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Background: Recent advancements in nanomedicine and nanotechnology have expanded the scope of multifunctional nanostructures,
offering innovative solutions for targeted drug delivery and diagnostic agents in oncology and nuclear medicine. Nanoparticles,
particularly those derived from natural sources, hold immense potential in overcoming biological barriers to enhance therapeutic
efficacy and diagnostic accuracy. Papain, a natural plant protease derived from Carica papaya, emerges as a promising candidate for
green nanotechnology-based applications due to its diverse medicinal properties, including anticancer properties.

Purpose: This study presents a novel approach in nanomedicine and oncology, exploring the potential of green nanotechnology by
developing and evaluating technetium-99m radiolabeled papain nanoparticles (*°™Tc-P-NPs) for imaging breast tumors. The study
aimed to investigate the efficacy and specificity of these nanoparticles in breast cancer models through preclinical in vitro and in vivo
assessments.

Methods: Papain nanoparticles (P-NPs) were synthesized using a radiation-driven method and underwent thorough characterization,
including size, surface morphology, surface charge, and cytotoxicity assessment. Subsequently, P-NPs were radiolabeled with
technetium-99m (°*™Tc), and in vitro and in vivo studies were conducted to evaluate cellular uptake at tumor sites, along with
biodistribution, SPECT/CT imaging, autoradiography, and immunohistochemistry assays, using breast cancer models.

Results: The synthesized P-NPs exhibited a size mean diameter of 9.3 = 1.9 nm and a spherical shape. The in vitro cytotoxic activity
of native papain and P-NPs showed low cytotoxicity in HUVEC, MDA-MB231, and 4T1 cells. The achieved radiochemical yield was
94.2 + 3.1% that were sufficiently stable (>90%) for 6 h. The tumor uptake achieved in the 4T1 model was 2.49 + 0.32% IA/g at
2 h and 1.51 + 0.20% IA/g at 6 h. In the spontaneous breast cancer model, 1.19 £ 0.20% IA/g at 2 h and 0.86 £ 0.31% IA/g at
6 h. SPECT/CT imaging has shown substantial tumor uptake of the new nanoradiopharmaceutical and clear tumor visualization.
99mTe-P-NPs exhibited a high affinity to tumoral cells confirmed by ex vivo autoradiography and immunohistochemistry assays.
Conclusion: The findings underscore the potential of green nanotechnology-driven papain nanoparticles as promising agents for
molecular imaging of breast and other tumors through SPECT/CT imaging. The results represent a substantial step forward in the
application of papain nanoparticles as carriers of diagnostic and therapeutic radionuclides to deliver diagnostic/therapeutic payloads
site-specifically to tumor sites for the development of a new generation of nanoradiopharmaceuticals.
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Introduction

In recent years, there has been a significant focus on discovering new biocompatible nanomaterials sourced from natural
resources. These materials have the potential to inhibit cancer, reduce the likelihood of cancer occurrence, and facilitate
the precise delivery of therapeutic and diagnostic agents to specific sites.' > Green nanotechnology, which emphasizes
environmentally friendly methods and materials, plays a crucial role in this field. Additionally, integrating herbal
medicines, known for their natural therapeutic properties, into nanotechnology enhances their efficacy.* This is particu-
larly significant in the case of triple-negative breast cancer (TNBC), an aggressive form of breast cancer characterized by
rapid progression and high metastasis rates, resulting in a poor prognosis and limited targeted therapeutic options.>®

Plant proteases are attractive platforms for designing protein nanoparticles due to their advantageous physicochemical
properties, including thermal stability with high enzymatic activity, solubility, and simplicity of plant extraction at low
cost.”® Papain, an enzyme in the protease category, is extracted from the latex of Carica papaya, commonly referred to
as papaya. With a molecular weight of 23.5 kDa, this enzyme consists of 212 amino acids organized into two domains.
Cysteine, histidine, and aspartic acid characterize its active site.” Its therapeutic properties, including anticancer,
antibacterial, and antioxidant capabilities, make it an excellent candidate for medical applications.'®!!

Papain is involved in various biological activities, including proteolysis, cell dissociation, and wound cleanser
formulations to remove necrotic tissue and promote recovery in skin treatments, attributed to the reduction activity of
thiol groups.'*'®> Numerous studies conducted by various groups have demonstrated that papain has anticancer effects.'*
2 Papain’s effectiveness in modulating cell signaling pathways in the immune system, apoptosis, and cancer
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development has been shown in vitro using several cancer cell lines.”> In vivo studies in animal models have
demonstrated its efficacy in inhibiting primary and metastatic tumor development (melanoma and Lewis lung
carcinoma).'®**

Additionally, animal models treated with proteases survive substantially longer than those untreated.'® Clinical trials
in breast, colorectal, and plasmacytoma cancer patients demonstrated that adjunctive systemic enzyme therapy (contain-
ing papain) reduced tumors as well as reduced therapy-induced adverse effects.'**> While several in vitro and in vivo
investigations have been conducted to elucidate its broad spectrum of pharmacological effects, little is known regarding
its pharmacokinetic properties and toxicological profile.

