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ABSTRACT

The design and fabrication of Si-based multi-functional nanomaterials for biological and
biomedical applications is an active area of research. The potential benefits of using Si-based
nanomaterials are not only due to their size/surface-dependent optical responses but also the
high biocompatibility and low-toxicity of silicon itself. Combining these characteristics with the
magnetic properties of Fe304 nanoparticles (NPs) multiplies the options available for real-world
applications. In the current study, biocompatible magnetofluorescent nano-hybrids have been
prepared by covalent linking of Si quantum dots to water-dispersible FesOs NPs via

dicyclohexylcarbodiimide (DCC) coupling. We explore some of the properties of these



magnetofluorescent nano-hybrids as well as evaluate uptake, the potential for cellular toxicity,
and the induction of acute cellular oxidative stress in a mast cells-like cell line (RBL-2H3) by heat
induction through short-term radio frequency modulation (10 min @ 156 kHz, 500 A). We found
that the NPs were internalized readily by the cells and also penetrated the nuclear membrane.
Radio frequency activated nano-hybrids also had significantly increased cell death where > 50%
of the RBL-2H3 cells were found to be in an apoptotic or necrotic state, and that this was

attributable to increased triggering of oxidative cell stress mechanisms.

INTRODUCTION

Bringing together materials with complementary properties to form bonded hybrids can
lead to predicted, as well as unforeseen characteristics that hold the promise of broad impacts
that reach beyond those of the isolated constituents.'> One particularly appealing combination
sees light emission and magnetism brought together to provide materials with enhanced
functionality.31° In each of these cases, a fluorescent cell imaging agent rendered responsive to
an externally applied magnetic field could offer the possibility of simultaneous detection and

separation of targeted cell populations and has the potential to be exploited as a therapeutic.*®1?

An array of quantum dot (QD)-based magnetofluorescent probes have been reported; they are
typically prepared by linking prototypical CdSe quantum dots (QDs) with magnetic nanoparticles

12 doping,'3

(NPs) using various approaches including high-temperature decomposition,
crosslinking,'* encapsulation,’ leading to the formation of nanocomposites.'® Bawendi et al.

prepared what they coined “super-NPs” via the co-assembly of Fe304 NPs ‘core’ with a ‘shell’ of

fluorescent CdSe@CdS QDs.!’ Following assembly, they introduced a silica layer that stabilized



the assemblies, provided a platform for surface functionalization, as well as improved
biocompatibility.!” These super-NPs were subsequently used as a dual-mode  probe for in vivo
imaging.l” Despite offering important proof-of-concept advances, widespread real-world
biological/medical application of most metal-based QDs (i.e., CdSe) is extremely unlikely due to

the high inherent toxicity of Cd.*®

The promise of a biologically compatible magnetofluorescent probe was recently
highlighted in a review by Marcelo et al.*® Nanomaterials based upon Group 14 elements, most
prominently silicon QDs, offer all of the benefits (e.g., tunable surface chemistry and
photoluminescence, etc.?>% of heavy-metal containing QDs, while also being biocompatible.?42>
Not surprisingly, Si-based magnetofluorescent labels have been prepared and investigated,
although to a far lesser extent than those based on other QDs. Swihart et al. developed a
magnetofluorescent probe by encapsulating hydrophobic SiNPs and Fe304 NPs in phospholipid-
polyethylene glycol micelles.’® These hydrophilic micelles have a hydrophobic core of NPs and
were used for in vitro and in vivo bio-imaging.!® In another study, Sailor et al. fabricated
luminescent microparticles made of porous-Si and loaded with Fes04 NPs and the anti-cancer
drug doxorubicin to target-deliver the drug to human cervical cancer cells in vitro.3* However,
there are some concerns with this therapeutic formulation due to bio-incompatibility and

inherent toxicity of hydrophobic Fe3s04 NPs.2627

The magnetic response of iron oxide-containing NPs makes them intriguing for medical
applications as they can act as an MRI contrast agent. While their application as  contrast agents
has been well documented and explored,?®33 a less widely known property of iron oxide-

containing NPs is the ability to inductively heat when placed in a modulating magnetic field. The



inductive heating effect of iron oxide NPs was first demonstrated over 60 years ago (1957), but
they have only recently been promoted for clinical applications.3*3> Current research primarily
focuses  on the optimization of iron oxide nanomaterials toward magnetohyperthermia and
making the material more suitable for multimodal medical applications.3¢3° This promising
approach capitalizes on external stimuli to induce cell apoptosis/necrosis, similar to light-based
therapies. However, radio frequency (RF) modulation has the advantage of deeper tissue
penetration (cm vs. mm for photo-induced hyperthermia).?® A drawback of inductive heating is
the limitation of lower heating efficiency, thus requiring higher NP concentrations to induce

apoptosis/necrosis.*°

Iron oxide NPs have been combined with various other nanomaterials to produce
dynamic therapeutic platforms.4%4! This includes combining  with gold NPs to marry the photo
and magneto induced hyperthermia of these two materials to yield a synergistic heating effect.*°
Similarly, iron oxide/SiO2 core/shell NPs have been conjugated with CdSe/ZnS quantum dots to
make luminescent magnetic hybrids.** While these aforementioned luminescent hybrids are
effective, killing 99.2% of pancreatic human cancer cells after 2 min using a dose of 1.66 pg/mi,
41 these materials use the toxic/restricted metals discussed above, resulting in severe and

uncontrolled non-target effects that limit their practical application in clinical settings.

In this study, we have combined the optical properties (i.e., visible photoluminescence)
of SiQDs with the magnetic response of hydrophilic FesOs NPs by covalently linking these
materials. Herein, a water-dispersible magnetic-photoluminescent hybrid material has been
synthesized via DCC coupling of acid-functionalized SiQDs and hydrophilic amine-terminated

magnetite (Fes0a) NPs. Moreover, its cytotoxicity and application as a theranostic agent (i.e., cell-



imaging and magneto hyperthermia) were studied and demonstrated using the rat basophilic
leukemia (RBL)-2H3 cell line. RBL-2H3 cells are mast cell-like immune cells and are a commonly
used cell model for the examination of immune system responses to foreign agents, such as
allergens and other contaminants, including NPs.#27% Mast cells are located at the interface
between the internal and external environments in the mucosal linings of the respiratory and
gastrointestinal tracts, in blood vessels and in the skin, where they monitor for potential non-self
antigens to target and remove. The primary immune function of mast cells is degranulation, a
receptor-mediated effector response in which vesicle-stored antimicrobial and inflammatory
granules (e.g., histamine) are released in an attempt to destroy foreign antigens.*” RBL-2H3 cells
can also internalize particles using various uptake mechanisms such as phagocytosis.*® Therefore,
since mast cells are early detectors of foreign particles and are likely to encounter infiltrated and

circulating NPs, they are ideal cell candidates for determining the biocompatibility of novel NPs.

