acetylation. LAG is a fragment of PLG*LAG (i.e., a matrix metalloproteinases-2
(MMP-2)-cleavable substrate), which is to make the current design compatible with future
functionalization with MMP-2 cleavable cargos (e.g., imaging agents and drugs). For example,
cargo-PLG*LAGGGG(F)yPra(PyTPE)(PAS)xG(PEI) can be cleaved by MMP-2 to release cargo-
PLG and PSNA. G is a common spacer. Pra represents L-propargylglycine containing an alkyne
group for conjugating azide-PyTPE via click chemistry. PEI-800 Da is to offer positive charges
and PyTPE to introduce AIE fluorescence and hydrophobicity. F (hydrophobic) and PAS

(combination of P, A, and S, hydrophilic3**) are the amino acids whose repetition number can be
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Figure 4.1 Design of the proton sponge nano-assembly (PSNA).

(A) Scheme showing the chemical structure of the PSNA monomer and the formation of the
proton sponge nano-assembly from PSNA monomer. The assembly enhances the aggregation-
induced fluorescence, charge density, and cell cytotoxicity. (B) Scheme showing that PSNAs
can be internalized by cancer cells via endocytosis to trigger immunogenic cell death pathways
such as necroptosis and pyroptosis.

varied to further control the self-assembly tendency of PSNAs. These compounds were named
(PAS)xFy. For example, (PAS)1F2 is (ACE)LAGGGGFFPra(PyTPE)PASG(PEI).

As a proof of concept, (PAS):F2 and its building blocks were compared to understand
whether the self-assembly can control the surface charge density and cell cytotoxicity (i.e., PEI,
peptide-PEI, peptide-PyTPE-PEI, peptide, and peptide-PyTPE. Figure 4.2. See Figure 4.12, Figure
4.13, and Figure 4.16 for mass and NMR spectra). These compounds can be divided into two
groups: positively charged (PEI, peptide-PEI, and peptide-PyTPE-PEI) and negatively charged
(peptide and peptide-PyTPE). In both groups, only the compound containing PyTPE self-
assembled (i.e., peptide-PyTPE-PEI and peptide-PyTPE) as evidenced by TEM images (Figure

4.2 (B)) and a significantly higher particle number concentration (n=3, P<0.001, Figure 4.2 (C)).
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Figure 4.2 Self-assembly controls surface charge density and cell cytotoxicity.

(A) Heat map showing effects of building blocks on particle number concentration, |zeta
potential|, and cell cytotoxicity. Data from (C-E) was normalized to 0-100 scale. (B) Schemes
and TEM images and (C) plot of particle number concentration showing peptide-PyTPE-PEI
and peptide-PyTPE formed nano-assemblies. n=3, ***:P<0.001. Scale bar, 100 nm. Inset:
higher-magnification images, scale bar, 25 nm. Schemes were created with BioRender.com.
Plots of (D) zeta potential (n=3, P<0.001) and (E) cell cytotoxicity (n=4, ***:P<0.001)
showing compounds forming nano-assemblies (i.e., peptide-PyTPE-PEI and peptide-PyTPE)
have a higher surface charge density and only peptide-PyTPE-PEI with a higher positive
surface charge density exhibited strong cell cytotoxicity.
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Therefore, the stronger hydrophobicity introduced by PyTPE favors a higher tendency to self-
assemble. Meanwhile, although PEI, peptide-PEI, and peptide can be charged at the molecular
level, they showed neutral zeta potential, thus indicating a low surface charge density (Figure 4.2
(D)). However, self-assembled peptide-PyTPE-PEI and peptide-PyTPE showed significantly
stronger positive (+15.8 mV) or negative zeta potential (-13.6 mV) (n=3, P<0.001, Figure 4.2 (D)),
indicating that the self-assembly of charged molecules increases the surface charge density. Cell
cytotoxicity tests further indicate that only self-assembled peptide-PyTPE-PEI with a higher
positive surface charge density exhibited a stronger cytotoxicity (n=4, ***:P<0.001, Figure 4.2
(E)), consistent with the reported correlation between charge and cytotoxicity.3*® These results
clearly show that the self-assembly of charged molecules (e.g., PEI) can enhance the surface

charge density and thus increase the cell cytotoxicity of the assembled products.