The development of papain nanoparticle-based imaging probes for nuclear imaging allows for pinpointing disease
locations, tracking changes in pathology and gaining insights in molecular aspects linked to payload delivery. Gaining
a thorough insight into biodistribution and pharmacokinetics behavior in vivo is valuable in guiding therapeutic and
diagnostic interventions involving nanoscale drug delivery systems of papain nanoparticle-based imaging probes. The
promising pharmacological properties of papain prompted us to develop an enzymatic protein-based nanoparticle system
to enhance tumor uptake and bioavailability and capitalize on papain’s potential efficacy as a nanocarrier to deliver
contrast agents and diagnostic radionuclides successfully.

The tumor extracellular matrix (ECM) represents a significant barrier to the delivery of drugs and radionuclides,
particularly in non-vascularized and anoxic tumor regions. This ECM, composed of proteoglycans, hyaluronic acid,
collagen, and other structural proteins, limits delivery effectiveness.”® To address this challenge, we have developed
papain nanoparticles that actively degrade the ECM, enhancing the delivery and efficacy of diagnostic agents and
molecules within the tumor. This approach aims to improve the uniform distribution of agents throughout the tumor
parenchyma, potentially overcoming the limitations of current therapeutic and diagnostic strategies.

Notably, no published studies have examined the use of papain nanoparticles, especially those obtained using
radiation, with anticancer potency to deliver radionuclides to tumor sites for diagnosis purposes.

27738 we herein,

In continuation of our long-standing efforts in the development of nano-sized radiopharmaceuticals,
describe innovative synthetic pathways to produce papain nanoparticles (P-NPs) by gamma irradiation, their radiolabel-
ing with technetium-99m (**™Tc), and evaluation of in vitro parameters. Toward our overall objective of developing
SPECT imaging probes for the accurate diagnosis of breast tumors, we also describe, herein as a proof of concept, in vivo
imaging biodistribution investigations of technetium-99m (°’™Tc) radiolabeled papain nanoparticle (°*™Tc-P-NPs) using

breast tumor bearing mice.

Materials and Methods
Preparation of Papain Nanoparticles

Papain nanoparticles were synthesized using the radiation-induce method following Varca et al and Fazolin et al®*’
Papain nanoparticles were synthesized in an ice bath using 10 mg.mL ™" of papain dissolved in 50 mm phosphate buffer
(pH 7.4) containing 20% (v/v) ethanol. At a dose rate of 5 kGy.h™', samples were subjected to y-irradiation in the ice to
a dose of 10 kGy using ®°Co as a radioactive source in a multipurpose irradiator (IPEN/CNEN-Brazil).

Nanoparticles Characterization
Particle Size Distribution and Zeta Potential Measurements

The analysis of particle size distribution, encompassing mean diameter and polydispersity index, was conducted
employing the Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). A 1 mg.mL™"' suspension of P-NPs was
prepared in MilliQ water. Subsequently, a 10 pL aliquot was diluted to 1 mL of MilliQ water. The average diameter was
computed based on three determinations for each sample. In the same equipment, appropriate diluted samples were used
to measure the zeta potential at 25°C. The values presented denote the mean + standard deviation derived from

a minimum of three distinct batches of nanoparticles.
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Field Emission Scanning Electron Microscopy (FEG-SEM)

The surface morphology of P-NPs was examined through field emission scanning electron microscopy (FEG-SEM) using
a JSM 7800F (JEOL, Japan). Before imaging, the samples underwent sputter-coating with gold (6 nm thickness) using
a Balzers SCD 050 apparatus at a current intensity of 22 mA for 60s. The image capture was conducted with an
accelerating voltage maintained at 0.5 kV.