RESULTS AND DISCUSSION

Prevailing methods for preparing monodispersed Fe3Os NPs are based on the thermal
decomposition of iron precursors in the presence of different surfactants and capping agents
such as oleic acid and oleylamine.**=2 Although these approaches yield a narrow size distribution
of magnetite NPs, the bio-incompatibility, toxicity, and hydrophobicity of the final Fe304 particles
limit their use for biological imaging and other biomedical purposes.?®>* We have chosen to
employ an alternative approach involving the microwave-assisted in-situ hydrothermal synthesis
and functionalization of Fe30s NPs in the presence of excess capping agent (e.g., (3-

aminopropyl)trimethoxysilane, APTMS).>7:2653-56 The resulting APTMS-capped magnetite NPs



form a uniform suspension in water that can be attracted to an external magnetic field (Figure

1a).
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Figure 1. Characterization of APTMS-capped Fe30s NPs: a) A photograph of a water dispersion
of APTMS-capped Fesz04 before (left) and after (right) exposure to a permanent magnet. b) A
representative bright-field TEM image (Inset: Average-shifted histogram showing an average
diameter =6.8 £ 2.1 nm). c) EDX, d) FT-IR spectra, and e) The Fe 2p region of the high-resolution

XP spectrum with appropriate fitting for Fe?* and Fe3*.>7-62

TEM analyses of APTMS-capped magnetite particles (Figures 1b and S1 in Supplementary

Information) show NPs with a size distribution of 6.8 + 2.1 nm (Figure 1b). NPs of this size are



considerably smaller than the single-domain dimension of bulk Fe304 (i.e., 128 nm)®3%* and are
known to exhibit superparamagnetic behavior.®> Superparamagnetic particles have no coercivity;
hence they will not remain aggregated and freely demagnetize and reorient after removing the
magnetic field.*> HRTEM imaging (Figure S1) shows lattice fringes of 0.29 nm that correspond to
the {220} planes of bulk Fe304.56 The EDX spectrum of APTMS-capped Fes04 NPs (Figure 1 c)
indicates the presence of iron, oxygen, silicon, and carbon at the sensitivity of the method (+ 1-

2% atomic % depending on Z).%”

The IR spectrum of APTMS-capped FesOs NPs (Figure 1d) shows broad and strong
absorption from N-H stretching of the amine functionality at ca. 3410 cm™ along with
corresponding bending at ca. 1580 cm™. Features associated with aliphatic C-H stretching and
bending are noted at 2960 and 1400 cm?, respectively. In addition, features associated with Si-O
(ca. 1130 cm™) and strong Fe-O stretching (ca. 650 cm™) provide further evidence of APTMS
functionalization of the magnetite NP surface.®®7% The XP survey spectrum of magnetite NPs
(Figure S2) exhibits the expected features arising from Fes304.>’-®! Figure le shows a high-
resolution XPS of Fe 2p spectral region; three features at binding energies of 710.5, 712.1, and
713.7 eV, corresponding to Fe?*, Fe3* octahedral, and Fe3* tetrahedral. Two other features at

717.6 and 720.7 eV are related to satellite peaks for Fe?* and Fe3* are also noted.®?

SiQDs were prepared by the method developed in the Veinot lab that involves the
reductive thermal processing of hydrogen silsesquioxane.”! For the present study, hydride-
terminated SiQDs liberated from the oxide matrix upon HF etching were functionalized with

undecanoic acid moieties using an established radical-initiated surface hydrosilylation protocol.”?



Brightfield TEM imaging of undecanoic acid-functionalized SiQDs (Figure 2a) shows
pseudospherical SiQDs and a size distribution of 4.6 £ 0.8 nm (Figure 2a, inset), while HRTEM
analysis (Figure 2c) shows fringes of 0.33 nm, characteristic of the Si {111} lattice spacing.
Furthermore, EDX analysis indicates that the functionalized SiQDs are expectedly composed of
silicon, carbon, and oxygen (Figure 2b). Consistent with previous reports, the photoluminescence
spectrum of SiQDs of these dimensions shows an emission maximum at ca. 720 nm upon
excitation at 350 nm (Figure 2d and e).”> The FT-IR spectrum (Figure 2f) clearly shows
characteristic features related to surface bonded 10-undecanoic acid (i.e., O-H stretching ca.

3400 cm™, C-H stretching ca. 2900 cm™, C-H bending ca. 1400, C=0 stretching ca. 1708 cm™).

We also note evidence of residual Si-H stretching at ca. 2100 cm™ and Si-O-Si at ca. 1100
cm. The survey XP spectrum of undecanoic acid-functionalized SiQDs (Figure S3) exhibits the
expected features arising from SiQDs. At the same time, the high-resolution scan of the Si spectral
region (Figure 2g) is consistent with the present EDX and IR analysis suggesting some surface

oxidation.
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Figure 2. a) Bright-field TEM image and size distribution of undecanoic acid-functionalized
SiQDs. b) EDX spectrum of undecanoic acid-functionalized SiQDs. c¢) HRTEM image of a
representative SiQDs showing lattice fringes arising from Si [111] planes. d) A photograph of a
water dispersion of undecanoic acid-functionalized SiQDs under 350 nm illumination. E) PL
spectrum upon excitation at 350 nm. f) FT-IR spectrum. g) Si 2p region of the high-resolution
XP spectra of undecanoic acid-functionalized SiQDs showing fitting for the Si 2ps/2 component.
(The Si 2p1/2 components have been omitted for clarity.)

