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Purpose: Osteosarcoma is the most common primary malignant tumor of the bone. However, there is a lack of effective means for
early diagnosis due to the heterogeneity of tumors and the complexity of tumor microenvironment. ovB3 integrin, a crucial role in the
growth and spread of tumors, is not only an effective biomarker for cancer angiogenesis, but also highly expressed in many tumor
cells. Here, we selected it as the imaging target and fabricated iRGD-sGVs acoustic probe for the early-stage diagnosis of
osteosarcoma.

Materials and Methods: Biological nanoscale gas vesicles (sGVs) were extracted from Serratia 39006. Their morphology was
analyzed with phase contrast and transmission electron microscopes. Particle size and zeta potential were measured by a Zetasizer.
iRGD-targeted molecular probes (iRGD-sGVs) were prepared by coupling iRGD to sGVs via Mal-PEG2000-NHS. Targeting
efficiency of iRGD-sGVs was evaluated using flow cytometry and confocal microscopy on endothelial and K7M2 osteosarcoma
cells. In vivo contrast-enhanced ultrasound imaging of iRGD-sGVs was performed in osteosarcoma-bearing mice, and the expression
of a,B; in osteosarcoma was detected through immunofluorescence staining assay. Biocompatibility of sGVs was assessed by
hemolysis tests, CCK8 cytotoxicity assays, blood biochemical tests, and HE staining.

Results: sGVs from Serratia.39006 have smaller particle size (about 160 nm). Our in vitro and in vivo experiments showed the
specifically binding ability of iRGD-sGVs to both vascular endothelial cells and tumor cells, producing the stronger and longer
acoustic signals in tumors in comparison with the control probe. Immunofluorescence staining results indicated iRGD-sGVs were co-
localized with highly expressed avp3 in tumor vasculature and osteosarcoma cells. Biocompatibility analysis showed no significant
cytotoxicity of iRGD-sGVs to mice.

Conclusion: Our study provides a new strategy for early diagnosis of osteosarcoma.

Keywords: ultrasound molecular imaging, ultrasound contrast agents, gas vesicles, internalizing RGD, tumor imaging

Introduction

Osteosarcoma, characterized by a high degree of malignancy, strong invasiveness, rapid disease progression, and
extremely high mortality rate, is the most common primary malignant tumor of the bone. It accounts for approximately
20% of all primary bone tumors and is considered as a serious threat to the human health globally.' In recent years,
numerous new medical imaging technologies bring great advance for precise diagnosis and treatment of osteosarcoma.>°
However, the early diagnosis of osteosarcoma still faces big challenges due to the heterogeneity of tumors and the
complexity of the microenvironment.”® Molecular imaging is an innovative imaging technology that combines biome-
dical imaging and molecular biological detection, enabling the visualization, characterization, and measurement of

biological processes at the molecular and cellular levels in a noninvasive way. By employing some specific imaging
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probes or tracers, it can reveal the physiological activities or expression status of specific molecules within tumors, with
great advantages over conventional imaging modalities that primarily images differences in the structure of tumors.”'

To date, researchers have developed numerous imaging probes from various medical imaging modalities, including
positron emission tomography (PET), optical imaging, photoacoustic (PA), magnetic resonance imaging (MRI), and
ultrasound (US). Each imaging modality has its relative advantages and limitations. In comparison, ultrasound molecular
imaging has more advantages over its disadvantages. Ultrasound is noninvasive, relatively inexpensive, portable, and has
an excellent temporal resolution. Also, it is considered one of the least harmful imaging techniques. By using of
molecularly-targeted bubbles, ultrasound molecular imaging can visualize molecular and genetic alterations of diseased
cells, making it possible to achieve early-stage diagnosis of tumors.'' Nowadays, numerous ultrasound molecular
imaging probes have been constructed through coating microbubbles with various targeting ligands (including antibodies,
peptides, nucleic acids, and small molecules, etc.), aiming to provide specific interactions with targets overexpressed in
the diseased tissues, thereby offering strong contrast signals for early screening, diagnosis, and treatment of cancer.'? '
However, most of them utilized chemically synthesized microbubbles contrast agents which have many defects in
imaging of tumor. For example, the particle size of microbubbles is typically 1-5 pm, making it difficult pass through
tumor blood vessels and target to tumor cells. In recent years, biologically synthesized nano-scale gas vesicles (GVs)
have gradually shown their advantages as good contrast agents. Compared with chemically synthesized bubbles, the
biosynthesized GVs have some obvious advantages. Firstly, GVs can be encoded by gvp genes, which makes them easier
to genetical manipulation. Secondly, GVs are formed in the bacterial cells, endowing them with better biocompatibility.
More importantly, the production process of GVs is lower cost than chemically synthesized nanobubbles, facilitating
GVs for clinical translation. Our previous studies revealed ligand-modified gas vesicles (hGVs, with a particle size of 200
nm) extracted from Halobacterium sp. NRC-1 can be used as molecular probes for imaging of tumor cells.'®!'” But there
is still a lack of sufficient blood circulation time.'® To address this issue, we synthesized a new biologically nano-scale
gas vesicle from Serratia.39006 (sGVs), with a particle size of approximately 160 nm, showing the potential to improve
blood circulation time."’