Papain Nanoparticles in vitro Cytotoxicity

The potential cytotoxic effects of native papain and P-NPs were assessed against MDA-MB-231 (human triple-negative
breast cancer cell line-ATCC), 4T1 (an animal model for stage IV human breast cancer-ATCC), and HUVEC (Human
Umbilical Vein Endothelial Cells — Sigma Aldrich) using the MTT assay. MDA-MB-231, 4T1, and HUVEC cell lines
were cultured in DMEM or RPMI-1640 medium. The cells were seeded at a density of 1..10* cells per well in 96-well
plates and maintained at 37°C in a humidified atmosphere with 5% CO,. After 48 h, the respective media were replaced
with 200 uL of fresh media containing varying concentrations of native papain and P-NPs (5-100 ug.mL™" for 48 h).
Following the incubation period, media containing free native papain and P-NPs were aspirated, and 200 uL. of MTT
solution (1 mg.mL™") was added to each well, with further incubation for 4 h at 37°C in the dark. Upon removal of the
culture medium, 150 uL of DMSO was added to each well to dissolve the intracellular formazan crystals, and absorbance
was measured at 550 nm using a microplate reader (VersaMax, Molecular Devices).

Cell viability was calculated using the formula:

Abs test cell
Cell viability (%) :%x 100

Here, Abs test cells represent the formazan amount for cells treated with native papain or P-NPs, and Abs control cells
express the intra-cellular formazan in non-treated cells.

??™T¢ Radiolabeling of Papain Nanoparticles
P-NPs were radiolabeled with technetium-99m (°**™Tc) by the direct-labeling method using tin chloride dihydrate as
a reducing agent. Briefly, 500 pL of aqueous sodium pertechnetate (Na””™TcO, ; 555-740 MBq) was added to 200 uL of
P-NPs suspension (equivalent to 2 mg P-NPs) followed by the addition of 10 uL (22 mM) of freshly prepared tin chloride
dihydrate (nitrogen-purged 0.1N HCI solution) and incubated for 30 min at 45°C. After cooling at room temperature, the
samples were filtered using 0.2 um PVDF filters (13 mm).

The radiolabeling efficiency was determined by paper chromatography using 1.0 x 8.0 cm Whatman 1 paper as the
stationary phase with two mobile phases: 1) acetone and 2) pyridine: acetic acid: water (3:5:1.5) as per the previously

reported procedure (Figure S1).4041

In vitro Evaluation of *™Tc-Labeled P-NPs

In vitro Stability Studies of **™Tc-Labeled P-NPs

The in vitro stability of *™Tc-P-NPs was evaluated using a method previously outlined.* In summary, radiolabeled
nanoparticles (0.1 mL-74 MBq) were individually introduced into 0.9 mL of (a) serum and (b) histidine solution (1,107
M). Then, these mixtures were incubated at 37°C for 24 h. Samples were withdrawn at different time points (0, 1, 3, 6,
and 24 h) and subjected to analysis through paper chromatography (as previously described) to detect any potential
dissociation of the radiolabeled formulation.

In vitro Cell-Binding and Internalization of **™Tc-Labeled P-NPs

The cell binding and internalization of **™Tc-P-NPs in MDA-MB-231 and 4T1 cell lines were investigated following
a method previously outlined with some adjustments.** Briefly, cells were cultured in triplicate in six-well plates (1,10’
cells/well) with DMEM or RPMI medium at 37°C for 24h. Subsequently, approximately 37 kBq of **™Tc-P-NPs were
introduced into the medium, and the cells were incubated at 37°C in 5% CO, for various time intervals (15, 30, 60, 90,
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and 120 min). After each specified time, the medium was removed to halt cellular internalization, and the cells were
washed with ice-cold phosphate-buffered saline (pH 7.2).

The gamma counter (Hydex, Finland) was employed to measure radioactivity in both cell pellets (total bound) and the
supernatant (unbound). Cell surface-bound radioligand was removed by washing the cells with ice-cold acidic buffer
(0.05 mol.L ™" glycine solution, pH adjusted to 2.8 with 1IN HCI) for 5 min. The remaining cell-associated radioactivity,
resistant to this procedure, was considered internalized radioactivity. Finally, trypsin treatment at 37°C for 5 min was
applied to detach cells from the plates. The supernatant was collected, and the radioactivity was measured. The
percentage of internalized radioactivity was computed following previously described methods. Each experiment under-
went three repetitions, and the results were presented as the mean + standard deviation.

In vivo Evaluation of **™Tc-Labeled P-NPs

The Ethics Committee in Animal Use of the Faculty of Medicine of the University of Sdo Paulo (FMUSP 128/16)
approved all animal studies and experimental protocols. All experiments were conducted according to the guidelines set
by the National Council for Animal Experimentation Control (CONCEA-Brazil).