With the development of APTMS-capped magnetite and undecanoic acid-functionalized

SiQDs, the coupling of these two functional components was achieved using established



dicyclohexylcarbodiimide (DCC) mediated coupling (Scheme 1).74-76 Carboxylic acid-terminated
SiQDs were first activated with DCC and subsequently exposed to amine-terminated Fe304 NPs
to form amides linkages. The resulting hybrids were freed from reaction byproducts (e.g.,
carboxylic acid anhydride, N,N'-dicyclohexylurea) and uncoupled SiQDs, upon repeated isolation

by magnetic separation/re-dispersion cycles.
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Scheme 1. Synthesis of Si-amide-Fe304 NPs via DCC coupling of undecanoic acid-terminated
SiQDs and APTMS-capped FezOs NPs

Figure 3a (as well as video S1in Sl) illustrates water dispersed Si-amide-Fe304 NPs exposed
to a benchtop UV light before, during, and after exposure to a permanent magnet. Qualitative
inspection immediately reveals the Si-amide-Fe304 NPs retain the SiQD optical response, which
is also manifested in the PL spectrum (Figure 3b) that shows no shift in the PL maximum after the
coupling reaction. The response of the Si-amide-FesOs NPs upon exposure to a permanent

magnet also provides a qualitative indication of coupling as the hybrid particles are attracted to



the magnet. Infra-red spectroscopy (Figure S4) further confirms covalent coupling of carboxylic

acid-functionalized SiQDs with amine termination of APTMS-capped FesOs NPs and shows

features characteristic of the constituent SiQD and Fe304 NP components, as well as the expected

amide linkage (i.e., amide carbonyl stretching at 1643 cm™).
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Figure 3. a) A photograph of water suspended Si-amide-Fes0s NPs (ca. 1 mg/mL) upon
exposure to a benchtop UV light and a permanent magnet. b) PL spectra of SiQDs (black trace)
and Si-amide-Fe304 NPs (red trace) upon excitation at 350 nm. ¢) Raman spectrum of Si-amide-
Fes0s nano-hybrids. d) EDX spectrum of Si-amide-Fe3s04 nano-hybrids. e, f) Si 2p and Fe 2p
regions of high-resolution XP spectra Si-amide-Fe304 nano-hybrids.

Raman spectroscopy shows a feature at 523 cm™ indicative of Si-Si bonding, which is

consistent with the SiQD integrity being maintained during coupling. EDX (Figure 3d) and XP

spectroscopy (Figure S5) confirm the presence of carbon, oxygen, iron, and silicon. Furthermore,



the high-resolution XP of the Si spectral region (Figure 3e) shows emissions associated with Si(0)
as well as Si sub-oxides, and the Fe region (Figure 3f) confirms the presence of Fe304 (vide supra).
Figure S6 also shows several bright-field TEM images of Si-amide-FesOs nano-hybrids. The
aggregated structures shown in these images confirm that several FesO4 NPs (darker spots) were
attached to SiQDs (lighter spots). Higher contrast TEM images, as well as elemental mapping
analysis, was not possible due to the thick layer of different ligands (e.g., undecenoic acid,

APTMS, coupled amide moieties) on the surface of Si-amide-Fe3z04 nano-hybrids.

Following the development of stable, magnetic, and photoluminescent Si-amide-Fe304
nano-hybrid NPs, our next objective was to investigate their biocompatibility by measuring the
effects of Si-amide-Fes04 NP exposure on RBL-2H3 cell viability and functionality at a range of
doses. Results from these tests showed that after 1 h of in vitro exposure, Si-amide-Fe304 NPs did
not increase apoptosis in RBL-2H3 cells in all doses aside from the highest tested (i.e., 100 pg/mL).
Under those conditions, the percentage of necrotic cells increased significantly (8.2 + 0.74 % SEM)
compared to the other doses, including the control (1.8 £ 0.17%) (Figure 4). After a 24 h exposure,
the percentage of late apoptotic (0.1 pug/mL: 14.7 +2.1%, 1 pg/mL: 13.3 + 1.2%, 10 pg/mL: 12.8
+1.0%, 100 pg/mL: 12.7 + 1.2%) and necrotic (0.1 pg/mL: 10.9 + 2.3%, 1 pg/mL: 12.2 + 0.5%, 10
pug/mL: 10.9 + 1.1%, 100 pg/mL: 16.8 + 1.5% SEM) cells increased (approximately doubling) in all
the tested NP doses when compared to vehicle control (6.9 + 0.4% SEM), but with no difference
in the percent increase of late apoptotic and necrotic cells for any of the doses (Figure 4). Despite
some decreases in cell viability, when cell death is normalized to vehicle controls over 24 h, the
percentage of dead and dying cells in the treatment groups drops to 5-10 % of the cell population.

In this context, these results indicate that over a wide range of Si-amide-Fe304 NP doses, only a



very small number of RBL-2H3 cells are adversely sensitive to Si-amide-Fe3z04 NPs, and only after
24 h. Furthermore, given that immune mast cells actively interact with foreign particles and are
located at mucosal boundaries with the external environment, means they are likely key targets
for NPs and could be increasingly prone to toxicity. Therefore, these low levels of cell death under
controlled conditions indicate that these Si-amide-Fe304 NPs are likely highly biocompatible.
Moreover, the immunological response of RBL-2H3 cells towards the Si-amide-Fez04 NPs showed
that at low doses these cells do not significantly degranulate as measured by the B-
hexosaminidase (B-hex) release assay (Figure S7), while at the highest dose, only a small immune
response was triggered, further indicating biocompatibility of the Si-amide-Fe304 NPs toward
highly sentinel immune cells. These results are in contrast to other NPs that show potent immune

degranulatory stimulation in RBL-2H3 cells when exposed to metal’” and non-metal based NPs.*¢

Previous biocompatibility studies have shown that cell death from Fe-based NPs is
attributed to oxidative stress from the generation of reactive oxygen species (ROS) when NPs act
as catalysts in Fenton reactions.”® Free radical toxicity is a common mechanism by which many
types of NPs can affect cell health, and excessive ROS products can initiate cellular apoptosis by
causing excessive damage or changes to the cytoplasmic and/or inner mitochondrial
membranes.”>® Mitochondrial destabilization results in the loss of mitochondrial
transmembrane potential and the downstream activation of the proteolytic caspase cascade that
lead to the execution pathway and the final death of the cell.®! The increase in late apoptosis of
a small population of cells after 24 h suggests that these NPs are activating the caspase cascade,
likely through the intrinsic apoptotic pathway, which is a known target for free radicals, and are

not causing cell death via necrosis, a distinct modality for cell death.8%83
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Figure 4. Cellular apoptosis results of RBL-2H3 cells following exposure to 0 (PBS, vehicle control),
0.1, 1, 10, 100 pug/mL Si-amide-Fe304 NPs, plus1% ethanol (positive control) for (a) 1 h or (b) 24
h. Apoptosis is proportioned into: viable, early apoptosis, late apoptosis and necrosis cell death
categories for each exposure period. Data are means + SEM n = 5 independent experiments.
Statistics are presented in Figure S8 and S9, where different lower-case letters denote significant
differences (two-way ANOVA, p<0.05) within a cell death category, followed by a Tukey’s
pairwise multiple comparison test.