To enhance the molecular imaging effect, in this study, we selected iRGD peptide and conjugated them onto the
sGVs from Serratia.39006 to construct the tumor-targeted acoustic probes. iRGD is a cyclic nonapeptide
(CRGDKGPDC) which can bind to a,f; integrin with high affinity and specificity. a,B3 integrin, a crucial role in
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the growth and metastasis of tumors, is not only an effective biomarker for cancer angiogenesis, but also highly
expressed in many tumor cells.’® Numerous literatures have proved that iRGD can effectively improve the perme-
ability of nanoprobes, contrast agents and nanodrugs into tumors.>'* In this study, we report the iRGD-modified
acoustic nanoprobes, based on biologically synthesized sGVs from Serratia, and explore their potential in the precise
diagnosis of osteosarcoma.

Materials and Methods

Materials

Fluorescein isothiocyanate (FITC)-labeled iRGD (iRGD-FITC, with an amino acid sequence: CRGDKGPDC, produced
by Shanghai Apeptide Co., Ltd) and FITC-labeled control peptide (Con-FITC, with an amino acid sequence:
CNGRKGTRC) were synthesized by GL Biochem (Shanghai) Ltd. The Serratia.39006 strain used in this study was
purchased from the American Type Culture Collection (ATCC). SoluLyse bacterial protein extraction reagent (Tris
Buffer, pH 7.4, Item Number: L200500, Brand: Galantis) was purchased from Shenzhen Chemical Test Technology Co.,
LTD. Lysozyme (Item number: L8120-50g, Brand: Soleibao) and DNase I (CAS Number: 9003-98-9, Brand: GLPBIO)
were purchased from Beyotime Institute of Biotechnology. Cell counting kit-8 (CCK8, CAS Number: BS350B, Brand:
biosharp) was purchased from Guangzhou Saiguo Biotechnology Co., LTD. LB medium (no sugar) and LB agar (without
sugar, [tem number: 28324) from HuanKai Microbial were used for Serratia cultivation. Maleimide-polyethylene glycol
2000-active ester (Mal-PEG2000-NHS, CAS Number: R-1106-2K, Brand: Ruixibio) was purchased from Risi Bio.
Dialysis bags (CAS Number: YA-1068, Brand: Solarbio) were purchased from Shenzhen Shangxing Technology Co.,
LTD. Calcein-AM/PI Double Stain Kit (Cat:40747ES80, Brand: Yeasen) was purchased from Shenzhen AOKE
Biotechnology Co., LTD. The K7M2 cell line and murine bEnd.3 endothelial cells were purchased from the American
Type Culture Collection. BALB/c mice (approximately 20 g body weight) were obtained from the Guangdong Medical
Laboratory Animal Center.

Isolation of Gas Vesicles (GVs)