Biodistribution in Healthy Balb/c Mice, 4T| Tumor-Bearing Mice, and Spontaneous
Breast Cancer Mice (MMTV-PyMT)

Biodistribution studies were performed in healthy Balb/C (n = 3) and spontaneous breast cancer mice (n=3, MMTV-
PyMT). For the 4T1 tumor-bearing model, freshly collected 4T1 cells (2,107 cells) suspended in saline were injected into
mice via intraductal injection (through the mammary gland closest to the thigh of the right hind paw). After two weeks,
a palpable tumor (volume 1+0.1cm’) was developed, and the animals were used for biodistribution studies. **™Tc-
P-NPs (0.1 mL, 37-74 MBq) were administrated by intravenous (IV) injection through the tail vein of all the well-
hydrated animals. At 2 and 6 h post-injection, the animals (n = 3) were euthanized, and the blood sample was collected by
cardiac puncture, as well as organs and tissues. All mice were acquired from the Faculty of Medicine of the University of
Sao Paulo.

All the samples were collected in pre-weighed scintillation vials, and the radioactive counts were measured using
a gamma counter (Hidex, Turku, Finland). Organ uptake was expressed as a percentage of the injected activity per gram
of tissue (% IA/g) or organ.

SPECT/CT Image

SPECT/CT images were acquired in a dedicated small animal scanner (Triumph™- Gamma Medica-Ideas, Northridge,
CA, USA). All procedures were performed with the animals under anesthesia (2-3% isoflurane in 100% oxygen). **™Tc-
P-NPs, 37 MBq in 0.1 mL, was administrated intravenously into the tail vein (n=3/time). After 2 and 6 h **™Tc-P-NPs
post-injection, animals were positioned with the tumor region in the center of the SPECT scanner field. A dual-head
camera with 1.0 mm five-pinhole collimators and a CZT detector system was used. The SPECT image was acquired for
30 minutes (32 projections of 60s each per detector). Heating pads maintained the animals’ body temperature and breath
rate was monitored.

After the scans, the animals were allowed to recover in their home cages. Images were reconstructed using the
Ordered subset expectation maximization OSEM 3D algorithm. Before or after SPECT acquisition, computed tomo-
graphy (CT) images, 45 kVp, and 360 pA were obtained during 1 min (256 projections, 1.3x magnification). CT images
were reconstructed with FBP (filtered back projection) algorithm with a 512 x 512 matrix and 0.17 x 0.17 mm pixel.
SPECT/CT fused images were analyzed using PMOD® software. The volume of interest (VOI) was manually drawn for
each animal in the breast tumor. The data is presented as the ratio between tumor and muscle uptake.

Ex vivo Autoradiography

After SPECT/CT acquisition, the animals were deeply anesthetized with 5% isoflurane in 100% oxygen and euthanized
by heart extirpation. The breast tumor was dissected and frozen in the tissue freezing medium (OCT, Tissue-Tek). Slices
of the tumor were prepared at cryostat (30 pm) and collected on histological slides. After that, slides with tumor tissue
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were exposed to a multi-sensitive phosphor storage screen for 24 h. The exposed phosphor screens were scanned in
a Typhoon FLA 9500 biomolecular image (GE Healthcare). The distribution profile of *™Tc-P-NPs binding in the tumor
slice was observed at ImageJ (NIH, USA).

Immunohistochemistry

The same tumor used for ex vivo autoradiography was employed to prepare histological material for immunohistochem-
istry. However, the tumor tissue sections were thinner (10 pm). As a result, the data constitutes a series of adjacent slices
for autoradiography and immunoassay. Histological slides with tumor slices were stored at —20°C until the immunobhis-
tochemistry procedures.

For immunostaining, we used an anti-papain antibody (goat polyclonal, Novus Biologicals, NBP2-44059) and, as the
secondary antibody, a biotinylated donkey anti-goat IgG (705-065-147, Jackson Immuno Research Laboratories Inc). In
brief, to remove endogenous peroxidase, slides containing the tumor sections were incubated at 0.3% hydrogen peroxide
solution for 10 min and then washed with PBS (3 times for 10 min). Thus, tumor tissue sections were incubated
overnight at 22°C with 1:200 dilution of the primary antibody solution containing 5% normal goat serum in 0.3% Triton
X-100 in PBS. Then, sections were incubated for 2 h with a 1:200 diluted secondary antibody solution. Afterward, the
sections were processed for 2 h using the ABC Elite kit at 1:100 (Vector Labs, Burlingame, CA, USA) and labeled 0.05%
diaminobenzidine tetrahydrochloride (DAB, D5637-25G, Sigma). Sections were incubated for 5 min in DAB solution.
After that, 5 drops of 0.3% hydrogen peroxide in PBS were added until the slices became brown, when they were
rewashed with PBS. Histological slides were treated with 0.05% osmium tetroxide in water, dehydrated, and cleared with
Xylol, and the coverslip was mounted using Permount mounting medium (Fisher, Pittsburg, PA, USA).