4.4.2. Optimization of the Self-Assembly Tendency, Intracellular Fluorescence, and Cell
Cytotoxicity

We next created a PSNA with optimized AIE fluorescence, positive surface charge density,
intracellular fluorescence, and cell cytotoxicity. Inspired by the known hydrophobicity of PyTPE,
we further tuned the number of hydrophilic components, PAS, and the hydrophobic F in the
peptide backbone of PSNAS: (PAS)1Fo, (PAS)1F1, (PAS)1F2, (PAS)sF2, and (PAS)sF2 (Figure 4.14-
Figure 4.18). These PSNAs were compared for morphology, size, particle number concentration,
AIE fluorescence, zeta potential, and cell cytotoxicity (Figure 4.3, Figure 4.4, and Figure 4.19).
These characterizations showed that (PAS):F2 had the highest tendency to self-assemble as
evidenced by the highest particle number concentration, AIE fluorescence, and zeta potential
(Figure 4.3 (A)). In turn, (PAS):F. has the strongest intracellular fluorescence and cancer cell

cytotoxicity (Figure 4.3 (A) and Figure 4.4).
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Figure 4.3 Physical properties as a function of F and PAS numbers.

(A) PSNA sequences and heat map showing (PAS),F, is optimized in particle number

concentration, AIE F.L., zeta potential, and cell cytotoxicity. The heat map was created by
normalizing data from Figure 3 and Figure 4B to 0-100 scale. (B) TEM images of dried PSNAs.
Inset: higher-magnification images. (C-E) Plots showing (C) particle number concentration, (D)
AIE F.L., and (E) zeta potential increases with increasing F number and decreasing PAS number.
n=3, N.S.: P>0.05, **: 0.001<P<0.01, ***:P<0.001.

The detailed comparison of PSNAs’ properties is discussed as follows. When fixing the
PAS number at 1 and increasing the F number from 0 to 1 and 2, as-formed nano-assemblies
changed from 80 nm branched nanoribbons ((PAS)1Fo) to 94 nm branched nanoribbons ((PAS)1F1)

and 22 nm nanospheres ((PAS):F2) (Figure 4.3 B(i-iii) and Figure 4.19 (A-C)). Meanwhile, the
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particle number concentration (Figure 4.3 C(i)), AIE fluorescence intensity (Figure 4.3 D(i-ii)),
and zeta potential (Figure 4.3 E(i)) increase with increasing F number. This suggests that
increasing F number favors self-assembly and increases the positive surface charge density of
PSNA because of the stronger hydrophobic interactions due to more F residues.

The products remain spherical when fixing the F number at 2 and increasing the PAS
number from 1 to 3 and 6; the size changed slightly from 22 nm ((PAS)1F2) to 28 nm ((PAS)3F2)
and 44 nm ((PAS)eF2) (Figure 4.3 B(iii-v) and Figure 4.19(C-E)). The particle number
concentration (Figure 4.3 C(ii)), PyTPE fluorescence intensity (Figure 4.3 D(iii-iv)), and zeta
potential (Figure 4.3 E(iii)) decrease with increasing PAS number, thus indicating that more PAS
hinders the self-assembly and decreases the positive surface charge density of PSNAs. This can be
explained by more hydrophilicity and steric repulsion introduced by more PAS.3%* In theory, an F
number >2 (e.g., (PAS)1F3) or PAS number <1 (e.g., (PAS)oF2) may offer an even higher self-
assembly tendency, but this was practically impossible: both (PAS)iFs; and (PAS)oF. were not
soluble in water/PBS (data not shown).

The AIE fluorescence of PSNAs can be useful for cell labelling and understanding PSNAs’
intracellular activities. To validate and compare PSNAs’ cell labelling capability, SKOV-3 cells
were incubated with PSNAs and imaged by a confocal microscope (Figure 4.4 (A)). PSNAs were
successfully internalized by cells and emitted yellow fluorescence (Figure 4.4 A(i-iii)). Moreover,
(PAS)1F2 shows a 2.5-fold higher intracellular fluorescence than that of (PAS)1Fo and (PAS)sF2
(n=3, 0.001<P<0.01, Figure 4.4 A(iv)) due to a stronger AIE intensity (Figure 4.3 (D)) and better
cell uptake due to more positively charged surface (Figure 4.3 (E)) of (PAS)1F-.

In addition to intracellular fluorescence, we studied if PSNAs also differed in cancer

therapy. The goal was to turn “immune cold” cancers “hot”, and thus cells of two “immune cold”
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Figure 4.4 Intracellular fluorescence and cell cytotoxicity as a function of F and PAS

numbers.

