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Abstract

The ability to visualize and quantify apoptosis in vivo is critical to monitoring disease response to
treatment and providing prognosis information. However, the application of current apoptosis
labeling probes faces significant challenges including nonspecific tissue uptake, inefficient
apoptotic cell labeling and short monitoring windows. Here we report a highly specific apoptosis
labeling nanoparticle (NP) probe with Pisum sativum agglutinin (PSA) as tumor targeting ligand
for prolonged in vivo apoptosis imaging. The NP (namely, IONP-Neu-PSA) consists of a magnetic
iron oxide core (IONP) conjugated with PSA, and a reporter fluorophore. IONP-Neu-PSA
demonstrated minimal cytotoxicity and high labeling specificity towards apoptotic cells in vitro.
When applied in vivo, IONP-Neu-PSA tracks apoptotic tumor for a prolonged period of two
weeks under near-1R imaging with low background noise. Moreover, IONP-Neu-PSA possess T,
contrast enhancing properties that can potentially enable apoptosis detection by magnetic
resonance imaging (MRI). The high specificity for apoptotic cells, sustained fluorescent signal,
and non-invasive imaging capability exhibited by IONP-Neu-PSA could provide a versatile tool
for cancer treatment monitoring and pathological research.

Graphical Abstract

Pisum sativum agglutinins (PSA) were conjugated onto nanoparticle by first covalently linking
neutravidins (Neu) onto a 10 nm IONP core and then attaching PSA to neu via biotin-avidin
interaction. When administered into chemotherapeutic treated tumor-bearing mice, IONP-Neu-
PSA-Cy5.5 particles were able to target apoptotic tumor mass and produced persistent fluorescent
signal detectable under near-IR imaging modality in vivo.
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Introduction

Monitoring therapeutic-induced tumor apoptosis can provide important insights in validation
of existing treatment modalities and in turn facilitate the screening for new drugs.1—3 The
most commonly used apoptosis detection methods use various probes to recognize the
apoptosis-associated biomolecules including phosphatidylserine (PS) and caspases. The
exposure of PS on the outer cell plasma membrane is a universal marker for apoptosis. PS
can be specifically bound by annexin V for apoptotic cells labeling.°> Activation of caspases
is another well-known hallmark of apoptosis. Substrate peptides are commonly utilized to
track caspase activation in apoptotic cells. These peptides can produce detectable signal
usually in the form of fluorescence upon their cleavage by the caspases activated in
apoptotic cells.6.7

However, our current ability to capture therapy-induced tumor apoptosis is still very limited.
The PS targeting annexin V has several limitations in vivo including nonspecific tissue
uptake, a short blood half-life and monitoring window,8? and stringent conditions for
optimal binding.10 Caspase-related apoptosis probes often suffer from nonspecific
interactions with other cysteine proteases.11-12 Specifically, legumain and cathepsins are
cysteine proteases present in non-apoptotic cells. Similar to caspases, they can also cleave
substrate peptides and cause non-apoptotic cell labeling by caspases-related apoptosis
probes. It has also been found that the activation of the terminal executioner caspase 3 could
be an apoptosis independent event!3 and hence raises questions on the reliability of caspase
3 based apoptosis targeting probes.

Nanoparticles (NPs) have demonstrated its relevance in clinical and in vivo studies over the
years. It has been shown that NPs can be designed to be biocompatible and possess effective
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biokinetics in rodent and primate animal models.1415 NPs conjugated with ligands that are
highly specific to apoptotic cells afford an additional advantage of multi-valent targeting and
prolonged blood circulation time.16 Therefore, NPs, with properly enabled imaging
capability, can potentially provide prolonged apoptotic cell labeling and reveal more spatial-
temporal details about tumor apoptosis in vivo. Nevertheless, many current NP-based
apoptosis labeling systems are based on annexin V protein and caspase substratel’~19 and
inevitably bear the limitations associated with both materials. Furthermore, current NP-
based apoptosis labeling systems are typically larger than the size ideal for in vivo
application (<100 nm) and have not been proven to be able to provide whole-body apoptosis
patterning in vivo.1%-21 Due to the severe obstacles mentioned above, the development of
apoptosis tracking NPs remains largely at in vitro stage and lacks in vivo significance.

Here, we report the development of an imaging NP with small and uniform size and
conjugated with an apoptosis marker biomolecule to track drug-induced apoptosis. The NP
consists of a magnetic iron oxide core (IONP) coated with PEG to which tumor targeting
Pisum sativum agglutinin (PSA) was conjugated through biotin-avidin interaction. Studies
indicated the overexpression of cell surface glycoproteins as another potential universal
apoptotic marker.2223 PSA, a 49 kDa lectin, has been shown to successfully target apoptotic
cells in various cell lines due to its high binding specificity towards mannosyl (K, = 1.25 x
10° M~1) and galactosyl glycans (K, = 9 x 104 M™1).24-26 These findings suggest PSA as a
promising apoptosis targeting ligand. PEG is used to prevent NP from aggression. In this
study, IONP-Neu-PSA size, serum stability, in vitro biocompatibility, in vitro and in vivo
apoptosis targeting capabilities were investigated. Significantly, IONP-Neu-PSA
demonstrated prolonged retention and reliable near-IR signal generation in
chemotherapeutic-induced apoptotic 4T1 tumors in vivo.