Digital images of stained sections were acquired using a Nikon DMX1200 digital camera to illustrate the papain
distribution in the tumor.

Results

Synthesis and Characterization of Papain Nanoparticle

Radiation-synthesized P-NPs exhibited a size profile in the mean diameter 9.3 + 1.9 nm range as determined through
dynamic light scattering (DLS). They exhibited a zeta potential of —11.1 + 5.5 mV—thus rendering optimal in vitro stability
against agglomeration. The surface characteristics of P-NPs were examined using field emission scanning electron
microscopy (FEG-SEM). SEM images revealed the spherical nature of P-NPs, and the particle distribution histogram
corroborated particle sizes of 13.7 + 6.5 nm, consistent with the mean observed through DLS analyses (Figure 1A—C).

In vitro Cytotoxicity of Papain Nanoparticles

In vitro cytotoxic activity of native papain and P-NPs was determined by MTT assays in two invasive ductal/breast
carcinoma cell lines: MDA-MB-231 (ATCC), and 4T1 (ATCC). We have also used HUVEC cells (Sigma-Aldrich) to
assess papain nanoparticles toxicity. Generally, incubation periods were chosen at 48 h to avoid incorrect results that may
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Figure | Characteristics of P-NPs. (A and B) SEM image and (C) Particle size distribution histogram obtained from SEM images.
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Figure 2 Cell viability of MDA-MB-231 breast cancer cells incubated with different papain concentrations, either in nanoparticle or native forms. *Statistically significant
difference with both controls (p<0.001).
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Figure 3 Cell viability of HUVEC healthy human endothelial cells incubated with different papain concentrations, either in nanoparticle or native forms. *Statistically
significant difference with both controls (p<0.001).

arise due to the trypsin-like effects of papain (papain can detach cells; however, after 48 hours its activity over the cell
culture is decreased to the point that the detachment effect is negligible, and the cells are fixed on the plate again). All
cell lines presented similar results, and low papain cytotoxicity was observed (none of the conditions led to <75%
viability, except for the highest concentration of native papain to 4T1 cells). All the samples’ means were not statistically
different from the control cells in MDA-MB-231 and HUVEC lines. In contrast, native papain presented mild toxicity in
4T1 cells exposed to the highest concentrations of the enzyme (Figures 2—4).

??™T¢ Labeling, Quality Control, and Stability Studies

Radiolabeling parameters, including the quantity of nanoparticle suspension, reducing agent, and incubation time were
carefully standardized to attain a consistently high level of reproducible purity. The assessment of purity was conducted
using paper chromatography. P-NPs were successfully labeled with *™Tc, showing a radiochemical yield of 94.2 + 3.1%
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Figure 4 Cell viability of 4T| mice metastatic breast cancer cells incubated with different papain concentrations, either in nanoparticle or native forms. *Statistically
significant difference with both controls (p<0.05).
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Figure 5 Stability study parameters of 9MT¢ labeled P-NPs in histidine and human serum.

after *™TcO, removal using 0.22 pm PDVF filter membrane. Radiochemical impurity (**™TcO, ) was quantified as
5.8% using paper chromatography (Figure S2).

9™Te labeled P-NPs (**™Tc-P-NPs) were sufficiently stable (>90%) for 6 h when incubated with histidine solution
(102 M) and freshly collected human serum at 37°C (Figure 5). After 24 h of incubation, an average of 18.9 and 9.7%
degradation occurred in histidine solution and serum, respectively, demonstrating that the radiolabeled nanoparticle is
highly stable in vitro and sufficiently stable for transchelation. According to these stability studies (Figure 5), the
radiolabeled nanoparticle may exhibit sufficient in vivo stability during biological studies.

In vitro Cell Binding and Biological Evaluation

The *™Tc-P-NPs were examined for their tumor-targeting properties in vitro using the human MDA-MB-231 (ATCC) and
murine 4T1 breast cancer cell lines (ATCC). The cellular uptake and internalization behavior of **™Tc-P-NPs as a function
of time is presented in Figure 6. Following 15 min incubation with **™Tc-P-NPs, around 0.88 + 0.17% of the total activity
was bound to 4T1 cells, increasing to 1.46 + 0.15% after 2 h incubation. After 15 min incubation, about 20.82 + 4.73% of
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Figure 6 In vitro cell binding and internalization of **™Tc labeled P-NPs in (A) MDA-MB231 cells and (B) 4T| cells at different time intervals.

the cell-associated activity was internalized, gradually rising to around 52.62 + 7.68% after 2 h. For MDA-MB231 cells,
about 0.43 £ 0.05% of the total activity of *’™Tc-P-NPs was bound after 15 min, and 51.26 = 11.09% was internalized after
2 h, the value reached a high of 0.92 + 0.08% with total internalization around 43.42 + 1.66%.