(A, i-ii) Confocal images and (A, iv) plot of yellow F.L./blue F.L. versus PSNA sequences
showing (PAS),F, has the highest intracellular fluorescence. n=3, N.S.. P>0.05, **.
0.001<P<0.01. Effects of (B) PAS and (C) F amino acids on the cell cytotoxicity of PSNAs
tested from HelLa and SKOV-3 cell lines. Cell cytotoxicity increases with increasing F number
and decreasing PAS number. n=4, ***:P<0.001.

cancer types, cervical and ovarian cancer, were used (i.e., HeLa and SKOV-3 cells).®%¢3% Figure
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4.4 (B) shows that cell cytotoxicity of PSNAs on both HeLa and SKOV-3 cell lines increase with
increasing F number and decreasing PAS number. Remarkably, the ICso value of (PAS)1F- is only
half (tested from HelLa) and one-third (tested from SKOV-3) of the I1Cs value of (PAS)oF2 and
(PAS)sF2, thus indicating that (PAS):F2> has the strongest cancer cell killing efficacy (n=4,
P<0.001). The effect of F and PAS numbers on cell cytotoxicity can be explained by their role in
determining the self-assembly tendency and, therefore, positive surface charge density (Figure
4.3). Analysis of cell viability versus the zeta potential of PSNAs with varying F and PAS numbers
indicates that cell viability is inversely proportional to zeta potential (Pearson’s coefficient <-0.94,

p<0.05, Figure 4.20).

4.4.3. Induction of Cell Necrosis
As a first step to understanding the cell killing mechanism of (PAS)1F2, we monitored the

change of cell morphology of (PAS):F2-treated HeLa and SKOV-3 using an optical microscope
(Figure 4.5 (A)). Versus the control group (without (PAS)1F2), (PAS)1F.-treated cells swelled and
ruptured over time, thus indicating cell necrosis instead of apoptosis. To further confirm the mode
of cell death, we performed the Realtime-Glo Annexin V Apoptosis and Necrosis Assay
(RGAVAN) on SKOV-3 cells. The RGAVAN assay can report phosphatidylserine (PS)
components exposed to the outer leaflet of the cell membrane in luminescence and cell membrane
rupture in fluorescence.®*® A combination of luminescence(+)/delayed fluorescence(+) signal or
luminescence(+)/fluorescence(-)  signal corresponds to apoptosis, while concurrent
luminescence(+)/fluorescence(+) or luminescence(-)/fluorescence(+) signal represents necrosis. %
The efficacy of the RGAVAN assay was verified by the luminescence(-)/fluorescence(-) signal
from the negative control (without compound treatment) and luminescence(+)/delayed
fluorescence(+) signal from the apoptosis-positive control (10 ug/mL digitonin) (Figure 4.5 B(i)).

(PAS)1F.-treated SKOV-3 cells (Figure 4.5 B(ii)) showed luminescence(-)/fluorescence(+) signal,
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Figure 4.5 Observation of cell necrosis.

(A) Optical microscopy images showing the swelling and rupturing of HeLa and SKOV-3 cells
challenged by PASF,. (B) Realtime-Glo Annexin V Apoptosis and Necrosis Assay results

reporting (B,i) healthy SKOV-3 cells without compound treatment (negative control) and
apoptotic SKOV-3 cells challenged by digitonin and (B, ii) necrotic SKOV-3 cells challenged
by PAS F,. (C) Plot of relative ATP level showing ATP level of SKOV-3 cells decreases as the

PAS,F, concentration increases.
thus clearly indicating necrosis. The possibility of apoptosis was further ruled out by negative
western blot bands of known apoptosis initiators: cleaved caspase-8 and caspase-3 (Figure 4.21).
The necrosis of SKOV-3 cells was accompanied by a depletion of ATP level (Figure 4.5 (C)) in

addition to the observed cell swelling and rupturing.
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4.4.4, Subcellular Activities of PSNAs and Cell Death Mechanism
Questions thus arise about how (PAS)1F> causes necrosis and what sub-type(s) of necrosis

occur(s). One possibility is that (PAS)1F2 ruptured lysosomes via the proton sponge effect of PEI
followed by the release of lysosome enzymes that trigger regulated necrosis such pyroptosis and
necroptosis. To prove this hypothesis, we carefully tracked the subcellular activities of (PAS)1F>
and detected the expression of pyroptosis- and necroptosis-related proteins with immunoassays.