Briefly, Serratia.39006 was cultured in LB medium at 30°C in an orbital shaker with 200 rpm shaking for 72 h. Cells
were collected and subsequently centrifuged at 800 g for 2 h to remove the intermediate liquid layer. The collected
bacterial samples were subsequently lysed with SoluLyse Bacterial Protein Extraction Reagent and lysozyme, and gently
stirred at room temperature for 2 h, followed by the addition of DNase I and incubation for another 2 h. Then, the upper
floating bacteria were collected by centrifugation and repeated 3—5 times. Finally, the purified sGVs were stored in PBS
at 4°C. The concentration of sGVs was determined at a wavelength of 500 nm using a microplate reader (Multiskan GO,
Thermo Scientific, Waltham, MA, United States). Meanwhile, sGVs and their bacterial samples were observed by phase-
contrast microscopy (PCM, Olympus IX83 inverted microscope, Tokyo, Japan) and transmission electron microscopy
(TEM, Hitachi H-7500, Hitachi Limited, Tokyo, Japan). The bacterial cells and sGVs were diluted to appropriate
concentrations and dropped onto a coverslip coating with 1% agar. Imaging of the cells were carried out by using
a phase-contrast microscope (IX83-SIM) under a X100 oil objective. Furthermore, they were diluted and carefully placed
upon copper mesh, negatively stained with 2% phosphotungstic acid, and dried at room temperature. TEM was used to
observe the morphology of GVs.

Preparation and Characterization of iRGD-sGVs and Con-sGVs

Firstly, 10 mg Mal-PEG2000-NHS was reacted with 1mL sGVs (ODsg, 3.0) at 37°C for 4 h. Then, free Mal-PEG2000-
NHS was removed by dialysis (Solarbio MWCO: 1000 kDa) with PBS solution for 10 h. Using the Michael reaction, the
fluorescein-labeled targeted nanobubbles (FITC-iRGD-sGVs) were fabricated through incubating FITC-iRGD with
MAL-PEG-GVs at 4°C overnight. FITC-Con-sGVs were prepared by using the same method. The fluorescence intensity
was measured by a microplate reader to confirm the successful conjugation. Particle size and zeta potential of sGVs were
measured using a Zetasizer analyzer (Zetasizer Nano S90, Malvern, Worcestershire, UK). All samples were diluted to
appropriate concentrations at room temperature.

International Journal of Nanomedicine 2025:20 https: 793



Liu et al

In vitro Imaging and Characterization of sGVs

An in vitro imaging phantom was prepared using a custom-made 1.5% (w/v) agarose mold. Subsequently, different
concentrations of iRGD-sGVs or Con-sGVs (ODsgg = 1.0, 1.5, 2.0, 2.5) were added to these agar wells. Imaging was
performed using an ultrasound diagnostic device (Mindray Resona 9T, Mindray, Shenzhen, China) equipped with an
L11-3U linear array transducer. The ultrasonic probe was placed directly on the side of the agarose. The parameters were
kept as follows: acoustic power: 8.91%, mechanical index: 0.220, contrast gain 70 dB. The imaging performance of
sGVs and chemically synthesized phospholipid nanobubbles were also evaluated at different MI from 0.03 to 0.41.
Furthermore, the stability of iRGD-sGVs was investigated by measuring the particle size and zeta potential at 0, 2, 4, 6,
8, 10, 15 and 20 days using the Zetasizer analyzer.

Cell Culture

Murine bEnd.3 endothelial cells and K7M2 mouse osteosarcoma cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum (Gibco), and 1% penicillin—streptomycin solution, and kept in a humidified
atmosphere containing 5% CO, at 37°C.

In vitro Cell Targeting Studies
bEnd.3 cells at 80% cell density were selected for the in vitro cell targeting studies. Briefly, 1x10° cells were resuspended
in 300 pLL PBS and divided into 1.5 mL EP tubes. A 5 pg FITC-iRGD and FITC-Con peptides were added to the tubes to
incubate on ice for 30 min. For the cell competition experiment, 5 pg free iRGD peptide was added to the cell suspension
for about 1h on ice, then 5 pug FITC-iRGD was added for 30 min. All samples were washed 2-3 times with sterile PBS.
K7M2 cells were performed in the same manner.

For in vitro binding of iRGD-sGVs to tumor cells, 1x10* bEnd.3 cells were seeded in 24-well plates and placed in
a cell incubator overnight. The cell adhesion assay was performed. In brief, the cells were fixed with 4% paraformalde-
hyde. A 100 pL FITC-iRGD-sGVs or FITC-Con-sGVs (ODsq at 1.5) was added to each well, respectively. All samples
were incubated in dark at room temperature for 10 min and then washed three times with cold PBS for 5 min each time.
After that, these cells were stained with DAPI and the cells were observed under a confocal microscope. The unlabeled
free iRGD peptides were used for pre-incubation with cells for 30 min at room temperature, and then FITC-iRGD-sGVs
was added for competitive inhibition experiments. The K7M2 osteosarcoma cells were performed in the same manner.
Images were recorded using confocal microscope (A1R, Nikon, Japan) and quantified using Image J software.