RBL-2H3 cells significantly internalized Si-amide-Fe3Os NPs across a range of NP doses
(Figure 5). Three-dimensional computer surface rendering of confocal images also confirmed that
the NPs had penetrated the plasma membrane and were located mostly in the cytosol, but were
also clearly observed inside the nucleus of RBL-2H3 cells (Figure 6 and Supplementary Animation
S1 and Animation S2). The amount of NPs that penetrated the cells also increased dose-
dependently. In a recent paper from our group, we also demonstrated that small NPs (<10 nm in
size) were also readily taken up by blood endothelial cells using an ex vivo prep, with a percentage
of NPs capable of penetrating through two cell layers into the vascular smooth muscle layer of
the vessel walls.”” The mechanism by which these NPs can enter cells is unknown. However,
recent studies have suggested that clathrin receptor-mediated endocytosis is a primary
internalization pathway by which NPs can penetrate the plasma membrane.®* We have also
recently shown that when clathrin receptors are pharmacologically antagonized, there is a
significant reduction in the amount of NPs that are taken up by the cell,”” suggesting that

clathrin-mediated endocytosis is the dominant operative pathway for NP internalization.

From a biocompatibility perspective, the ability to regulate the number of NPs that can
penetrate a cell presents an interesting opportunity to develop therapeutic NPs that can target
various components of the cell. However, uptake into cells may also exacerbate cell death by
mechanisms described above, and several reports correlate NP uptake and cell death.*>8> The
increased percentage of late apoptotic cells after a 24 h exposure to the highest NP dose (100

ug/mL) may be partially explained by the increased uptake of Si-amide-Fes04 NPs. Their internal



presence may increase the amount of ROS that are generated and trigger apoptotic pathways in

the cell.

The uptake of the Si-amide-Fe304 NPs by the nucleus is of particular interest as it is not
common for nanomaterials to enter the cell nucleus.8®®” While carbon-based nanomaterials
(MWCNT, graphene/carbon quantum dots, and C60) will enter the cell nucleus without additional
modification, most other nanomaterials require an additional nuclear localization sequence
peptide (NLS) tagged to the surface of the nanomaterial to facilitate the crossing of the nuclear
envelope.?”8 Previously it has been shown that small CdTe QDs (2.2 nm; green
photoluminescence) localize primarily in the nucleus, while larger CdTe QDs (5.2 nm; red
photoluminescence) were localized primarily in the cytoplasm. It is particularly desirable to get
red-emitting QDs into the nucleus without the use of an NLS.°%°! Entry into the cell nucleus is
typically limited to small NPs (<5 nm) and can be extended to 20 nm by employing an NLS peptide
to assist with passage through the nuclear envelope.®? Iron oxide NPs, in particular, tend to
remain in the perinuclear region without further modification.?>** Our magnetofluorescent
nano-hybrids cross both the cell and nucleus membranes without a need for an NLS tag, thus
overcoming typical limitations of nanomaterials for nuclear targeting.®® This important finding
suggests the present NP systems could be used for gene and drug delivery applications without

requiring an additional transport agent (such as NLS).%>



1000 pg/mL 200 pg/mL 100 pgimL Control

2000 pg/'mL

Figure 5. Confocal microscopy (Objective 40x, 1.3 oil plan-Apochromat) images of RBL-2H3 cells
following exposure to 0, 100, 200, 1000 and 2000 pg/mL Si-amide-FesOs NPs for 1 h.
Representative bright field optical micrographs after differential interference contrast (A, D, G, J,
M), Cy3 (i.e., red NPs) fluorescence micrographs (B, E, H, K, N) and three-dimensional surface
rendering of cells (C, F, I, L, O). DAPI (Blue) and FITC (Green; 75% transparent surface for three-
dimensional reconstruction) were used as probes for cell nucleus and plasma membrane,
respectively. Scale bars for three-dimensional images are 15 um, respectively. The cell within
white inset box on panel F was selected for single-cell three-dimensional rendering in Figure 6.
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Figure 6. Three-dimensional surface rendering of a representative RBL-2H3 cell following
exposure to 100 pg/mL Si-amide-Fe304 NPs (Cy3 red fluorescence) for 1 h. DAPI (Blue) and FITC
(Green) were used as probes for cell nucleus and plasma membrane, respectively. (A) Cell with
non-transparent plasma membrane, (B) cell with 75% transparent plasma membrane, (C) cell
with 100% transparent plasma membrane and 75% transparent nucleus and (D) cell positioned
horizontally with 75% transparent plasma membrane and 75% transparent nucleus, clearly show
penetration of Si-amide-Fe304 NPs inside the plasma and nuclear membranes. Scale bars for
three-dimensional images are 5 um, respectively. Animated movies (Animation S1 and S2) can
be found in the Supplemental material.



With the knowledge that Si-amide-FesO4 NPs are readily internalized by the cells, we tested their
potential use in inductive heating to induce apoptosis/necrosis. The effect of the radio-frequency
(RF) treatment is detected with Si-amide-FesO4 NP doses as low as 10 ug/mL and RF treatments
of 100 A (222 W, 159 kHz) for 1 min. The impact of RF treatment increases with increasing
current, time, and concentration of Si-amide-Fe3sO4 NPs (Figure 7). The maximum effect can be
seen with a concentration of 100 pg/mL and an RF treatment of 500 A (3984 W, 156 kHz) for 10
min. When the cells in PBS buffer were exposed to RF treatment without NPs, they were not
significantly impacted indicating the effect arise from the combined presence of the Si-amide-
Fe304 NPs and the RF treatment. The frequency and power settings used in the present study were
significantly less than those proposed by Xu et al.** In our experimental design, the sample was
set below the coil to minimize cell loss and disruption due to handling/transfer of the cells. Thus
the magnitude of magnetic field experienced by the sample was likely less than that moving
through the coil. This factor, combined with the lower frequency and power, accounts for why we
only see ~50% of cells in early apoptosis, late apoptosis, or necrosis. Interestingly, we begin to
observe cell death at 1/10 the power and half the frequency used by previous researchers.** At 156
kHz, the penetration depth will be greater than 25 cm, and significantly more than the 4-6 mm