4.4.4.1. PSNAs entered cells via endocytosis
We first determined whether (PAS)1F2 was internalized by cells via endocytosis because

this is a prerequisite for nanomaterials to eventually accumulate in lysosomes. Thanks to the
optimized AIE fluorescence of (PAS):F2, we could study how the blockade of well-known
endocytic pathways affect the cell internalization of (PAS):F2 using flow cytometry. These
pathways include caveolae-mediated endocytosis, clathrin-mediated endocytosis, and
macropinocytosis—these are known to be blocked by metabolic inhibitors filipin from
Streptomyces filipinensis, pitstop 2, and 5-(N-ethyl-N-isopropyl)amiloride (EIPA), respectively.34*
We first proved the efficacy of these metabolic inhibitors with controls using FTIC-labelled
markers specific to each endocytic pathway, i.e., 10 kDa dextran for macropinocytosis, transferrin
for clathrin-mediated endocytosis, and cholera toxin B subunit for caveolae-mediated endocytosis
(Figure 4.22).3* Next, the cell uptake of (PAS):F. by inhibited SKOV-3 cells was quantified by
flow cytometry (Figure 4.6 (A)). Figure 4.6 (B) shows that a 4 °C treatment resulted in 60%
inhibition of (PAS):F> internalization, thus indicating that endocytic pathways collectively
contributed to 60% of (PAS):1F2 internalization, while the rest was via nonendocytic pathways
(e.g., membrane insertion and membrane fusion).®** More specifically, caveolae-mediated and

clathrin-mediated endocytosis contributed to 37% and 24% internalization as seen in the filipin
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Figure 4.6 PSNAs entered cells via endocytosis.

(A) Flow cytometry histograms and (B) plot of the inhibition rate showing significant inhibition
of cell uptake of PAS,F, by endocytic inhibitors. n=3, N.S.: P>0.05, *: 0.01<P<0.05, **:

0.001<P<0.01, ***:P<0.001.

and pitstop 2 inhibition rate. Note that EIPA did not result in significant inhibition compared to
the non-inhibited control (N=3, P>0.05).

4.4.42. PSNAs accumulated in and ruptured lysosomes and mitochondria
Of particular interest is whether (PAS):1F2 can accumulate in and rupture lysosomes and

mitochondria after cell internalization. It is interesting for two reasons. First, lysosomes and
mitochondria dysfunction are tightly related to cell death.**® Second, these two organelles can be
targets of (PAS)1F2 considering the observed endocytosis of (PAS)1F. (Figure 4.6) and potential
interactions with organelle membranes via charges and hydrophobic forces.3*® 3 To determine
the (PAS):F, accumulation in organelles, SKOV-3 cells’ lysosomes and mitochondria were

labelled by Magic Red and MitoView 633, respectively, followed by (PAS).F> treatment for 5, 15,
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Figure 4.7 PSNAs accumulated in lysosomes and mitochondria.

Confocal images and analysis of Mander’s colocalization coefficients showing the colocalization
of PAS, F, with (A) lysosomes and (B) mitochondria.

or 30 min. The colocalization of (PAS)1F2 with these organelles was quantified using Mander’s
colocalization coefficients®® determined from confocal images, i.e., the ratio of subject A in
subject B and B in A (Figure 4.7). With an incubation of 30 min, 75% lysosomes and 79%
mitochondria signals colocalized with (PAS)1F2 signals, confirming the accumulation of (PAS)1F2
in lysosomes and mitochondria.

We further evaluated whether this accumulation could damage these organelles. SKOV-3
cells were stained by acridine orange, MitoView 633, and Hoechst 33342 to label lysosomes,
mitochondria, and nuclei, respectively. These cells were then incubated with (PAS):F, for 1 h.
Organelle integrity was quantified based on the normalized acridine orange and MitoView 633

fluorescence signals from confocal images (see details in Materials and Method). Figure 4.8 shows
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Figure 4.8 PSNAs ruptured lysosomes and mitochondria.

Confocal images and plots of organelles’ integrity showing PAS F, ruptured (A) lysosomes and
(B) mitochondria. n=3, N.S.: P>0.05, *: 0.01<P<0.05, **: 0.001<P<0.01, ***:P<0.001.

that (PAS):F> ruptured 75% and 32% lysosomes and mitochondria, respectively (P<0.001,
compared to control).