Experimental

Materials and Methods

3-(triethoxysilyl)propyl succinic anhydride (SATES) was purchased from Gelest (Arlington,
VA). 2000 MW mono-amine functionalized poly(ethylene) glycol (MPEG2K-NH2) was
purchased from Laysan Bio (Arab, AL). Doxorubicin (Dox) was purchased from LC
Laboratories (Woburn, MA). Paclitaxel was purchased from Sigma Aldrich (St. Louis, MO).
Neutravidin was purchased from Thermo Fisher Scientific (Rockford, IL). Biotinylated
Pisum sativum Agglutinin was purchased from Vector Laboratories (Burlingame, CA). The
2-iminothiolane (Traut’s reagent) was purchased from Molecular Biosciences (Boulder,
CO). Cell culture medium RPMI1640 and antibiotic-antimycotic were purchased from
Invitrogen (Carlsbad, CA). Sephacryl S-200 resin and HyClone Characterized Fetal bovine
serum (FBS) were purchased from GE Healthcare Life Sciences (Pittsburgh, PA). NHS-
PEG,4-maleimide, and Annexin V-Alexa Fluor 488 were purchased from Thermo Fisher
Scientific (Rockford, IL). NHS-Cy5 and NHS-Cy5.5 were purchased from Lumiprobe Corp.
Pierce BCA protein assay kit was purchased from Thermo Fisher Scientific (Rockford, IL).
Mini-Protean TGX Gels, Tris/Glycine buffer, 2X Laemmli sample buffer, 2-
mercaptoethanol, Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards and
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Coomassie Stain were purchased from Bio-Rad (Hercules, CA). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

IONP-PEG-NH2 Synthesis

Oleic acid coated IONP (I00A) was synthesized according to a previously published
method.2” To further functionalize IOOA with polyethylene glycol (PEG) and primary
amine groups, 50 mg of IOOA was first dissolved in 43 ml of anhydrous toluene in a 3-neck
round-bottom flask connected to a Graham condenser. 50 pL of triethylamine was then
added to the flask. The flask was then sealed with septa and purged with nitrogen. After the
flask was heated to 100°C, 0.15 mL SATES was injected into the flask, followed by addition
of 281.25 mg mPEG2K-NH, dissolved in 7 mL of anhydrous toluene 15 mins after the
SATES injection. 1 hour later, an additional 75 uL of SATES was injected into the flask and
the solution was allowed to react for 6.75 hours. The solution was then transferred to a
single-neck round-bottom flask and precipitated in hexane. The precipitate was re-suspended
in tetrahydrofuran, sonicated for 10 mins and dispersed in hexane for precipitation. The
precipitated pellet was then re-dispersed in 10 mL anhydrous THF and sonicated for 10 min.
93.75 mg of mPEG2K-NH> and 281.25 mg of bis(amine) functionalized PEG (PEG2K-
bis(amine), MW 2000) mixed in 12 mL anhydrous THF were added to the solution. The
single-neck round-bottom flask was then sealed with septa and purged with nitrogen. 18.75
mg of N, N’-dicyclohexylcarbodiimide (DCC) dissolved in 2 mL anhydrous THF was added
to the flask which was then placed in a sonication water bath at room temperature for 16
hours. The solution was then precipitated in hexane, then suspended in 20 ml ethanol
followed by 10 mins of sonication. Hexane was then added to precipitate IONP-PEG-NH2
and the residual hexane was removed and the pellet dried with nitrogen. Finally, the
precipitated pellet was re-suspended in deionized water (DI), sonicated for 10 mins and
purified by size exclusion gel chromatography (Sephacryl S-200).

Surface functionalization of IONP-PEG-NH2

92 uL of neutravidin (1 mg/mL in DI water) was mixed with equal volume of PBS, followed
by addition of 4 uL of Traut’s reagent (1 mg/mL in DI water). The solution was then mixed
thoroughly and incubated at room temperature in the dark for 1 hour. Concurrently,
Sephacryl S-200 size exclusion chromatography resin was packed into two empty PD10
columns and equilibrated with 20 mM HEPES buffer. 2 mg of IONP-PEG-NH2 in DI water
was dispersed in PBS to achieve a final volume of 1 mL. 1.42 puL of 250 mM Succinimidyl-
[(N-maleimidopropionamido) tetracosaethyleneglycol] ester (SM(PEG),4) DMSO solution,
and 4.8 uL. NHS-Cy5.5 or NHS-Cy5 (5 mg/ml in DMSO) were mixed with the IONP-PEG-
NH2 solution. The solution was then incubated for 30 mins at room temperature in the dark
followed by purification through a PD10 desalting column. The thiolated neutravidin
solution was then mixed with IONP-PEG-NHZ2, incubated in the dark at room temperature
for 30 mins, and purified by a pre-equilibrated S-200 column to obtain pure IONP-Neu-Cy5/
Cy5.5. Finally, to conjugate PSA-biotin to IONP-Neu-Cy5/Cy5.5, PSA-biotin (5 mg/ml in
PBS) was added to IONP-Neu-Cy5/Cy5.5 at 10% v/v and gently mixed on a shaker for 15
mins and then purified by another S-200 column.
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Ferrozine assay

Ferrozine solution was prepared by dissolving 1.761 g ascorbic acid, 1.927 g ammonium
acetate, 0.032 g ferrozine and 0.0135 g neocuproine in 10 mL of DI H,0. 1000 ppm Fe
stock solution was diluted to 1 ppm, 2 ppm and 4 ppm with 10 mM HCI as Fe standards. 10
mM HCI was used as 0 ppm Fe control. To prepare the NP sample, 5 uL of NP solution was
dissolved in 45 pL of concentrated HCI followed by 50 x dilution in DI H,0. 6 uL of the
diluted NP solution was mixed with 694 pL of DI H,O and 90 pL of Ferrozine cocktail. 300
uL of each 0 ppm, 1 ppm, 2 ppm, and 4 ppm Fe standards were then mixed with 400 uL of
DI H,0 and 90 uL of Ferrozine cocktail. 10 minutes later, samples’ 562 nm absorbance was
measured by a SpectraMax i3 multimode microplate reader (Molecular Devices). The
resultant standard Fe concentration curve is shown in Figure S1 in Supplementary
Information.