Animal Model

All animal experiments were carried out in compliance with the relevant laws and institutional guidelines for the care and
use of laboratory animals. Protocols were approved by the Committee on the Ethics of Animal Experiments of Shenzhen
Institutes of Advanced Technology, Chinese Academy of Science (protocol NO: SIAT-IACUC-231114-HCS-YF-A2377,
date of approval: 14 November September 2023). All imaging procedures were performed under isoflurane inhalation
anesthesia, and all efforts were made to minimize suffering. The K7M2 mouse osteosarcoma cells in 100 uL. PBS were
injected into the right back BALB/c mice. Tumor-bearing mice were used for ultrasound imaging when they had
developed palpable tumors (about 5-10 mm in diameter) after inoculation.

In vivo Ultrasound Imaging Assay

During ultrasound imaging, mice BALB/c were anesthetized with oxygen containing 1% isoflurane at 2 L/min on
a heating pad. iRGD-sGVs and Con-sGVs (150 pL, ODsqq at 3.2) were injected into mice (n = 5) through the tail vein in
random order to minimize bias, and ultrasound imaging was performed using a Mindray Resona 9T equipped with a line
array transducer. All parameters (acoustic power: 8.91%, mechanical index: 0.220, contrast gain: 70 dB) were kept
constant during imaging procedure. Images were acquired continuously for 15 min. To minimize any deviations from two
injections in the same mouse, injections were separated by at least 30 min. After manually defining the region of interest
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(ROI), the average acoustic signal intensity of the ROI per frame was measured using ImageJ to quantify the contrast
signals.

Histological Examination

All animals were euthanized immediately after ultrasound imaging, and tumor tissues were dissected for immunohisto-
chemical assay. Tumor sections with 6 um thick were cut using a cryostatic microtome (CM 1950, Leica, Heidelberg,
Germany) and stained with a,[; monoclonal antibody (CAS Number: ER1911-52, Hangzhou Huaan Biotechnology Co.,
Ltd). K7M2 osteosarcoma cells were stained directly with anti-mouse a,p; and blood vessels were stained with CD31
according to the product instructions. Tissue fluorescence was examined under an inverted fluorescence microscope
(Wuhan Servicebio Technology Company, China).

Biosafety Testing

For the hemolysis assay, 1 mL fresh blood was taken from BALB/c mice and diluted with 2 mL of PBS. Red blood cells
(RBCs) were isolated from serum by centrifugation (4500 rpm, 5 min). After washing five times, RBCs were then diluted
with 10 mL PBS. The RBC suspension (250 pL) was incubated with 1 mL PBS (negative control), distilled water
(positive control), and iRGD-sGVs at different concentrations (ODsg at 1.0, 1.5, 2.0, 2.5, 3.0) for 3 h at 37°C. After that,
the supernatant was centrifuged at 600 g for 2 h, and the absorbance of the supernatant (200 puL) at 541 nm was measured
using a microplate reader (Multiskan GO, Thermo Scientific, Waltham, MA, United States), then hemolysis rate was
calculated.

For the cell cytotoxicity, the cytotoxicity of iRGD-sGVs was quantitatively analyzed by CCK-8 assay. Briefly,
K7M2 and bEnd.3 cells were seeded in 96-well plates at a density of 1x10* cells per well and incubated for
24 h. iRGD-sGVs at ODso9 = 0.5, 1.0, 1.5, 2.0, 2.5 or 3.0 were incubated at 37°C for 6 h. Subsequently, 10 puL
CCK-8 solution was added and incubated with cells for 2-3 h. Finally, the cell viability was determined by the
absorbance value at 450 nm. Calcein-AM and PI staining were also used to confirm the cell cytotoxicity. In brief,
K7M2 cells and bEnd.3 cells were incubated with sGVs and stained by Calcein-AM and PI staining, followed by
observation with confocal microscopy.