4.4.43. Rupture of lysosomes triggered pyroptosis and necroptosis
We focused here on the downstream cell activities of lysosome rupture considering the

tight relationship between lysosome dysfunction and regulated necrosis and the observed necrosis
(Figure 4.5 and S10).13% 3 The rupture of lysosomes may trigger at least two sub-types of
regulated necrosis: pyroptosis and necroptosis. Damaged lysosomes release hydrolytic enzymes
such as cathepsin B, which may activate pyroptosis.''® Besides, lysosome dysfunction would
upregulate receptor-interacting protein kinases (RIPKs), which can activate the necroptosis

pathway.**
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Figure 4.9 Rupture of lysosomes triggered pyroptosis and necroptosis.

(A) Confocal images showing the enlargement of lysosomes and release of cathepsin B
(diffusive red F.L.) in PAS,F,-treated SKOV-3 cells. Inset, enlarged images of the area of
interest (white box). (B) Confocal images showing the activation of caspase-1 in PAS F,
treated SKOV-3 cells. (C) Detection of pyroptosis and necroptosis related proteins in PAS, F-
treated SKOV-3 cells. Western blotting showing (C, i) upregulated cleaved caspase-1
(conditioned media), (C, ii) upregulated Pro-IL-1pB (conditioned media), (C, iii) unchanged
GSDMD and GSDMD-NT (cell lysate), and (C, iv) upregulated P-MLKL (cell lysate). (C, v)
Quantification of relative GSDMD-NT and P-MLKL levels showing significant increase in P-
MLKL but non-significant increase in GSDMD-NT compared to the control (w/o PASF,).
n=3, N.S.: P>0.05, *: 0.01<P<0.05, **: 0.001<P<0.01, ***:P<0.001. (C, vi) Cleaved IL-1B
concentration measured by Lumit Human IL-1 Immunoassay from conditioned media. n=3,
N.S.: P>0.05, *: 0.01<P<0.05, **: 0.001<P<0.01, ***:P<0.001.
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We first investigated whether lysosome rupturing activated the pyroptosis pathway.
SKOV-3 cells were stained by Magic Red to report cathepsin B activities followed by treatment
with (PAS)iF.. The release of cathepsin B from lysosomes to cytoplasm was confirmed by
confocal images showing the enlargement of lysosome size (indicator of permeabilization) and
more and more diffusive cathepsin B signal over time (Figure 4.9 (A)). Cathepsin B cleaves pro-
caspase-1 to form capase-1, the initiator of pyroptosis.*'® In a separate confocal observation, both
(PAS)1F2 and nigericin (positive control) treated SKOV-3 cells showed positive FLICA 660 signal
(reporter of cleaved caspase-1); this FLICA 660 activation was not seen in negative controls
(FLICA 660-only and (PAS)1F2-only) (Figure 4.9 (B)). The activation of caspase-1 was further
confirmed by western blotting (Figure 4.9 C(i)).

In pyroptosis, caspase-1 will cleave pro-1L-1p to IL-1p and gasdermin D (GSDMD) to N-
terminal of GSDMD (GSDMD-NT); GSDMD-NT is known to form membrane pores and trigger
membrane rupture, while mature IL-1p can be subsequently released into the extracellular
environment, thus contributing to immune responses.!'® Both pro-IL-1p (Figure 4.9 C(ii)) and
cleaved IL-1p (Figure 4.9 C(vi)) were detected in conditioned media of (PAS)1F.-treated SKOV-
3 cells, thus confirming the maturation and release of IL-1p through ruptured membrane. However,
the western blotting (Figure 4.9 C(iii) and (v)) shows insignificant upregulation of GSDMD-NT
versus the negative control (n=3, P>0.05). Although the reason for absent GSDMD-NT requires
further study, all other evidence converged on the activation of pyroptosis by (PAS)1F2.

The absence of GSDMD-NT, the membrane-pore former, inspired us to investigate
whether an alternative mechanism can explain the cell rupture. Indeed, lysosomes are known to
digest RIPKs. The fact that lysosomes were ruptured by (PAS):F. (Figure 4.8) suggested that

RIPKSs could be upregulated, which can further upregulate phosphorylated RIPKs (P-RIPKSs) and
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Figure 4.10 Mechanism of PSNAs-induced cancer cell death.