treatment depths reported for photodynamic therapy.4%-%

To gain further insight into the mechanism leading to cell death, an oxidative stress assay was
performed using the same experimental approach to determine the change in ROS formation
upon exposure to an RF field. While heating of photothermal agents attached to Fe.O3
nanomaterials have shown an increase in ROS formation, this effect has not been shown for
inductive heating of Fe;O3 NPs.%”%8 Cell exposure to the Si-amide-FesOs NPs alone resulted in

significant dose dependent increases in ROS from 0.1 to 100 pug/mL (Figure 8, Figure S10). The



particularly high levels of ROS-mediated oxidative stress at the highest dose (100 pg/mL) was

likely the trigger that initiated increased apoptotic cell death in the same dose in Figure 4.
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Figure 7. Cellular apoptosis results of RBL-2H3 cells exposed to 1% ethanol (positive control), or
to 0 (PBS, vehicle control), 10 or 100 pg/mL Si-amide-Fe304 NPs for 1 h, followed by 1 or 10 min
exposures to 100 or 500 A induction furnace heating settings. Apoptosis is proportioned into:
viable, early apoptosis, late apoptosis and necrosis cell death categories as a histogram or into
pie charts for each exposure period. Data are means + SEM n = 5 independent experiments.
Statistics are presented in Figure S11, where different lower-case letters denote significant
differences (two-way ANOVA, p<0.05) within a cell death category, followed by a Tukey’s
pairwise multiple comparison test.



When cells were dosed with low concentrations (10 pg/mL) of Si-amide-FezOs NPs and exposed
to low inductive heating power (100 A), ROS formation increased significantly with longer
exposure times (i.e. 1 min and 10 min) (Figure 8, Figure S10). This time-dependent increase in
oxidative stress can be attributed to increasing Fenton reactions due to the minor heat generation
of the Si-amide-Fe304 NPs upon exposure to an RF field. We also observed that the cellular ROS
response was dependent on the combination of NP dose, heating power and time, whereby low
dose (10 pg/mL) and higher power (500 A) produced less ROS than using lower power (100 A)
(Figure S10). Excessively heating cells at the higher power may have resulted in quicker cell death
and were thus less capable of producing ROS. When we used high dose (100 pug/mL) and high
power (500 A), ROS generation was completely absent at both exposure times (1 and 10 min),
suggesting that the cells may have immediately lysed and were not capable of producing ROS
(Figure 8, Figure S10). Overall, the results from these experiments demonstrate that the
mechanism of cell death can be precisely tuned by the concentration and power of the RF
frequency that is applied, and that induction heating of biocompatible photoluminescent Si-amide-

Fe304 NPs offer an attractive advancement for inducible hyperthermia in cells.
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Figure 8: Cellular oxidative stress results of RBL-2H3 cells exposed to H,0: (positive control, white
bar, 30 min exposure) or to 0 (PBS, vehicle control), 0.1, 1, 10 and 100 pg/mL Si-amide-Fe304 NPs
for 1 h (black bars), followed by 1 or 10 min exposures to 100 or 500 A furnace heating settings
(grey bars). Data are means + SEM n = 4-6 independent experiments. Different lower-case letters
denote significant differences (one-way ANOVA, p < 0.05) between treatment groups, followed
by a Tukey’s pairwise multiple comparison test.



CONCLUSION

We have shown that nano-hybrids can effectively be prepared by covalent linking
carboxylic acid-terminated SiQDs with amine-terminated FesOs NPs via DCC coupling. The
resulting nano-hybrids maintain the photoluminescence of the SiQDs and the magnetic response
of the Fes0s NPs. These Si-amide-Fe30s NPs were also found to be mostly compatible with
immune mast cell-like cells that actively engage with foreign materials. While there was a slight
increase in apoptosis after a 24 h exposure period, the cell  populations retained high levels of

viability, especially when corrected for apoptosis in controls.

Using confocal imaging and 3D surface rendering, the Si-amide-Fe304 NPs were found to
penetrate the plasma and nuclear membranes of RBL-2H3 cells. Uptake of other fluorescently-
labeled NPs has been previously shown,*¢9%19 however, there are typically issues with bleaching
and quenching of fluorescent signals, which can limit their time and the efficacy for visualizing
tagged cells. As well, adding fluorescent molecules, such a FITC, to an engineered NP can change
the physicochemical properties of that NP and interfere with its proposed use. Here, we have
shown that Si-amide-Fe3s0s4 NPs can be used to label cells without altering their intended
physicochemical properties, such as their fluorescence. This advantage provides better
predictability for biological outcomes and allows developers to more easily modify specific NP

properties if other intended uses are desired.

Finally, the internalized Si-amide-Fe304 NPs were exposed to an alternating magnetic field
of varying power for either 1 minute or 10 minutes. It was shown that cell death can be induced

and controlled based on the power, nano-hybrid concentration, and time of the exposure, where



the less power, lower concentrations, and shorter times lead to less cell death, and higher powers
for longer times with higher concentrations increase cell death to almost 50%. This method can
be complementary to photodynamic therapy where the heat change is significantly more, but
the penetration depth is significantly less. This work enables future studies employing these
biologically compatible magneto-fluorescent nano-hybrids for DNA testing, targeted cell death

and multimodal imaging applications.

EXPERIMENTAL

Reagents and Materials. Hydrogen silsesquioxane (HSQ, trade name Fox-17, sold commercially
as a solution in methyl isobutyl ketone) was obtained from Dow Corning Corp. (Midland, Ml).
Electronic grade hydrofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker.
Ferrous chloride tetrahydrate (FeCl,-4H,0 > 99 %), Ammonium hydroxide (i.e., 29.3 wt % NHs in
water), 10-undecenoic acid (98 %), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98 %), (3-
aminopropyl) trimethoxysilane (APTMS, 97 %), N,N’-dicyclohexylcarbodiimide (DCC, 99 %), as
well as reagent grade of acetone, toluene, ethanol and methanol were purchased from Sigma-
Aldrich. Toluene was dried using a Grubbs-type solvent purification system (Innovative
Technologies, Inc.) prior to use. Ultrapure H,0 (18.2 MQ/ cm) was obtained from a Barnstead
Nanopure Diamond purification system and used in all reactions/manipulations involving water.