As the in vitro behavior was similar between MDA-MB231 and 4T1 cells, the murine model was used for tumor
growth. This model is frequently used testing experimental drugs in triple-negative breast cancers. This model presents
aggressive solid tumors in mice with similarities to triple-negative breast tumors in humans.***° Likewise, MMTV-
PyMT mice were chosen because they can develop spontaneous mammary tumors that closely resemble the progression
and morphology of human breast cancers.*’

Figures 7 and 8 summarize the biodistribution studies of **™Tc-P-NPs at 2 and 6 h post intravenous injection in
healthy mice, 4T1 xenograft mice model, and spontaneous breast cancer model MMTV-PyMT, respectively. The
radiotracer showed moderate blood clearance in healthy mice, 3.30 + 0.48% [A/g after 2 h. However, 4T1 and MMTV-
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Figure 7 Biodistribution studies of 9mT¢ labeled P-NPs in balb/c healthy mice at 2 and 6 h post-injection (%IA/g).
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Figure 8 Biodistribution studies of **™Tc labeled P-NPs in (A) 4T tumor-bearing mice and (B) spontaneous breast cancer mice (MMTV-PyMT) at 2 and 6 h post-injection
(%IA/g).

PyMT models showed rapid clearance with 1.63 + 0.50% IA/g and 0.80 £ 0.13% IA/g, respectively, followed by
subsequent reduction at 6 h due to biodistribution and accumulation in reticuloendothelial system (RES) organs.

Furthermore, the uptake of **™Tc-P-NPs in the spleen and liver was expected considering that nanoparticles may be
removed from the bloodstream through opsonization followed by phagocytosis. The pancreas, small intestine, and large
intestine demonstrated a minimal uptake of **™Tc-P-NPs for all models, confirming the hydrophilicity of the nanopar-
ticles. Radioactivity uptake for most tissues was lower in tumor-bearing mice and MMTV-PyMT mice than in healthy
animals, particularly the kidney. In contrast to healthy animals, **™Tc-P-NPs in RES organs uptake of animals with
cancer almost tripled for the 4T1 model and tenfold for MMTV-PyMT at 6 h, and the difference was found to be two-fold
between cancer models under the same conditions.

These findings indicated that *™Tc-P-NPs were excreted primarily through the renal-urinary system, with secondary
clearance occurring via the hepatic system. Tumor accumulation of the nanoparticle diminished over time. The highest
tumor uptake was achieved in the 4T1 model when compared to spontaneous breast cancer mice: 2.49 + 0.32% IA/g vs
1.19 £ 0.20% [A/g at 2 h (p < 0.05) and 1.51 + 0.20% [A/g vs 0.86 £ 0.31% IA/g at 6 h (p < 0.05). The tumor-to-blood
ratio was not high but remained constant until 6 h. Nonetheless, tumor-to-muscle ratios were significantly higher in both
animal models over the investigated time. The 4T1 model achieved the best ratios, especially for tumor/muscle ratio

outcomes (Figure 9).
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Figure 9 Ex vivo means of tumor—muscle ratio uptake in 4T | tumor-bearing Balb/C mice (n = 3) evaluated by SPECTat 2 and 6 h post intravenous (IV) injection of 99mTe-P-NPs.
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Figure 10 In vivo biodistribution of ™ Tc-P-P-NPs in 4T | tumor-bearing Balb/C mice. SPECT/CT images of > ™Tc-P-NPs injection at 2 and 6 h post-injection in mice
following the intravenous (IV) injection.

Our SPECT/CT imaging investigations in breast tumor bearing animal models have shown substantial tumor uptake of
the new nanoradiopharmaceutical, **™Tc-P-NPs, as shown in vivo (Figure 10) and ex vivo (Figure 8). The rapid blood
clearance, increased tumor—muscle ratio, and tomographic images all aided in delineating the region of interest (ROI) index
of the tumor (Figure 12). The mean uptake in the 4T1 model was 42% higher at 6 h (6.46 + 7.04) after IV injection when
compared to 2 h (3.74 + 5.43) (Figure 9). The affinity of *™Tc-P-NPs to tumoral cells was also confirmed by autoradio-
graphy and immunohistochemistry assays (Figure 11). Note that there is a similarity location of high uptake of **™Tc-P-NPs
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Figure 11 Autoradiography of *™Tc-P-NPs and immunohistochemistry for papain in 4T| tumor-bearing Balb/C mice and MMTV-PyMT. Experiments were performed
immediately after SPECT acquisition at 2 and 6 h post intravenous (IV) injection.
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Figure 12 Mean of tumor-muscle ratio uptake in 4T tumor-bearing Balb/C mice (n = 3) evaluated by SPECT at 2 and 6 h post intravenous (IV) injection of 99mTe-P-NPs.

and high staining for papain in the tumor slice, indicating targeted affinity to tumoral cells, reinforcing that P-NPs were
selectively absorbed in the tumor region in both animal models evaluated in this study (4T1 and MMTV-PyMT).