For in vivo biosafety, 12 healthy mice were systemically injected with PBS, iRGD-sGVs or Con-sGVs (100 uL,
ODsg = 3.2). Blood samples were collected from the ophthalmic artery after 7 days to detect liver function (alanine
aminotransferase (ALT), aspartate aminotransferase (AST)) and renal function (blood urea nitrogen (BUN), creatinine
(CREA)). After that, major organs (heart, liver, spleen, lung and kidney) were removed and fixed with paraformaldehyde
(4%, W/V) for H&E staining (Wuhan Servicebio Technology Company, China).

Statistical Analysis

Data were expressed as mean + standard deviation, and independent ¢ test was used to compare the two groups. Multiple
group comparisons were used for one-way ANOVA followed by Bonferroni’s multiple comparison test. GraphPad Prism
software was used for graphics and statistical analysis. *P < 0.05 was considered significant. **** for P < 0.0001.

Results
Preparation and Characterization of iRGD-sGVs and Con-sGVs

The GVs used in this study were extracted from Serratia.39006, and the isolation and purification procedure of sGVs is
shown in Figure 1A. About 8 mL of OD 5y 3.2 sGVs can be obtained for 1L of bacteria culture. After obtaining the
sGVs, the targeted sGVs (iRGD-sGVs) were prepared using the Michael reaction, as shown in Figure 1B. Most of these
bacteria were filled with sGVs, and sGVs could be visualized under PCM after they were isolated from these bacteria
(Figure 2A). TEM showed that sGVs had a uniform cylindrical shape (Figure 2B). Figure 2C shows the FITC-labeled
iRGD or FITC-labeled control peptide was successfully conjugated to the surface of GVs, resulting in an absorption peak
at 488 nm from FITC. Both the resulting iRGD-sGVs and Con-sGVs have relatively uniform particle size distribution,
with 164.534+1.47 nm for sGVs (PDI: 0.12+£0.01), 165.20+3.51 nm for iRGD-sGVs (PDI: 0.12+0.02) and 164.43+1.20
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N

nm for Con-sGVs (PDI: 0.124+0.01), respectively (Figure 2D-F). The zeta potential of sGVs, iRGD-sGVs and Con-sGVs
were —21.320.6mV, —13.6+£0.9mV and —11.5+£0.5mV, respectively (Figure 2G). These results indicated that iRGD-sGV's
and Con-sGVs had no significant difference in particle size and zeta potential (Figure 2H).
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In vitro Imaging Capability of sGVs and Stability of iRGD-sGVs

Firstly, we compared sGVs with traditional chemically synthesized phospholipid nanobubbles in vitro. As shown in
Figure SIA, the contrast signals of sGVs increased along with the increase of sGVs concentration. A comparable signal
enhancement similar with traditional nanobubbles can achieve when the concentration of sGVs at OD500=3.0.
Importantly, Figure S1B demonstrated that sGVs exhibited superior mechanical index tolerance, making them keep
stability under higher ultrasound energy. These findings highlight the significant potential of sGVs in ultrasound imaging.
To further evaluate the acoustic contrast imaging performance of iRGD-sGVs, different concentrations of iRGD-sGVs
and Con-sGVs from ODsy, =1.0 to 2.5 were imaged at the contrast mode. Figure 3A clearly showed that iRGD-sGVs and
Con-sGVs exhibited significantly enhanced contrast signals. Moreover, the higher the concentrations of iRGD-sGVs and
Con-sGVs were, the stronger contrast signals of these probe sGVs would be. The quantitative analysis of the average
signal intensity revealed that Con-sGVs and iRGD-sGVs had comparable contrast signals at the same concentrations
(Figure 3B). Con-sGVs and iRGD-sGVs maintained a high in vitro imaging signal (Figure 3C) at ODsqo= 2.5 during 10
days, and no significant concentration changes were detected, indicating both Con-sGVs and iRGD-sGVs have good
stability (Figure 3D). Figure 3E and F show that the particle size remained basically stable during 20 days, and increased
slightly at the 20th day, where a few agglomerations may be present. The relative stability of the zeta potential in
Figure 3G also indicated the stability of the GVs despite slight changes in the later period.

In vitro Cell Targeting Studies

Flow cytometry assay showed that FITC-iRGD peptide but not the control peptide could efficiently bind with bEnd.3
cells and K7M2 cells. Notably, the binding efficiency of FITC-iRGD was significantly reduced after pre-blocking with
iRGD peptides (Figure 4A). On average, 98.9% of K7M2 cells and 99.4% of bEnd.3 cells exposed to FITC-iRGD
exhibited significant increases in fluorescence, compared to less than 4% of bEnd.3 cells and 27% of K7M2 cells exposed
to control peptide (Figure 4B and C).