PSNAs can be internalized by cancer cells via endocytosis. Internalized PSNAs accumulated
in and ruptured lysosomes and mitochondria. Rupture of lysosomes resulted in the activation
of the pyroptosis and necroptosis pathways and the release of pro-inflammatory cytokines (e.g.,
IL-1B) known to induce anticancer immunity. Solid arrows: pathways supported by
experimental data; dashed arrows: presumed pathways to be verified.

phosphorylated mixed lineage kinase domain-like protein (P-MLKL). P-MLKL is the executor of
necroptosis that also forms membrane pores.t?! ¥ The upregulation of P-MLKL was detected
from the (PAS):1F2-treated SKOV-3 cells by western blotting (Figure 4.9 C(iv) and (v)), which
showed four-fold higher P-MLKL intensity compared to the negative control (n=3, P<0.001).

Together, we concluded that (PAS):F. triggered immunogenic cancer cell death
(pyroptosis and necroptosis) via steps of cell endocytosis, accumulation in and rupture of
lysosomes, cathepsin B release, caspase-1 activation, maturation and extracellular release of IL-
1B, and formation of phosphorylated MLKL (Figure 4.10).

4.4.4.4. Contribution of lysosome rupturing, pyroptosis, and necroptosis to cell death
To further understand the contribution of lysosome rupturing, pyroptosis, and necroptosis

to cell death, the cell viability was measured in various inhibition conditions. First, we

hypothesized that lysosome rupture was the cause of cell death and that it originated from the
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Figure 4.11 Contribution of lysosome rupturing, pyroptosis, and necroptosis to cell death.

Inhibition of PAS,F,-treated SKOV-3 cells’ death by pre-incubation with (A) NaCl and (B)

inhibitors of downstream proteins of lysosome rupturing, i.e., cathepsins (inhibitor: CA-074,
Pepstatin A, and E-64d), caspase-1 (inhibitor: Z-VAD-FMK), and GSDMD-NT and P-MLKL
(inhibitor: NSF). NaCl resulted in fold-increase of cell viability, while protein inhibitors had
less effects. n=4, N.S.: P>0.05, *: 0.01<P<0.05, **: 0.001<P<0.01, ***:P<0.001.

osmotic pressure increase caused by the proton sponge effect. If this holds, then the inhibition of

lysosomes’ osmotic pressure increase would improve the viability of (PAS)1F>—challenged cells.

SKOV-3 cells were preincubated with NaCl prior to (PAS)iF2 to buffer the osmotic pressure

change in lysosomes.3®® As shown in Figure 4.11 (A), the cell viability increases with increasing

NaCl concentration. When challenged by 250 uM (PAS):F», cells pre-incubated with 200 mM

NaCl showed 7-fold higher viability versus no NaCl addition (n=4, P<0.001). This increase was

2-fold in the case of 125 pM (PAS)1F2 and 200 mM NaCl co-incubation (n=4, P<0.001). However,

NaCl treatment did not rescue cells to 100% viability. These results suggest that lysosome rupture

is associated with an osmotic pressure change and is vital in controlling cell death; however, this

lysosome rupture is not the only cause of cell death. Finally, we studied how the inhibition of
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downstream proteins of lysosome rupture affects cell death. Figure 4.11 (B) shows that the
inhibition of cathepsins (by CA-074, pepstatin A, and E-64d), caspase-1 (by zVAD-fmk), and P-
MLKL (by necrosulfonamide (NSF)) has negligible or very subtle effects on reversing the cell
death versus inhibiting lysosome rupturing by NaCl. This is not surprising considering that
(PAS)1F2 may cause other organelles to dysfunction besides the lysosome. Moreover, ruptured
lysosomes would lead to other pathways beyond activating pyroptosis and necroptosis.?® Future
work will study other cell death mechanisms such as those associated with potential mitochondria
dysfunctions. Direct cell membrane insertion and permeabilization by (PAS):F2 is also worth