TEM imaging

TEM samples were prepared by addition of 4 uL of IONP-Neu-PSA solution to a Formvar/
carbon coated 300-mesh copper grid (Ted Pella, Inc., Redding, CA) and allowed to dry.
TEM images were acquired on a Tecnai G2 F20 electron microscope (FEI, Hillsboro, OR)
operating at a voltage of 200 kV.

Hydrodynamic size and zeta-potential measurements of IONP-Neu-PSA

The hydrodynamic size and zeta potential of IONP-Neu-PSA were determined using a
Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK). The measurements were
made in 20 mM HEPES buffer (pH 7.4) at room temperature. To test the size stability of
IONP-Neu-PSA in physiological environment, IONP-Neu-PSA was mixed with RPMI 1640
cell culture medium (1% antibiotic-antimycotic and 10% fetal bovine serum) at a
concentration of 10% v/v of IONP-Neu-PSA and placed in a 37°C water bath.
Hydrodynamic size measurements were taken at 0, 5, 25, 50, 75, 100 and 125 hours after
IONP-Neu-PSA was added to cell culture medium.

IONP bound PSA quantification

Sodium dodecyl sulphate poly acrylamide gel (SDS-PAGE) and bicinchoninic acid (BCA)
protein assays were utilized to quantify the amount of PSA bound on IONP. Spin filter (100
kDa MWCO) flow through eluents of pure PSA, IONP-Neu-PSA-Cy5 and IONP-Neu-Cy5
were collected in triplicates for both SDS-PAGE and BCA analysis. 5 pL of each of the
eluent samples was mixed with 4.75 pL 2x Laemmli sample buffer and 0.25 pL 2-
mercaptoethanol. All samples were then heated in 90°C water bath for 5 mins to linearize
proteins. SDS-PAGE gel casting cassette was assembled into a Mini-Protean Tetra Cell
assembly (Bio-Rad) filled with 800 mL 1x Tris/Glycine buffer. All samples with linearized
proteins and a kaleidoscope protein ladder sample were added to the gel and run for 90 mins
under a constant voltage of 100 V. The gel was then subjected to Coomassie Blue staining.
Specifically, the gel was washed three times with 200 mL of DI water immediately for 5
mins each with gentle shaking after electrophoresis. Then the gel was stained in 200 mL of
Coomassie blue dye with gentle shaking for 45 mins followed by another DI water wash.
The stained gel was placed in a Gel Doc XR imaging system (Bio-Rad) for imaging and post
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analysis. The quantitative protein assay was carried out by following the instruction in Pierce
BCA protein assay kit. All eluent samples were subjected to BCA assay. A PSA standard
curve was generated by fitting the PSA standard datapoints with known concentration to a
second order polynomial curve.

FTIR analysis of IONP-Neu-PSA

IONP-Neu-PSA, IONP-Neu and IONP NPs were freeze-dried overnight. For each sample, 2
mg of dried NPs were mixed with 200 mg of KBr and pulverized into fine powders, and a

pellet was prepared for characterization. FTIR spectra were obtained using a Nicolet 5-DXB
FTIR spectrometer (Thermo, Boston, MA) with a resolution of 4/cm and averaging 64 runs.

In vitro MR imaging

Cell Culture

T>-weighted imaging and quantitative 7, MR imaging scan sequences were used to
investigate the contrast enhancing capabilities of IONP-Neu-PSA and IONP. MR imaging
was conducted on a Bruker Avance 111 600 MHz, 14 T wide bore spectrometer. IONP-Neu-
PSA and IONP in PBS were pipetted into glass vials (3.25 mm I.D., 5 mm O.D., 200 pL
volume) at concentrations of 100, 75, 50, and 25 pg Fe/mL. The vials were fixed in place
inside a water reservoir; the water served as a homogeneous background signal to minimize
magnetic susceptibility variations near samples. The secured vials were placed in a 25 mm
single-channel 1H radiofrequency receiving coil (PB Micro 2.5). Quantitative 75 values were
obtained using a multi-spin multi-echo (MSME) pulse sequence with TR = 2500 ms, TE =
6.7 + 6n ms (n = 0-16), and 78 x 156 pm? in-plane resolution with 0.5 mm slice thickness
for 14 slices. 7-weighted images were acquired with a Rapid Acquisition with Refocused
Echoes (RARE) pulse sequence with TE = 6.78 ms, TR = 4000 ms, and 78 x 52 um? in-
plane resolution with 0.5 mm slice thickness for 14 slices. Analysis of MRI data was
performed using the FMRIB (Functional Magnetic Resonance Imaging of the Brain)
Software Library (FSL)28 Bruker Paravision 5.1 analytic package and Osirix (Pixmeo).
Processing stages for 7n vitro QT2 data included (i) region of interest (ROI) definition as a
circular 100-voxel area residing within a sample cross section, (ii) automated mean 7, value
and standard deviation calculation from within the 100-voxel ROI (using the Paravision 5.1
software package) and (iii) calculation of the transverse relaxation rate as the slope of the
plot of R, (computed as 1/ 7, using FSL) versus Fe concentration determined through
computation of the best-fit line via least-squares linear regression.