Meanwhile, the capability of iRGD-sGVs binding to bEnd.3 cells was detected by incubating iRGD-sGVs with
bEnd.3 cells monolayer in a plate. Figure 4D shows a number of iRGD-sGVs were attached to bEnd.3 cells. By contrast,
few non-targeted Con-sGVs were bound to these cells. As expected, hardly iRGD-sGVs were observed on bEnd.3 cells
which were pre-incubated with free iRGD peptide (Figure 4D). Quantitative analysis showed that the number of iRGD-
sGVs adhering to cells was significantly reduced by 8 times due to the blocking by free iRGD peptide (Figure 4E).
Similar results were found on K7M2 cells (Figure 4D-F), indicating that iRGD-sGVs not only could bind with tumor
vascular endothelial cells, but also with K7M2 osteosarcoma.

In vivo Tumor Imaging Performance of iRGD-sGVs

Next, we further evaluated the imaging performance of iRGD-sGVs in tumor-bearing mice. Con-sGVs and iRGD-
sGVs were intravenously administered in random order. Figure 5A shows the schematic diagram of ultrasound
molecular imaging of tumor-bearing mice. From Figure 5B, we can clearly see that there was no significant difference
in peak signal intensity between Con-sGVs and iRGD-sGVs in K7M2 tumors (124.16 = 21.29 a.u. for Con-sGVs,
123.35 + 7.82 a.u. for iRGD-sGVs). However, along with the time, the signal intensity of the tumors received with
iRGD-sGVs was significantly higher than that of tumors received with Con-sGVs (Figure 5B-D), achieving 121.33 £
7.33 a.u. for iRGD-sGVs after 3 min. By contrast, the signal intensity of Con-sGVs significantly dropped to 79.92 +
8.40 a. u at the same time point. Figure 5B-D clearly showed the slower decay curve of iRGD-sGVs group in
comparison to Con-sGVs. The contrast signals of iRGD-sGVs were 2.13, 3.36 and 3.52-fold stronger than those of
Con-sGVs at 5, 10 and 15 min after injection, confirming that iRGD-sGVs had excellent ultrasound molecular imaging
performance in tumor-bearing mice.

Tumor Immunofluorescence Staining
To further validate the ultrasound molecular signals from iRGD-sGVs in the tumor, the tumors were harvested and the expression
of'a,3; integrin was subsequently analyzed by immunofluorescence assay. The results showed co-localization of a,3; with CD31,
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different concentrations. (B) The quantitative analysis of Con-sGVs and iRGD-sGVs (n=3). (C) The representative ultrasound contrast images of Con-sGVs and iRGD-sGVs
in 10 days. (D)Stability testing of Con-sGVs and iRGD-sGVs at ODsq = 2.5. (E) Particle size of iRGD-sGVs over 20-day period. (F) The mean diameters of iRGD-sGVs over
20-day period. (G) Zeta potential of iRGD-sGVs over 20-day period. *P < 0.05.

confirming the presence of a,f3; integrin on angiogenic endothelial cells within the K7M2 tumors used in this study (Figure 5E).
Notably, we also observed the green fluorescence signal of anti-a,f3; antibody on K7M2 tumor cells, apart from vascular
endothelial cells. The results indicated a,f; integrin plays an important role in both angiogenesis and cell proliferation of
osteosarcoma. More importantly, the high-level expression of a,f; integrin and effective binding property of iRGD to a,f;
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Figure 4 In vitro cell targeting studies. (A) Flow cytometry assay of Bend.3 cells and K7M2 cells incubated with FITC-Con, FITC-iRGD or free iRGD + FITC-iRGD,
respectively. (B) Quantitative analysis of bEnd.3 cells binding with FITC-Con or FITC-iRGD. (C) Quantitative analysis of K7M2 cells binding with FITC-Con or FITC-
iRGD. (D) Representative fluorescent microscope images of bEnd3 cells and K7M2 cells incubated with FITC-Con-sGVs, FITC-iRGD-sGVs or free iRGD + FITC-
iRGD-sGVs. Green stands for FITC, and blue for cell nuclei stained with DAPI. Scale bar: 50 ym. (E) and (F) Quantitative analysis of fluorescence intensities from
(D). *** for P < 0.0001.

integrin makes iRGD especially suitable for the ligand of targeted probes, providing an innovative tool for the early diagnosis of
osteosarcoma.