Unless otherwise indicated, all reagents and solvents were used as received.

Material Characterization and Instrumentation. Fourier-Transform Infrared Spectroscopy (FT-

IR) was performed using a Nicolet Magna 750 IR spectrophotometer. Samples were prepared by



drop-casting a solution/suspension containing material in question (ethanol, SiQDs; water, Fe304
NPs and Si-amide-Fes304) onto a Si wafer substrate. Transmission electron microscopy (TEM) and
energy dispersive X-ray (EDX) analyses were performed using a JEOL-2010 (LaB6 filament)
electron microscope with an accelerating voltage of 200 kV. High-resolution TEM (HRTEM)
imaging was performed on JEOL-2200FS TEM instrument with an accelerating voltage of 200 kV.
TEM samples were prepared by drop-coating of NPs from an ethanol dispersion on a holey
carbon-coated copper grid, and the solvent was removed under vacuum. TEM and HRTEM images
were processed using Imagel software (version 1.48 v). Size distribution histograms were
determined by measuring ca. 300 NPs and plotted as average-shifted histograms. Raman
spectroscopy was performed using a Renishaw inVia Raman microscope equipped with a 514 nm
diode laser and a power of 3.98 mW on the sample. Samples were prepared by drop-casting of
an ethanol or water suspension on gold-coated glass. X-ray photoelectron spectra were acquired
in energy spectrum mode at 210 W, using a Kratos Axis Ultra X-ray photoelectron spectrometer.
X-Ray source was Al (monochromatic) Ka line (A = 8.34 A) with the energy at 1486.6 eV. The
probing area is about 1 x 2 mm2. Samples were prepared as films drop-cast from ethanol/water
suspensions onto a copper foil substrate. Binding energies were calibrated using the C 1s peak as
a reference (284.8 eV). CasaXPS Version 2.3.5 software was used for Shirley background
subtraction and curve fitting. Photoluminescence (PL) spectra for the solution phase samples
were acquired using a Varian Cary Eclipse fluorescence spectrometer (Aex = 350 nm). PL spectra
were acquired by illuminating a solution/suspension containing desired particles in ethanol

(SiQDs) or water (FezO4 NPs and Si-amide-Fe304 nano-hybrids).



Synthesis of Water Dispersible APTMS-capped Fez04 NPs. In a typical synthesis, FeCl,-4H,0 (0.62
g; 3.2 mmol) was dissolved in 3.9 mL of ultrapure water and concentrated aqueous ammonium
hydroxide (29.3 wt %; 3.12 ml) was added dropwise with vigorous stirring. The addition of
ammonium hydroxide yields a dark blue/green solution. After vigorous stirring under ambient
conditions for 10 minutes, APTMS (1.25 ml, 7.2 mmol) was added dropwise (1-3 drops/second).
The reaction mixture was transferred to a 10 ml microwave vessel equipped with a microwave-
safe stir bar and sealed. The mixture was irradiated for 1 hour at 134 °C in a Biotage Initiator
microwave reactor (at ca. 100 W and the pressure of ca. 7 bar). After cooling to room
temperature, the reaction vessel was opened, and the resulting black suspension of APTMS-
capped Fe304 NPs was transferred to a PTFE centrifuge tube, and ca. 45 ml DI water: acetone, 1
: 3 V/V was added. After centrifuging at 10000 rpm for 15 minutes, the clear supernatant was
discarded, and the black precipitate was re-dispersed in water and centrifuged (10000 rpm, 15
minutes). Dispersion/separation cycles were repeated, twice using water and twice using
ethanol. Finally, the black precipitate containing purified APTMS-capped Fes30s NPs were
dispersed in ca. 10 mL of water and stored in a vial for further analysis using XPS, TEM, EDX, and

FTIR.

Preparation of Hydride-Terminated SiQDs. Hydride-terminated SiQDs (H-SiQDs) were prepared
using well-established procedures developed in the Veinot laboratory.'%* Approximately 3 g of
solid HSQ was placed in a zirconia boat, transferred to a Carbolite CTF tube furnace, and heated
in a flowing 5 % H2/ 95 % Ar atmosphere (ca. 15 mL/min) at 18 2C/min to a peak temperature of
1200 2C where it was maintained for 1 hr. After cooling to room temperature, the resulting

composite, consisting of oxide-embedded SiQDs, was mechanically ground to a fine powder using



an agate mortar and pestle. Subsequently, 0.30 g of the composite powder was transferred to a
polyethylene terephthalate beaker, and 3 mL each of water, ethanol, and 49 % HF acid were
added sequentially with stirring. (Caution: Appropriate safeguards must be implemented when
working with hydrofluoric acid.) After stirring for 1 h in ambient light and atmosphere,
hydrophobic H-SiQDs were extracted into three 15 mL aliquots of toluene. The resulting toluene
suspensions were centrifuged at 3000 rpm for 5 minutes to obtain a pellet of H-SiQDs that was

re-dispersed in dry toluene and used directly in the functionalization procedure described below.

Preparation of Undecanoic-Acid Functionalized SiQDs. Undecanoic acid-terminated SiQDs were
prepared using established procedures for radical initiated surface hydrosilylation.”? A 100 ml
Schlenk flask was charged with 10-undecenoic acid (200 mg, 1.1 mmol) equipped with a Teflon-
coated magnetic stir bar. The flask was attached to an argon charged double manifold and heated
to 70 °C under reduced pressure (ca. 2 mbar) for 3 h. After cooling to room temperature, a
toluene dispersion of H-SiQDs (ca. 25 mg SiQDs in 20 mL dry toluene) and AIBN (0.061 mmol)
were added to the flask, and the mixture was subjected to three freeze-pump-thaw cycles. The
cloudy reaction mixture was stirred and heated to 65 °C and maintained under an argon
atmosphere for at least 15 h. After cooling to room temperature the resulting functionalized
particles were isolated by centrifugation (3000 rpm, 10 minutes) and purified by three successive
cycles of dispersion/precipitation cycles using methanol/toluene as the solvent/antisolvent
mixture. Acid-functionalized SiQDs were dispersible in common polar solvents (e.g., methanol).