4T1 mouse breast cancer cells (American Type Culture Collection, Manassas, VA) were
cultured in RPMI1640 medium supplemented with 10% vol/vol FBS and 1% vol/vol
antibiotic-antimycotic. Cultures were maintained in a 37°C, 5% CO» humidified incubator.

Cell viability assay

Cytotoxicity of IONP-Neu-PSA was evaluated in the triple negative murine breast cancer
cell 4T1. 4T1 cells were seeded into a 96 well microplate with 2000 cells/well. The cells
were incubated with IONP-Neu-PSA at 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, 0.19
pg/mL for three days. 100 pL Alarma Blue dye was added to each well and incubated for 2.5

Biomater Sci. Author manuscript; available in PMC 2022 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal. Page 7

hours. The plate was then transferred to a SpectraMax i3 multimode microplate reader
(Molecular Devices) to quantitate the fluorescence signal at an excitation wavelength of 550
nm and an emission wavelength of 590 nm for cell viability quantification.

Bright field imaging of 4T1 cells

Bright field images of PTX treated and untreated 4T1 were imaged using a Nikon TE300
(Nikon, Tokyo, Japan) inverted microscope.

IONP-Neu-PSA cell binding characterized by flow cytometry

4T1 cells were seeded into total of nine wells in two 6 well microplates with six wells
seeded at 150 x 103 cells/well and the other three at 75 x 108 cells/well. 10 pM PTX was
added to three of the wells at 150 x 103 cells/well and 20 pM PTX was added to the other
three wells also at 150 x 103 cells/well to induce apoptosis. The remaining three wells
seeded at 75 x 103 cells/well were assigned as untreated controls. After 24 hours of
incubation, each of IONP-Neu-Cy5 (30 pg/mL) and IONP-Neu-PSA-Cy5 (30 ug/mL) was
added to one 20 pM PTX treated well, one 10 pM PTX treated well and one untreated well
and incubated for 30 minutes. All the cells were then harvested and washed with cold PBS
three times. 4T1 cells not treated with IONP-Neu-Cy5 or IONP-Neu-PSA-Cy5 were re-
suspended in 100 pL 1X Annexin V binding buffer (10 mM HEPES, 140 mM NacCl, 2.5 mM
CaCl,) with 5 pL Annexin V- Alexa Fluor 488 agent followed by addition of 400 pL 1X
Annexin V binding buffer. All cells were analyzed by flow cytometry (FACSCanto Il, BD
Biosciences) and post-processed via FlowJo (Treestar, Inc., San Carlos, CA).

IONP-Neu-PSA cell binding characterized by confocal microscopy

Square glass coverslips were placed at the bottom of four wells in a 6 well plate. 4T1 cells
were then seeded onto the glass covers at 150 x 103 cells/well in two wells and 75 x 103
cells/well in the other two. PTX (20 uM) was only added to the two wells with 150 x 103
cells/well cell seeding and incubated for 24 hours. 1 mL 1X Annexin V binding buffer
containing 50 uL. Annexin V-488 Alexa Fluor agent and 50 pug/mL propidium iodide was
added to one PTX treated well and one untreated well. 30 pg/mL IONP-Neu-PSA-Cy5 and
50 pg/mL propidium iodide were added to the other two wells. After incubation for 30 min,
cells on the coverslips were washed with cold PBS three times and mounted onto a glass
slide with Prolong Gold mounting medium (Thermo Fisher Scientific). Confocal images of
4T1 cells were acquired using a Leica SP8X confocal laser scanning microscope (Leica,
Germany).

Apoptosis monitoring In Vivo

All in vivo experiments were conducted strictly following all the federal guidelines and the
animal protocols approved by Institutional Animal Care and Use Committee (IACUC) at
University of Washington. The mice used in this study were five-week-old female BALB/cJ
mice purchased from the Jackson Laboratories (Bar Harbor, Maine). Mice were housed in a
vivarium and given one week to adapt to the new environment before any experimental
procedures were performed. 1 x 106 luciferase expressing 4T1 (4T1-Luc) cells were injected
into mice mammary glands subcutaneously. 12 days after 4T1-Luc inoculation when tumors
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were palpable, 200 pL of 5 mg/ml Dox solution was injected into some of the mice via tail
vein to induce tumor apoptosis. Mice receiving no Dox treatment were used as control.
IONP-Neu-PSA-Cy5.5 was concentrated to 2.8 mg Fe/ml using a 30 kDa spin filters. 100 pL
of the concentrated IONP-Neu-PSA-Cy5.5 was injected into mice via tail vein 3 days after
Dox administration. Mice from both the control and Dox treated groups (n = 4) were imaged
in a XENOGEN IVIS 200 system (PerkinElmer Inc.). Mice fur was kept intact throughout
the study. Images were captured using Ex 710 nm and Em ICG (810 nm - 875 nm), and
acquired at 6 hours, 1, 2, 4, 6, 8, 11, and 14 days after IONP-Neu-PSA injection.