Biosafety Assay
The hemolysis test results are shown in Figure 6A, revealing that there was no hemolysis or agglutination of erythrocytes
at different concentrations of iRGD-sGVs. By contrast, obvious hemolysis was observed in H,O-treated sample as

a positive control. Besides, the supernatants of samples treated with iRGD-sGVs were transparent and colorless after
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Figure 5 In vivo ultrasound molecular imaging of tumors. (A)The schematic diagram of ultrasound molecular imaging of tumor-bearing mice. (B)Nonlinear contrast images
of Con-sGVs or iRGD-sGVs at different time after intravenous injection. (C) Time—intensity curves of Con-sGVs and iRGD-sGVs after intravenous injection. (D) The
contrast signal intensities of tumors received with Con-sGVs and iRGD-sGVs at |, 3, 5, 10 and 15 min. (E) Blood vessel, a,f3 and DAPI in K7M2 tumors were stained with
immunofluorescence. ns indicates no statistical difference, ** for P < 0.0001.

centrifugation, just like PBS-treated sample. Moreover, there was no significant difference between PBS and iRGD-
sGVs, suggesting iIRGD-sGVs did not damage to the red cells. Furthermore, different concentrations of iRGD-sGVs were
incubated with K7M2 and bEnd.3 cells, and CCKS8 assays showed that iRGD-sGVs did not produce significant
cytotoxicity to K7M2 and bEnd.3 cells (Figure 6B). Also, the cell safety of sGVs was assessed with Calcein-AM and
PI staining, followed by observation with confocal microscopy. As shown in Figure S2, K7M2 cells and bEnd.3 cells
showed bright green fluorescence, indicating that sGVs had no obvious cytotoxicity to these cells. In addition, the in vivo
biosafety was analyzed through detecting blood samples of healthy mice injected with iRGD-sGVs or Con-sGVs. The
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Figure 6 Biosafety analysis. (A) Hemolysis assay for iRGD-sGVs at ODsgg = 1.0, 1.5, 2.0,2.5 or 3.0, using double-distilled water (ddH2O) as a positive control and PBS as
a negative control, n = 3. (B) Cell viability of bEnd.3 cells and K7M2 cells after treatment with iRGD-sGVs at ODsgg = 1.0, 1.5, 2.0,2.5 or 3.0 for 6 h, n = 3. (C=F) The level
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data revealed that the blood biochemical indexes such as liver and kidney function had no obvious abnormal changes
(Figure 6C-F). H&E staining analysis did not find pathological damage to the heart, liver, spleen, lungs, and kidneys,
similar with PBS-treated controls (Figure 6G). These results suggest that iRGD-sGVs had excellent biosafety.

Discussion

Osteosarcoma is one of the most common malignant tumors of the bone. It is highly invasive and easy to spread and
metastasize through blood in the early stage of tumors, producing a serious impact on patients.”>** The application of
molecular imaging has shown great potential in early-stage diagnosis of tumors.'* The complex interstitial components of
osteosarcoma make these tumor cells more easily escape immune, produce chemotherapy resistance and metastasis.*> 2’
Recent studies have shown that the transmembrane protein integrin o,p5; is not only highly expressed in tumor blood
vessels, but also significantly expressed in osteosarcoma cells.”® This finding highlights the role of integrins in
osteosarcoma and provides an ideal imaging and therapeutic target. In this study, we selected it as the imaging target
and fabricated iRGD-sGVs acoustic probe for the early-stage diagnosis of osteosarcoma.

As the ligand of o,f; receptor, the iRGD peptide contains an RGD sequence targeting to a3 integrin, a C-terminal
rule (CendR) motif, and a protease recognition site.”” The RGD targeting recognition sequence can specifically bind to
integrin o,f5, which are highly expressed on the surface of tumor vascular endothelial cells and tumor cells.?® Takashi
Temma’s group successfully imaged integrin o,f; in cancer using radioiodine-labeled bicyclic RGD peptides.*® Wang
et al maintained its targeting and penetrating biological activity by modifying iRGD on nanopolymers, so that iRGD-
modified nanoparticles have excellent tumor cell uptake and tumor penetration.>' These results suggest that iRGD has
important potential application value in cancer imaging and treatment.