Discussion

The present study delves into the innovative application of P-NPs as a potential cancer imaging agent, combining the
unique properties of papain with the versatility of nano and radiation technology to crosslink protein nanoparticles by
gamma irradiation. The focus on plant proteases, particularly papain, for designing protein nanoparticles is a strategic
move owing to its advantageous physicochemical and biological properties besides its proven therapeutic benefits,
including anticancer, antibacterial, and antioxidant capabilities.

The synthesized P-NPs, as detailed in the results section, exhibit promising characteristics. Their small size and
spherical nature make them potential candidates for effective drug delivery systems. The negative zeta adds a layer of
stability, crucial for their intended biological applications. The mechanism of nanoparticle formation through ionizing
radiation-induced crosslinking occurs primarily via free radicals generated from the radiolysis of water in the protein
solution. The exposure of proteins to these reactive species causes conformational changes, leading to covalent bonds,

such as bityrosine, which are considered one of the main bonds involved in protein crosslinking.’*® This method offers
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significant advantages over conventional methods, allowing for simultaneous sterilization of the vial contents during the
synthesis reaction. Furthermore, the absence of cross-linking agents ensures low residual toxicity, reducing the need for
additional purification steps to remove remaining monomers.*’

Concerning biocompatibility, the in vitro cytotoxicity assessment of native papain and P-NPs on non-tumoral cells (HUVEC)
provided valuable insights into their safety profile. The minimal cytotoxicity observed in most conditions, especially in the case of
P-NPs, lays a solid foundation for further exploration of their biomedical applications. Additionally, papain concentrations of up to
100 pg.mL ™" had no significant effects on the growth of HUVEC cells. Still, the inactivation of Vascular Endothelial Growth
Factors (VEGF) demonstrated a substantial antiangiogenic effect of papain, indicating an exceptional potential for application as
a preventative and therapeutic agent in diseases involving angiogenic processes.'’

The successful radiolabeling of P-NPs with technetium-99m opens exciting avenues for nuclear imaging. To validate
the robustness of the developed system, detailed standardization of radiolabeling parameters and subsequent stability
analysis were conducted. Several studies on protein radiolabeling have been published, featuring diverse methods such as
direct and indirect radiolabeling (bifunctional chelator) protocols. For radiolabeling P-NPs, the direct pathway was
chosen, utilizing a tin chloride solution (SnCl,) to reduce the oxidation state of *™Tc atoms. This reduction process
facilitates the formation of radiometal complexes with reactive groups present on the protein surface, including carboxyl
(-COOH), hydroxyls (-OH), amino (-NH,), and thiols (-SH) groups. This method, owing to its ease, availability, and
reproducibility, is commonly employed in preparing various radiopharmaceuticals labeled with **™Tc. Eluates with high
specific activity were crucial for achieving high yield and radiochemical purity. This was a Radiopharmaceuticals
accomplished by utilizing elution from the *’Mo/**™Tc generator, with a preceding 24-hour period to ensure optimal
conditions. One notable advantage of this strategy is the reduction of the long half-life isotope **Tc, formed during **Mo
and **™Tc decays. This is important as the presence of *Tc can compete and compromise the radiolabeling yield. The
radiolabeling of papain nanoparticles with **™Tc demonstrated a radiochemical purity exceeding 90%, aligning with the
standards set by the US Pharmacopeia (USP) and European Pharmacopoeia (Ph. Eur). for most radiopharmaceuticals.”

Beyond the in vitro biocompatibility success and the observed stability of the **™Tc-P-NPs complex in histidine solution and
human serum, it holds promise, paving the way for potential in vivo applications. Before delving into in vivo studies, a critical
assessment of the in vitro stability of the **™Tc-P-NPs complex under conditions mimicking the biological milieu was
imperative.*? This involved subjecting the complex to a histidine challenge, leveraging the endogenous amino acid known for
its high concentrations in vivo and its propensity to induce instability in **™Tc radiolabeled compounds due to transchelation. The
results, revealing the stability of *™Tc-P-NPs for up to 6 h post-radiolabeling, mark a significant stride in understanding the
potential of this radiolabeling approach for future applications.