Statistical analysis

Results were presented as mean + standard deviation from three independent experiments
unless otherwise stated. 10,000 events were collected for each condition to calculate the
mean and standard deviation of the distributions in the /n vitro apoptotic cell binding
experiment. Two tailed student t-test was performed to evaluate the statistical significance.
Datasets with p value greater than 0.05 are considered statistical non-significant.

Results and discussion

Design of IONP-Neu-PSA

Fig. 1 illustrates the configuration and synthesis process of IONP-Neu-PSA. The 10-nm
IONP core was synthesized by thermal decomposition and was further modified by an
established ligand exchange process to coat with amine functional PEG (PEG-NH2) to
confer water solubility.29 The IONP core is biodegradable and has been shown to be safe for
in vivo applications.30-31 The PEG-NH, coating on the IONP serves to improve serum
stability, prolong blood circulation time in vivo, and offer utility for bioconjugation via
reactive primary amines.2%:32.33 Neu was first thiolated by Traut’s reagent followed by
conjugation with IONP via SM(PEG),4 bifunctional linker to create sufficient spacing
between Neu and the IONP surface for flexible apoptotic cell binding.34 Biotinylated PSA
was then conjugated to IONP via noncovalent biotin-avidin interactions to maintain the
structural integrity and the functionality of PSA after conjugation. IONP-Neu-PSA was also
labeled with reporter fluorophore, Cy5 for in vitro or Cy5.5 for in vivo optical monitoring.

NP bound PSA characterization and quantification

To validate the conjugation of Neu and subsequently PSA to IONP, FTIR analysis was
performed for IONP, IONP-Neu and IONP-Neu-PSA. Compared to the IONP baseline
spectrum, both IONP-Neu and IONP-Neu-PSA showed significant peak intensity increases
at 3417 cm™1, 1623 cm™2, and 1380 cm™1. Peaks at 2965 cm™1 and 1048 cm~1 were unique
to IONP-Neu-PSA (Fig. 2a), indicating successful attachment of PSA onto IONP-Neu.
Peaks that were shared by both IONP-Neu and IONP-Neu-PSA are the common footprint of
proteins in IR spectra. Chemical groups responsible for the peaks associated with these
wavenumbers are summarized in Fig. 2b. The 3417 cm~1 peak corresponds to the stretching
vibration of the dominating N-H bond with small contribution from the O-H bond.3%:36 The
stretching vibration of C=0 and C-N bonds which are abundant in protein backbone is
mainly responsible for the peak at 1623 cm™1.3% The intensity spike at 1380 cm™ is
primarily due to the increased amount of C-H bonds.3” The two peaks unique to IONP-Neu-
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PSA is explained by the increased presence of C-H groups (2965 cm™1) and alkyl amine
(1048 cm™1) after PSA was bound to NP bound Neu protein.36

To quantify the amount of PSA bound on IONP, free PSA contents from IONP-Neu-PSA,
pure PSA and IONP-Neu samples were collected from the spin filter (100 kDa) flow through
eluents. Pure PSA and IONP-Neu-PSA had the same PSA concentration before spin
filtering. SDS-PAGE gel electrophoresis was performed to visualize the free PSA contents
from the samples. The image of SDS-PAGE showed that the free PSA band produced from
pure PSA control has higher intensity than that of IONP-Neu-PSA (Fig. 3a). No visible PSA
band from IONP-Neu was observed. The same spin filtered samples were also analyzed by
BCA protein quantification assay. BCA absorbance readings of IONP-Neu-PSA, pure PSA
and IONP-Neu were fitted to the second order polynomial PSA standard curve. From the
BCA data, the concentration of the free PSA content from IONP-Neu-PSA was evaluated to
be 206 + 14.16 pg/mL, which is 72.1% + 4.95% of the 286 + 6.78 pg/mL free PSA content
from the pure PSA control (Fig. 3b). Quantitative analysis over the triplicate SDS-PAGE
intensity data (Fig. S2, Supplementary Information) showed that the free PSA band intensity
from IONP-Neu-PSA was 79.9% + 6.4% of the band intensity from pure PSA control (Fig.
3c). This result suggests that the remaining 20.1% PSA was bound to IONP-Neu to form
IONP-Neu-PSA, which is equivalent to 2.97 PSA molecules per IONP-Neu particle
(Supplementary Information). The BCA assay result indicates that 27.9% of the PSA was
conjugated onto IONP-Neu, which is equivalent to 4.12 PSA molecules bound by each
IONP-Neu particle (Supplementary Information). Thus, each IONP-Neu-PSA contains 3 to
4 PSA molecules on average as corroborated by both SDS-PAGE and BCA assay data. After
purification, no free PSA bands were observed from IONP-Neu-PSA in the non-reducing
SDS-PAGE (Fig. S3, Supplementary Information), indicating successful removal of the
excessive PSA from IONP-Neu-PSA solution.

Physicochemical properties of IONP-Neu-PSA

The in vivo pharmacokinetics and biodistribution of nanosized substances are determined by
their physicochemical properties. Low bioactivity has been the main challenge in delivery of
NPs to desired sites of action in vivo. To avoid immune-recognition, reduce cytotoxicity, and
bypass biological barriers, NPs should ideally possess a hydrodynamic size of 10-100 nm
and a neutral or slightly negative surface charge.38:39 The hydrodynamic diameter of IONP-
Neu-PSA was 34.5 + 1.1 nm, which falls within the ideal size range for in vivo applications
(Fig. 4a). The zeta potential of IONP-Neu-PSA was —2.20 £ 1.25 mV (Fig. 4b) which is well
within the range for avoiding non-specific binding with cell surfaces and the extracellular
matrix. TEM images of IONP-Neu-PSA show mono-dispersity with a 10 nm spherical core
(Fig. 4c). IONP-Neu-PSA was evaluated for its serum stability in cell culture medium.
IONP-Neu-PSA was mixed with cell culture medium supplemented with 10% fetal bovine
serum at 1:9 ratio (v/v) and incubated at 37 °C; the hydrodynamic size was acquired over the
time of incubation. IONP-Neu-PSA showed minimal size variation in cell culture medium
over 125 hrs (Fig. 4d).