The resulting products were evaluated using TEM, EDX, XPS, Raman, PL, and FT-IR.

DCC Coupling of Undecanoic Acid-terminated SiQDs with APTMS-capped Fe304 NPs. In 2 20 mL

glass vial equipped with magnetic stir bar, 1.0 mL of dicyclohexylcarbodiimide (DCC) in acetone



(0.1 M) was mixed with 10 mL of 10-undecenoic acid-functionalized SiQDs in acetone (2 mg/mL).
After capping the vial, the solution was stirred for ca. 20 minutes, followed by sonication (ca. 30
s) in a bath sonicator. The magnetic stir bar was removed, and 200 pL of APTMS-capped Fe304
NPs in acetone (20 mg/mL) was added. After capping the vial, it was placed on a vial platform of
Orbital Mechanical Shaker at 300 rpm for at least 12 h. The coupled hybrid NPs were isolated
upon exposure to a permanent magnet for at least 6 hours. The supernatant was removed, and
the magnetic residue was re-dispersed in acetone (ca. 10 mL) and sonicated for a minimum of 60
s. The magnetic separation cycles were repeated at least four additional times. After the
magnetic residue was re-dispersed in water (ca. 10 mL) and sonicated for minimum 60 s. The
magnetic separation cycles were repeated two times in water. Purified coupled magnetic Si-

amide-Fe304 NPs were dispersed in water and stored in a vial for further characterization.

RBL-2H3 Cell line. RBL-2H3 cells were grown to confluence at 37 °C with 5% CO; in culture media
consisting of Minimal Essential Medium (MEM) with Earle’s balanced salt solution (Sigma-Aldrich,
Canada) supplemented with 1 % two mM L-glutamine, 1% penicillin/streptomycin, and 10 %
heat-inactivated FBS as previously described.1%? Cells were passed every third day by harvesting
cells in an RBL-2H3 harvest buffer (1.5 mM EDTA, 135 mM NaCl, 20 mM HEPES, five mM KCI, pH
7.4) at 37°C with 5 % CO; for 10 minutes, followed by pipetting to detach cells from cell culture
plate (BD Biosciences, Mississauga, Canada). Cells were seeded into new flasks at a subcultivation

ratio of 1:10.

Annexin V/PI cell apoptosis assay. The Annexin V/PI apoptosis assay was used to measure the
effects of Si-amide-Fe304 NPs on cell viability. Annexin V-FITC binds to damaged membranes

undergoing early to late apoptosis. At the same time, the fluorescent molecule, propidium iodide



(P1), penetrates damaged plasma membranes of necrotic and/or late apoptotic cells and
intercalates with nucleic acids to enhance its fluorescence. The balance of fluorescence between
Annex V-FITC and PI provides a quantitative measure of cells that are i) viable, ii) early apoptotic,
iii) late apoptotic, and iv) necrotic. Cells were grown to confluence over 3 days in RBL-2H3 cell
culture media and then harvested as above and enumerated with Trypan Blue staining solution
(Sigma Aldrich, Canada) on a hemocytometer to ensure cell cultures had >95% viable cells and to
determine cell concentration. Following enumeration, cells were resuspended in fresh culture
media and seeded in 24-well flat-bottom culture plates (Corning Costar, USA) at 2.5 x 10° cells
per well. Cells were then incubated for 1 h at 37°C with 5% CO; to allow for cell attachment to
wells. RBL-2H3 cells were then exposed to Si-amide-Fe3s04 NPs at 0, 0.1, 1, 10 and 100 pg/mL for
1 h or 24 h at 37°C with 5% CO;. Vehicle (equivalent H,0 volume), positive (1 % ethanol), and

negative (culture media) control treatments were also included.

Following exposure, cell culture media with NPs was removed from wells, and cells were
washed twice with 1x phosphate-buffered saline (PBS; 2.7 mM KCI, 1.5 mM KH2PQas, 136.9 mM
148 NaCl, 15.2 mM Na2HPO4; pH 7.0), harvested as above, and transferred to 5 mL polystyrene
tubes (Corning Science, Canada) containing 3 mL of PBS supplemented with 0.5 % fetal bovine
serum (FBS) (Sigma, Canada) (herein known as PBS-FBS). Cells were centrifuged at 400 x g for 7
minutes to pellet cells. The supernatant was decanted, and the cell pellet gently disrupted and
resuspended in 1 mL of 1x Annexin V binding buffer (BD Biosciences, Canada). Cells were then
centrifuged at 400 x g for 7 minutes, followed by decanting supernatant and gently disrupting
cell pellet. 5 pL of Annexin V-FITC and 4 uL of 1:10 diluted PI (2 pg/mL) were added to each tube

and incubated at room temperature in the dark for 15 minutes. Following incubation, an



additional 500 pL of Annexin V binding buffer was added to each tube and was centrifuged at
400 x g for 7 minutes to wash cells. The supernatant was decanted, and cells were resuspended
in 500 pL of Annexin V binding buffer and analyzed by flow cytometry for indications of cell death
by monitoring for increases in Annexin V-FITC and Pl fluorescence, and for changes in cell profile

outputs, relative to unexposed controls.

Cellular oxidative stress assay. Cellular oxidative stress was measured in RBL-2H3 cells using the
dye 6-carboxy-2,7’-dichlorodihydrofluorescein diacetate, di(acetoxy ester) (DCFH-DA; Sigma
Aldrich) following methods previously described by Toduka et a/.1°3 DCFH-DA is a non-fluorescing
compound that is taken up by cells and converted to fluorescing dichlorodihydrofluorescein (DCF)
in the presence of ROS. RBL-2H3 cells were seeded into 24-well flat-bottom plates as described
above at a density of 1.0 x 10° cells per well and exposed to PBS-suspended Si-amide-Fe304 NPs
for 1h at 37°C with 5% atmospheric CO; at concentrations of 0, 0.1, 1, 10, and 100 pg/mL. Vehicle
(equivalent PBS volume) and negative (culture media) control treatments were also included.
Cells were exposed to a positive control (200 uM H;0;) for 30 min. The exposure media was then
removed, and the cells were washed twice in 1x PBS-FBS and resuspended in 500 pL of PBS
containing 10 uM DCFH-DA and incubated for 30 min at 37°C in 5% atmospheric CO,. Following
incubation, cells were harvested with harvest buffer as described above, and 10 pL of 1:10 diluted
Pl (2 pg/mL) was added to each well. ROS generation was detected by DCF fluorescence using
flow cytometry (fluorescence of Pl measured at 670 nm (FL3) and DCFH-DA at 530/30 nm FL1).
Gates were created to eliminate cells expressing Pl fluorescence (i.e., dead cells) so that ROS (i.e.,

DCFH-DA fluorescence) was only measured in the living population of cells.