In the biological evaluation section, the in vitro cell binding studies underscore the tumor-targeting prowess of **™Tc-
P-NPs, with time-dependent cellular uptake and internalization in breast cancer cell lines revealing their potential as
effective imaging agents. Subsequent in vivo biodistribution studies in healthy and tumor-bearing mice further sub-
stantiate the translational potential of *™Tc-P-NPs. The observed clearance patterns, notably the predominant role of the
renal-urinary system, align with the desirable attributes of an effective imaging agent once renal excretion is the primary
elimination route attributed to particle size. The kidneys, efficient in eliminating particles with a diameter <10 nm, play
a significant role, while the liver eliminates larger particles. Uptakes in organs with a mononuclear phagocytic system
(MPS), such as the liver and spleen, align with established literature acknowledging MPS macrophages’ rapid opsoniza-
tion and removal of nanoparticles from circulation.’' Noteworthy is the low uptake observed in other organs studied,
including the stomach and thyroid, throughout the experiment. This data assumes significance as it indicates that the **™
TcO,4 concentration, a radiochemical impurity formed during the radiolabeling process, and free technetium remain
within recommended limits, given their preferential uptake in these organs.>

Regarding tumor uptake, the radioactivity detected in normal tissue, specifically muscle, is notably lower compared to
tumors, as illustrated in Figure 8 and Table S1. The mean tumor/muscle ratio derived from these findings suggests
a pronounced affinity for tumor tissue, demonstrating promising future applications of **™Tc-P-NPs for molecular
imaging of tumors. This observation is further supported by the SPECT/CT images, which consistently depict

a stronger affinity for tumor tissue than normal muscles across all examined time intervals.
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Our investigation underscores the pivotal role of Alpha-2-macroglobulin and Alpha-1 antitrypsin in binding, target-
ing, and transporting papain to tumor tissue—all of which influence the delicate balance between proteinase and
antiproteinase.” It may be noted that the P-NP tumor uptake, as shown in our investigation, is presumably a result of
passive targeting facilitated by solid tumors through enhanced permeation and retention (EPR) effects. This phenomenon
results from blood vessels leading to tumor membranes due to their rapid and defective production during tumor
angiogenesis, resulting in fenestrations and low endothelial cell adhesion.>

Beyond the EPR effect, another hypothesis which has been validated in the current investigation is that the papain
proteolytic activity contributes to the degradation of the extracellular matrix (ECM), thereby facilitating the diffusion of
nanoparticles into the tumor interstitium. The choice of papain as an enzymatic nanocarrier is motivated by the potential
to modulate the tumor microenvironment, overcome penetration obstacles, and enhance administration efficiency due to
the ECM’s high susceptibility to protease activity.”*>’

The ECM, an intrinsic biological barrier surrounding the tumor parenchyma, comprises proteoglycans, hyaluronic
acid, collagen, elastin, laminin, and other structural proteins. Notably, it hinders the diffusion of drugs, therapeutic
macromolecules, and nanocarriers in cells distant from blood vessels.’® ®® Leveraging ECM degradation for tumor
microenvironment modulation has been acknowledged in the literature as an effective strategy for increasing nanoparticle
uptake. This multifaceted approach, combining passive targeting through the EPR effect and active modulation of the
ECM, holds promise for optimizing the delivery of therapeutic agents to tumor tissues.

As discussed above, our results put the overall field of nanoparticulate-based molecular imaging and therapy agents
into perspective. The tremendous clinical implications of nanosized molecular imaging, therapeutic and theranostic
agents encompass various aspects of oncology into neuro-oncology—all aimed at enhancing contrast agents and radio-

tracers for the accurate delineation of clinical outcomes in diagnostic radiology and nuclear medicine.®'***

Conclusion

The aforementioned results of our investigation, for the first time, has demonstrated unequivocally that papain nano-
particles, produced through innovative green nanotechnology, offer an ideal chemical backbone of optimal ligating
characteristics capable of forming in vivo stable bonds with Tc-99m. Detailed in vitro tumor cell binding and
internalization investigations showed tumor-targeting prowess of *™Tc-P-NPs for potential molecular imaging of breast
and other tumors through SPECT/CT imaging.

Complete biodistribution assays, confirmed by STECT/CT imaging, demonstrated a higher affinity of the **™Tc-
P-NPs nanoparticles to breast tumor tissues as compared to normal tissues at all time points. Therefore, the present study
has opened new opportunities towards the application of papain nanoparticles as carriers of diagnostic and therapeutic
radionuclides to deliver diagnostic/therapeutic payloads site-specifically to tumor sites for the development of new
generation of nanoradiopharmaceuticals. However, the limitations of this study, such as the need for further in vivo
validation and potential long-term toxicity, should be addressed in future research.
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