studying because (PAS)1F contains positive and hydrophobic components,360-361

4.5. CONCLUSIONS

We successfully synthesized a series of proton sponge nano-assemblies (PSNAS) by
conjugating branched PEI (800 Da) with self-assembling peptide-PyTPE. Using peptide-PyTPE-
PEI (PAS1F2) and its building blocks as models, we proved that higher hydrophobicity favors the
self-assembly of PSNA. Moreover, the self-assembly of charged molecules enhanced the surface
charge density, thus leading to dramatically increased cell cytotoxicity observed from peptide-
PyTPE-PEI with the highest positive surface charge density. Considering the pivotal role of self-
assembly, the self-assembly tendency of PSNAs was further optimized by varying the number of
hydrophobic (F) and hydrophilic components (PAS). Specifically, increasing F and decreasing
PAS numbers favored a higher self-assembly tendency (measured by particle number
concentration and AIE fluorescence), thus vyielding (PAS):F> with the maximized AIE
fluorescence, positive surface charge density, intracellular fluorescence intensity, and cancer cell

cytotoxicity. Necrotic cells with increasing size, ruptured membrane, and depletion of ATP were
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observed when challenged by (PAS):F.. Here, 60% of (PAS):F2 entered cells via endocytosis,
followed by its accumulation in and rupturing of lysosomes and mitochondria. The release of
cathepsin B, activation of caspase-1, phosphorylation of MLKL, and maturation and extracellular
release of IL-1P were all detected, thus converging on the activation of pyroptosis and necroptosis.
Cell death inhibition studies using NaCl (osmotic pressure inhibitor) and other pyroptosis and
necroptosis-related inhibitors suggested that other cell death mechanisms may exist in addition to
as-determined lysosome-regulated pyroptosis and necroptosis. The successful induction of these
highly immunogenic death pathways implies the great promise of (PAS):F. in anticancer
immunity. Moreover, the dynamic self-assembly-dependent cytotoxicity of (PAS):F. suggests that
cancer-specific toxicity is highly possible by further linking (PAS):F.> with an inhibitor of self-

assembly via a cancer-cleavable linker (e.g., PLGLAG).
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4.7. SUPPLEMENTARY INFORMATION
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Figure 4.12 Chemical characterizations of PyTPE.

(A) ESI-MS spectrum. [M]" calcd., 533.27; found, 533.42. (B) *H NMR spectrum. 300 MHz,
DMSO-d6, *: solvent peaks.
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Figure 4.13 Chemical characterizations of peptide-PEI and its intermediate.

(A) Chemical structure and high-resolution mass spectrum (MALDI-TOF) of
(ACE)LAGGGGFFPraPASG-COOH. [M]+ calcd. 1174.28, found 1174.60. (B) Chemical
structure and 1H NMR spectrum of (ACE)LAGGGGFFPraPASG(PEI). 300 MHz, methanol-d4.*:
solvent peaks. (C) Calculation of m/z distribution and MALDI spectrum of
(ACE)LAGGGGFFPraPASG(PEI) showing the mass distribution due to PEI polymeric
characteristics. Insert= m/z range between 1450-1600. A peak gap of 43 was found matching the
mass differences of PEI monomers.
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Figure 4.14 Chemical characterizations of (PAS)1Fo and its intermediate.

(A) Chemical structure and high resolution mass spectrum (MALDI-TOF) of
(ACE)LAGGGGPra(PyTPE)PASG-COOH. [M]" calcd. 1413.20, found 1412.80. (B) Chemical
structure and 'H NMR spectrum of (ACE)LAGGGGPra(PyTPE)PASG(PEI). 300 MHz,
methanol-d4.*: solvent peaks. (C) Calculation of m/z distribution and MALDI spectrum of
(ACE)LAGGGGPra(PyTPE)PASG(PEI) showing the mass distribution due to PEI polymeric
characteristics. Insert= m/z range between 1700-1800. Blue= peptide-PEI; Red=peptide-PyTPE-
PEI. A peak gap of 43 was found matching the mass differences of PEI monomers.
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Figure 4.15 Chemical characterizations of (PAS)1F: and its intermediate.

(A) Chemical structure and high resolution mass spectrum (MALDI-TOF) of
(ACE)LAGGGGFPra(PyTPE)PASG-COOH. [M]" calcd. 1560.80, found 1559.87. (B) Chemical
structure and 'H NMR spectrum of (ACE)LAGGGGFPra(PyTPE)PASG(PEI). 300 MHz,
methanol-d4.*: solvent peaks. (C) Calculation of m/z distribution and MALDI spectrum of
(ACE)LAGGGGFPra(PyTPE)PASG(PEI) showing the mass distribution due to PEI polymeric
characteristics. Insert= m/z range between 1850-1950. Blue= peptide-PEI; Red=peptide-PyTPE-
PEI. A peak gap of 43 was found matching the mass differences of PEI monomers.
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Figure 4.16 Chemical characterizations of (PAS)iF2 and its intermediate.