It is essential for IONP-Neu-PSA to exhibit serum stability to achieve high bioavailability at
apoptotic sites. Appropriate NP surface chemistry can minimize protein corona formation
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and avoid opsonization which not only results in failed passage across biological barriers but
also triggers the mononuclear phagocyte system (MPS) to sequester NPs.4041 Consistent
size of IONP-Neu-PSA in cell culture medium indicates that IONP-Neu-PSA can remain
inert in serum to evade sequestration in vivo. The hydrodynamic size, zeta potential, and
PSA labeling quantification is summarized in Table 1. T2 contrast enhancing properties of
IONP-Neu-PSA was evaluated. The transverse relaxivity of IONP-Neu-PSA was 58.11 mM
~1571 suggesting that IONP-Neu-PSA inherited most of IONP’s transverse relaxivity (87.70
mM~1 s71) after protein surface coating (Fig. S4, Supplementary Information). It has been
shown that IONP conjugated with chitosan-grafted-PEG and chlorotoxin can effectively
enhance MRI T2 contrast in vivo with a transverse relaxivity of 40.3 mM™1 s71.42 Therefore,
IONP-Neu-PSA has the potential as an apoptosis tracker under in vivo MRI.

Biocompatibility of IONP-Neu-PSA

For successful clinical application, an apoptosis probe should not cause cytotoxicity which
could induce apoptosis and lead to false positive apoptosis detection. To evaluate the cellular
compatibility of IONP-Neu-PSA, cell viability assays were performed on cancer cells
treated with IONP-Neu-PSA. IONP-Neu-PSA was incubated with 4T1 cells for 72 hours
and then the alamar blue cell viability assay was used to assess cytotoxicity. 4T1 breast
cancer cells treated with IONP-Neu-PSA over the concentration range of 1-50 pg/ml
remained near 100% viable (Fig. 5). These results indicate that IONP-Neu-PSA does not
damage cells and induce apoptosis.

Apoptotic cell binding of IONP-Neu-PSA in vitro

To investigate the apoptotic cell binding capability of IONP-Neu-PSA, IONP-Neu-PSA and
IONP-Neu (control NPs) were tagged with Cy5 fluorescent dye to form IONP-Neu-PSA-
Cy5 and IONP-Neu-Cys5, respectively. Non-fluorescent chemotherapeutic drug paclitaxel
(PTX) was used to induce cell apoptosis. A previous study showed that a dose of 10 M
PTX can inhibit 4T1 cell growth by more than 50%.42 In order to induce apoptosis on the
majority of the cells, 4T1 cells were treated with 10 or 20 uM of PTX for 24 hours. 4T1 cells
that were not treated with PTX were used as the negative control. IONP-Neu-PSA-Cy5 and
IONP-Neu-Cy5 were then incubated with PTX treated 4T1 cells for 1 hour before analysis
with a flow cytometer. Concurrently, commercially available Annexin V-Alexa Fluor 488
was applied to the same 4T1 treatment groups and served as a positive control. Based on the
flow cytometry analysis, both Annexin V and IONP-Neu-PSA-Cy5 demonstrated successful
labeling of apoptotic 4T1 cells (Fig. 6). IONP-Neu-Cy5 did not show a significant difference
in signal intensity between PTX treated and untreated 4T1 cells (Fig. 6a), which indicates
that IONP-Neu-Cy5 did not bind to apoptotic cells non-specifically without PSA. The flow
cytometry analysis showed that IONP-Neu-PSA-Cy5 displayed a greater signal increase
than Annexin V as the PTX concentration was increased (Fig. 6b and ¢). IONP-Neu-PSA-
Cy5 showed a 166.5% and 632.5% increase in mean fluorescence intensity (MFI) in
response to the 10 and 20 uM PTX treatments, respectively, as compared to the untreated
cells (Fig. 6d). Comparatively, Annexin V only exhibited a 53.9% and 424.4% MFI increase
in response to the 10 and 20 uM PTX treatments, respectively, as compared to the untreated
cells. The PTX dosage-dependent apoptosis was also confirmed by bright field imaging (Fig.
6e). 4T1 cells treated with the higher PTX dosage displayed more pronounced growth
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inhibition (Fig. S5. Supplementary Information). In addition, at a higher PTX dosage, more
4T1 cells exhibited morphology change from the characteristic spindle-like normal cell
morphology to the near-spherical unhealthy shape due to the loss of adhesion to cell culture
plates. Apparently, an increase in PTX dosage from 0 UM (untreated) to 10 uM and
subsequently to 20 uM increased the apoptotic sub-population in 4T1 cells. Since IONP-
Neu-PSA-Cy5 NPs responded to the same increases in apoptotic cell sub-population with a
greater increase in MFI than annexin V, IONP-Neu-PSA-Cy5 was shown to be more
sensitive than annexin V in detecting apoptosis.