Inductive heating experiments. RBL-2H3 cells were exposed to Si-amide-Fe304-exposed NPs as
described above for both the AnnexinV-Pl and DCFH-DA assays, followed by exposure to an
induction furnace heating system to determine if cell death and oxidative stress could be
potentiated. Following exposure to NPs in both cell viability assays, the adhered cells were
heated in 24-well flat-bottom plates using an EASYHEAT LI inductive heating system with a 7-
turn, water-cooled copper coil with an inner diameter of 5.0 cm and an outer diameter of 6.0 cm
and a height of 4.5 cm. The well plates were placed under the coil, and heating was performed
using a frequency of 156 kHz at currents (powers) of either 100 A (0.2 kW), or 500 A (4 kW) for 1
or 10 min. A picture of the setup can be found in Figure S12. The cells were then immediately

harvested as described above and appropriately processed for each assay.

Cell degranulation assay. Cellular immune activation was assessed via the B-hexosaminidase
release assay.'%* 5.0 x 10* cells were seeded in 24-well flat-bottom plates, as described above.
Cells were exposed to PBS-suspended Si-amide-Fe304 NPs for 1 h at 37°C in 5% atmospheric CO;
at concentrations of 0, 0.1, 1, 10 and 100 pg/mL. Vehicle (1xPBS) and negative (cell media alone)
and positive (Ca**/PMA (phorbol 12-myristate 13-acetate)) control groups were also included. A
second positive control was included an IgE-sensitized and DNP-HSA stimulated group to
measure degranulation via Fce surface membrane receptors (FceRI), which are targets for
environmental antigens. Following exposure, cellular supernatants of NP-exposed cells were
incubated with 2 x 10 M 4-methylumbelliferyl N-acetyl-B-D-glucosaminide as described by Naal
et al.*®* A Perkin-Elmer microplate reader (360 nm excitation; 450 nm emission) analyzed sample
fluorescence. For both positive and negative controls, exposure media was removed and cells

were incubated in Tyrode's buffer (25 x 10 -3 M HEPES, 140 x 103 M NaCl, 1.8 x 103 M CaCl,, 5.6



x 103 M D-glucose, 12 x 103 M NaHCOs, 0.37 x 10> M NaH»P04, MgCl,, BSA 0.1%, pH 7.4). 100
ng/mL of mouse anti-DNP IgE mAb (Sigma-Aldrich, Canada) was added to sensitize cells in the
positive control group, while the other positive (i.e., Ca?*/PMA) and the negative control groups
(i.e., cell culture media) received an equivalent volume of Tyrode's buffer. Cells were incubated
for 1 h at 37°C with 5% atmospheric CO,. Solutions were then removed and 0.1 ng/mL DNP-HSA
(Biosearch Technologies Inc. USA) was added to IgE-sensitized cells, while 5 ng/mL Ca?*/PMA was
added to the other positive control and Tyrode's buffer alone added to the negative control and
incubated for 1 h at 37°C with 5% atmospheric CO;. The levels of B-hex released by cells in each
control group were determined by incubating the cellular supernatants as described above.
Relative fluorescence units (RFU) collected from the spectrophotometer from all treatment
groups, signifying the cellular release of B-hex, were represented as normalized values by setting
IgE-sensitized positive control cells to 100%. The relative B-hex release for all samples was then
calculated using the following equation [(RFU of experimental treatment - RFU of negative

control)/RFU of IgE positive control cells - RFU of negative control) x 100].

Uptake of Si-amide-Fe3z04 NPs into RBL-2H3 cells. Confocal microscopy was used to monitor the
uptake of Si-amide-Fe30a4 NPs into cells. Glass slide coverslips (Fisher Scientific) were sterilized
with 70 % ethanol, washed with sterile H,0, UV irradiated, and placed into the bottom of 6 well
flat-bottom plates (Corning Costar, USA). Cells were seeded over top of the cover slips, at a
density of 1.0 x 10° cellsin MEM culture media, and incubated for 2 days at 37 °C. Following 2
days of growth, culture media was removed, coverslips containing adhered cells were washed
twice in PBS, and then cells exposed for 1 h to Si-amide-Fes04 NPs suspended in PBS at

concentrations of 0, 100, 200, 500, 1000, and 2000 pg/mL. Negative control cells received an



equal volume of PBS alone. After exposure, cells were washed twice with PBS-FBS, and once with
PBS, and coverslips were removed from wells and inverted on parafilm containing 1 pg/uL
Cholera Toxin B Subunit-FITC GM1 membrane stain (Sigma) and incubated for 20 minutes over
ice in the dark. Coverslips were then washed twice with PBS-FBS and fixed at room temperature
in the dark with 4% paraformaldehyde, followed by washing with PBS and mounted on glass
slides using mounting medium containing DAPI, as a nuclear stain. Fixed cells were imaged with
a Zeiss LSCM, LSM 710 AxioObserver Laser Scanning Confocal Microscope (objective 40x 1.3 oil
plan-Apochromat, Carl Zeiss Microscopy, Jena, Germany), data collected with Zen 2011 software
and processed with LSM Image Browser (v. 4.2.0.121, Carl Zeiss). Three-dimensional z-stack
images were surface rendered and then animated using Imaris software (v. 8.1, Bitplane, Zurich,

Switzerland) to visualize intracellular uptake of NPs.

Statistical analysis. Statistical analyses were performed using the GraphPad 6.0 statistical
software program. A two-way analysis of variance (ANOVA) was used to investigate the effects
of NPs on cell viability. A one-way ANOVA was used to investigate NP effects on oxidative stress
and cellular degranulation. A pairwise Tukey multiple comparison test was performed following
the ANOVAs for comparisons between treatment groups . A probability of p < 0.05 was

considered significant. Data values are presented as mean + standard error on the mean (SEM).
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