(A)

Chemical

structure

and high

resolution

mass

spectrum

(MALDI-TOF)

(ACE)LAGGGGFFPra(PyTPE)PASG-COOH. [M]" calcd. 1707.28, found 1708.00. (B) Chemical
structure and 'H NMR spectrum of (ACE)LAGGGGFFPra(PyTPE)PASG(PEI). 300 MHz,
methanol-d4.*: solvent peaks. (C) Calculation of m/z distribution and MALDI spectrum of
(ACE)LAGGGGFFPra(PyTPE)PASG(PEI) showing the mass distribution due to PEI polymeric
characteristics. Insert= m/z range between 2000-3000. Blue= peptide-PEI; Red=peptide-PyTPE-
PEI. A peak gap of 43 was found matching the mass differences of PEI monomers.
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Figure 4.17 Chemical characterizations of (PAS)3F2 and its intermediate.

(A) Chemical structure and high resolution mass spectrum (MALDI-TOF) of
(ACE)LAGGGGFFPra(PyTPE)(PAS)3G-COOH. [M]* calcd. 2217.83, found 2217.45. (B)
Chemical structure and *H NMR spectrum of (ACE)LAGGGGFFPra(PyTPE)(PAS)3G(PEI). 300
MHz, methanol-d4.*: solvent peaks. (C) Calculation of m/z distribution and MALDI spectrum of
(ACE)LAGGGGFFPra(PyTPE)(PAS)3G(PEI) showing the mass distribution due to PEI
polymeric characteristics. Insert= m/z range between 2500-2650. Blue= peptide-PElI;
Red=peptide-PyTPE-PEI. A peak gap of 43 was found matching the mass differences of PEI
monomers.
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Figure 4.18 Chemical characterizations of (PAS)cF2 and its intermediate.

(A) Chemical structure and high resolution mass spectrum (MALDI-TOF) of
(ACE)LAGGGGFFPra(PyTPE)(PAS)6G-COOH. [M]" calcd. 2983.65, found 2984.9. (B)
Chemical structure and *H NMR spectrum of (ACE)LAGGGGFFPra(PyTPE)(PAS)6G(PEI). 300
MHz, methanol-d4.*: solvent peaks. (C) Calculation of m/z distribution and MALDI spectrum of
(ACE)LAGGGGFFPra(PyTPE)(PAS)6G(PEI) showing the mass distribution due to PEI
polymeric characteristics. Insert= m/z range between 3200-3400. Blue= peptide-PElI;
Red=peptide-PyTPE-PEI. A peak gap of 43 was found matching the mass differences of PEI
monomers.
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Figure 4.19 Light scattering microscopy images and size distributions.

(A) (PAS)1Fo, (B) (PAS)1F1, (C) (PAS)iF2, (D) (PAS)sF2, (E) (PAS)sF2 measured by multi-laser
nanoparticle tracking analysis (MANTA). 62.5 uM in PBS. Background: one frame of light

scattering microscopy images showing particles in blue. Inset: size distribution histograms
processed from 3000 frames of light scattering microscopy images.
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Figure 4.20 Analysis of Pearson’s coefficient between cell viability and zeta potential.

(A) HelLa cells treated by 125 uM (PAS)1F2, (B) HeLa cells treated by 250 uM (PAS):F», (C)
SKOV-3 cells treated by 125 uM (PAS)1F2, (D) SKOV-3 cells treated by 250 um (PAS):1F.. Cell
cytotoxicity is inversely proportional to zeta potential (Pearson’s coefficient <-0.94, p<0.05)
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Figure 4.21 Western blot showing no expression of apoptosis related proteins (cleaved
caspase 3 and cleaved caspase 8).

SKOV-3 cells were treated by (PAS):F> for 30 min or 1 h. Both the cell lysate and conditioned
media were sampled and detected.
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Figure 4.22 Efficacy of endocytic inhibitors.
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Flow cytometry histograms of SKOV-3 cells’ internalization of (A) cholera toxin-FITC, (B)
transferrin-FITC, and (C) 10 kDa dextran-FITC. (D) Quantification of the inhibition rate showing
filipin, pitstop 2, and EIPA inhibitors were effective in blocking caveolae-mediated endocytosis,
clathrin-mediated endocytosis, and macropinocytosis, respectively.3#
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