Confocal laser scanning microscopy was used to qualitatively confirm the apoptosis labeling
by Annexin V and IONP-Neu-PSA (Fig. 7). Here, apoptosis of 4T1 cells was induced by
treatment with 20 pM PTX. Untreated 4T1 cells served as the negative control. Annexin V-
Alexa Fluor 488 and IONP Neu-PSA-Cy5 NPs were used to stain the cell plasma
membrane. Propidium lodide (P1) was used for cell nucleus staining. A chemotherapeutic
drug-treated cell is at late apoptosis stages if its nucleus can be stained by P1.4445 Annexin
V and IONP-Neu-PSA-Cy5 both successfully labeled only the PTX-treated cells. However,
slight background Annexin V staining on untreated cells was observed whereas IONP-Neu-
PSA-Cy5 did not show any noticeable labelling on the untreated cells. This result
corroborates with the flow cytometry data further confirming the superior apoptotic cells
labelling specificity of IONP-Neu-PSA-Cy5. Notably, Annexin V concentrates mostly on
the surface of the apoptotic cells whereas IONP-Neu-PSA-Cy5 traveled pass the membrane
and resided within the cell. The mechanism of NP uptake in apoptotic cells is currently not
well understood. NPs normally travel into cells via the receptor-ligand mediated endocytic
pathway*6:47 which requires cells to be biochemically active. Before loss of biochemical
functions, apoptotic cells could possibly still uptake NPs via endocytosis. Yet other
internalization mechanisms are also likely to be responsible.

Real time apoptosis progression monitoring in vivo

IONP-Neu-PSA tagged with near-IR Cy5.5 fluorescent dye (IONP-Neu-PSA-Cy5.5) was
administered to tumor bearing mice to evaluate the apoptosis labeling capability of IONP-
Neu-PSA-Cy5.5 in vivo. Wild type Balb/cJ mice were first inoculated with 4T1 cells
subcutaneously under the mammary fat pad to develop primary breast tumors. The injected
4T1 cells developed into palpable tumor spheroids in 12 days, at which point 200 uL of 5
mg/mL (40 mg/kg) hydrophilic chemotherapeutic drug doxorubicin (DOX) was
administered intravenously to the tumor bearing mice to induce tumor apoptosis. Mice not
administered DOX were used as negative controls. All mice received 100 pL of IONP-Neu-
PSA-Cy5.5 (2.8 mg Fe/mL) administered via tail vein injection 72 hours after DOX
treatment. All mice were then monitored by IVIS imaging (Excitation 710 nm, Emission
filter ICG 810 nm — 875 nm) for 14 days.

Within the first 6 hours after IONP-Neu-PSA-Cy5.5 administration, intense Cy5.5 signal
was found to accumulate in the lower abdominal region in mice, where liver and spleen are
located, for both the DOX-treated and untreated mice (Fig. 8a). This phenomenon can be
understood by considering the pharmacokinetics of NPs. After administered into
bloodstream, most of the NPs will be phagocytosed by the mononuclear phagocyte system
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(MPS). Kupffer cells in liver and macrophages in splenic red-pulp play significant roles in
MPS and are mainly responsible for eliminating foreign substances such as NPs,14:15:48
Therefore, it was expected that some IONP-Neu-PSA-Cy5.5 particles would initially
accumulate in the liver/spleen region (abdominal region) (6h, Figure 8a), followed by a
sharp decline in number (as indicated by the significant decrease in the fluorescence
intensity in abdominal region) after most of the NPs had been cleared by the MPS (1d,
Figure 8a). For the mice receiving no DOX treatment, weak and randomly distributed Cy5.5
signal was detected between days 1-6, indicating the nonspecific cellular uptake of IONP-
Neu-PSA-Cy5.5 NPs in different organs and tissue. After day 6, the random Cy5.5 signal
from untreated mice gradually dissipated and eventually disappeared completely by day 14.
Notably in the tumor regions of untreated mice, the non-specific uptake signal quickly
dropped to background level after day 1 and persisted at a similar level throughout the
monitoring period (Fig. 8b). This observation further confirms that IONP-Neu-PSACy5.5
does not target untreated tumor cells (i.e., non-apoptotic cells). For the DOX treated mice,
IONP-Neu-PSA-Cy5.5 NPs accumulated rapidly at the tumor site 6 hours after injection of
IONP-Neu-PSA-Cy5.5 and started to emit clear persistent fluorescence signal at day 2.
IONP-Neu-PSA-Cy5.5’s signal intensity reached optimum between day 6 and day 8
followed by slight decrease between day 11 and day 14.

Macrophages can engulf apoptotic cells generated from normal tissue within 10 minutes so
that these apoptosis events are virtually undetectable.® On the other hand, tumor cells can
effectively avoid clearance by phagocytes®9°1 so that IONP-Neu-PSA-Cy5.5 NPs are
trapped in apoptotic tumor mass to create a prolonged detection window. As a result, IONP-
Neu-PSA-Cy5.5 was able to consistently colocalize with apoptotic tumor mass and precisely
delineate the shape of apoptotic tumor mass between day 2 and day 14. In the long run,
gradual decrease in fluorescence signal could indicate the clearance of apoptotic tumor cells.
It is probable that as the apoptotic tumor cells are being cleared out, the IONP-Neu-PSA
particles bound on or resided in the apoptotic cells would also be cleared out along with the
apoptotic cells. Thus, IONP-Neu-PSACy5.5 could potentially reveal the changes in
apoptotic cell population over time. Moreover, the high integrity of the signal from IONP-
Neu-PSA-Cy5.5 remained unaffected with low background noise throughout the monitoring
period. The fact that IONP-Neu-PSA-Cy5.5 primarily labels apoptotic tumor mass render it
a reliable tool for evaluating long-term tumor treatment efficacy in vivo.