Recently, biosynthetic nanobubbles have attracted much attention as ultrasound contrast agents due to their high
stability, low toxicity, easy post-modification, and genetically engineering characteristics. The protein shell-inflated GVs
from Anabaena flos-aquae and Halobacterium sp. NRC-1 were firstly reported by Shapiro et al, providing stable contrast-
enhanced acoustic signals.*> Our group has successfully demonstrated the biosynthetic hGVs from Halobacterium sp.
NRC-1 can be detected by clinical ultrasound diagnostic equipment.'®'? In our recent study, we extracted and purified
another biosynthetic nanobubbles from Serratia.39006.>* Compared with hGVs from Halobacterium sp. NRC-1, sGVs
from Serratia.39006 have smaller particle size (about 160 nm), negative charge and rod shape, endowing them with
stronger tumor permeability capability.'® On the other hand, it is reasonable about the imaging mechanism of biologically
synthesized nano-scale GVs and the contrast-enhanced acoustic signals in the tumor. In fact, GVs are made up of 2-nm
thick protein shells. Gases or air from liquid water are encapsulated in the shells when these GVs grow up in the
bacteria.>* The presence of gases endows these GVs with the ability to scatter acoustic waves. Also, the soft protein
shells make it possible produce rich harmonic signals when GVs are excited by ultrasound waves.*>*® As for the reasons
why bacterial derived GVs can target tumor tissue and produce contrast-enhanced acoustic signals, it can mainly attribute
to the nanoscale size of GVs. Compared with the particle size of microbubbles (1-5 pm), GVs have only 100-200 nm
particle size. Due to the presence of enhanced permeability and retention (EPR) effect in the tumor, nanoscale GVs can
penetrate tumor blood vessels and be enriched in the tumor tissue, producing contrast-enhanced acoustic signals.

In this study, we used the maleimide-mercapto conjugation method, rather than the chemical method of biotin-
streptavidin linkage, to design iRGD-targeted sGVs (iIRGD-sGVs), overcoming the limitation of immunogenicity from
streptavidin.®’ In contrast, the maleimide-thiol conjugation reaction provides a highly specific and efficient method for
conjugating the targeting ligands to the nanobubble surface.*® The covalent bonds formed by this method exhibited fair
stability in vitro and in vivo, which is crucial for maintaining the integrity and function of the nanobubbles during storage
and administration. Moreover, several studies have shown that PEG modification can reduce the immunogenicity of
biomaterials.*® In our study, we used the MAL-PEG2000-NHS to make full use of the advantages of PEG modification,
not only improving the biocompatibility of sGVs, but also prolonging their circulation time in vivo. All of these features
make iIRGD-sGVs successfully achieve ultrasound molecular imaging in osteosarcoma-bearing mice.

Nevertheless, our research still has some limitations. Firstly, gas vesicles with a particle size of 160 nm have
individual differences in the imaging of osteosarcoma. For tumors with poor blood supply, the imaging effect is poor,
and its imaging parameters need to be further optimized. Secondly, the utilization of a subcutaneous tumor model also
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limits its translation applicability to clinical conditions. In view of the absorption and scattering characteristics of bone
tissue, the ultrasonic signals are hindered in the penetration process of sound wave, so the signal intensity is not enough
to accurately reflect the location and size of the tumor. The clinical validation data of biosynthetic targeted contrast
agents in ultrasound imaging of osteosarcoma are relatively limited, so their effects in practical clinical practice still need
to be further verified. These limitations need to be fully considered in future research, and we will continue to work to
solve these problems to improve the accuracy and reliability of imaging technology and provide stronger support for
clinical treatment.

Conclusion

In conclusion, we developed iRGD-modified nanoscale imaging agents (IRGD-sGVs), holding great potential for
improving the precision, sensitivity, and early diagnosis of osteosarcoma. By taking advantages of biologically synthe-
sized gas vesicles and the specificity of the iRGD peptide, our study paves the way to realizing more effective and
personalized strategies in cancer imaging and treatment. The future research would further focus on optimizing and
validating this innovative imaging approach for clinical translation and potential integration into routine oncology
practice.
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