Conclusions

We have developed a NP that is highly selective and exhibits a persistent signal in
monitoring of tumor apoptosis in vivo. IONP-Neu-PSA exhibited excellent mono-dispersity,
sub-100 nm hydrodynamic size, a minimally negative surface charge, and serum stability
which is ideal for in vitro and in vivo apoptosis labeling applications. IONP-Neu-PSA have
T, contrast enhancing property and can potentially serve as an apoptosis tracker with MRI.
The NP bound PSA exhibits reliable apoptotic cell targeting in vitro and in vivo.
Significantly, IONP-Neu-PSA-Cy5.5 demonstrates great utility in accurately labeling the
apoptotic tumor mass in mice and generating near-IR fluorescent signal with outstanding
integrity over an extended period of time. Therefore, IONP-Neu-PSACy5.5 may serve as a
reliable probe for tumor apoptosis validation and a versatile tool for anticancer research.
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Fig. 1.
Ilustration of IONP-Neu-PSA synthesis. IONP-PEG-NH2 was first functionalized with

SM(PEG)24 and NHS activated fluorophores. Thiolated neutravidin was conjugated onto
IONP via SM(PEG),4 bifunctional linker. Biotinylated PSA was then attached to neutravidin
via avidin-biotin interaction.
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NP bound PSA characterization and quantification. (a) FTIR absorbance spectrum analysis
of IONP-Neu-PSA and IONP-Neu with IONP as the control particle. Peak wavenumbers
unique to IONP-Neu and IONP-Neu-PSA are delineated with dashed lines. (b) Summary
table of the wavenumbers of interest with their corresponding functional groups.
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Fig. 3.

Qt?antitation of PSA bound on IONP-Neu particles. (a) SDS-PAGE image of free PSA
samples collected from the 100 kDa spin filter flow through of PSA control, IONP-Neu-PSA
and IONP-Neu. (b) BCA protein assay with PSA standard curve ranging from 0-1000
mg/mL. The absorbances of the spin filter flow through of PSA control, IONP-Neu-PSA and
IONP-Neu were measured and fitted to the PSA standard curve for free PSA concentration
calculation. The inset is the enlarged linear portion of the curve at low concentrations. (c)
Statistical analysis of the PSA concentration data from SDS-PAGE image and BCA protein
assay. The concentration of PSA controls from SDS-PAGE and BCA were both normalized
to 100%. P value < 0.05 is denoted as *, < 0.005 as ** and < 0.0005 as ***,
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Physicochemical properties of IONP-Neu-PSA. (a) Hydrodynamic sizes in 20 mM and (b)

Zeta potentials of IONP, IONP-Neu, IONP-Neu-PSA. (c) TEM image of IONP-Neu-PSA.
(d) Serum stability of IONP-Neu-PSA, characterized by incubating IONP-Neu-PSA in 10%
FBS (v/v) supplemented cell culture medium at 37°C for 125 hrs and measuring
hydrodynamic size of IONP-Neu-PSA over time. There is no significant change in size data
over time as characterized by the two-tailed student’s test (p > 0.05).
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Viability of 4T1 breast cancer cells treated with IONP-Neu-PSA at various concentrations.
4T1 cells were incubated with IONP-Neu-PSA for 72 hours at 37°C and 5% CO2. All the
data points at various [Fe] concentrations show no significant difference from each other as
characterized by the two-tailed student t test (p > 0.05).
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Fig. 6.

Assessment of apoptosis cell binding by IONP-Neu-PSA characterized by flow cytometry
and optical imaging. Fluorescence intensity distributions of (a) IONP-Neu, (b) IONP-Neu-
PSA and (c) Annexin V treated 4T1 cells. 4T1 cells were incubated with 0, 10, or20 uM of
PTX for 24 hours to induce apoptosis prior to measurements. (d) Quantitation of apoptotic
cell binding. The mean fluorescence intensity (MFI) of untreated 4T1 (0 uM PTX) control
was normalized to 1 for IONP-Neu, Annexin V.
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20 um

In vitro apoptotic cell labeling characterized by confocal microscopy. 4T1 cells were either
treated with 20 uM PTX for 24 hours to induced apoptosis or received no PTX treatment as
control. Both the treated and untreated cells were labeled with PI (red), and either Annexin
V-AF488 (green) or 10 NP-Neu-PSA-Cy5 (green). All the stained 4T1 cells were then

mounted onto glass slides with anti-fade agent.
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O Untreated 2

In vivo monitoring of apoptosis. (a) Representative Near-IR images of two groups of tumor-
bearing mice, with one group treated with DOX and another group receiving no treatment.
Mice were monitored with IVIS for 14 days starting 6 hours post IONP-Neu-PSA-Cy5.5
injection. IONP-Neu-PSACYy5.5 labeled apoptotic tumor regions are highlighted with a red
dashed circle. The left and right mouse of the untreated group in each image are designated
as Untreated 1 and Untreated 2, respectively. (b) Quantitation of the near-IR fluorescent
intensity in (a). The left mouse and the right mouse in the Dox treated panel are assigned as
Dox Treated 1 and Dox Treated 2 respectively.
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