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Purpose: The traditional construction of targeted ultrasound molecular imaging probes relies on multistep chemical synthesis
strategies, which are time-consuming and inefficient, thereby limiting technological advancements. To address this, we developed
a novel genetic engineering approach for biosynthesizing targeted nanoprobes for prostate cancer diagnosis.

Materials and Methods: The anti-PSMA nanobody-encoding gene was fused to the C-terminus of the gas vesicle structural protein
gene GvpC and cloned into a pBV220 plasmid with a hyperthermia-responsive gene expression circuit. This recombinant plasmid was
transformed into E. coli BL21(A1) harboring pET-28a-AGvpC-eGVs plasmids to create PSMA-GVs@E. coli genetically engineered
bacteria. The probe assembly were involved in two-step gene expression procedure. AGvpC-eGVs were first induced by IPTG,
followed by temperature-triggered (42°C) production of PSMA-GvpC proteins that spontaneously assembled onto GVs.

Results: The biosynthesized PSMA-eGVs probes exhibited a uniform size (100200 nm) and demonstrated excellent targeting
capability in prostate cancer cells. In vivo studies confirmed effective tumor vascular penetration and specific binding with PSMA-
positive tumor cells, resulting in significantly stronger acoustic signals than the non-targeted EGFP-eGVs controls.

Conclusion: This cellular synthesis strategy enables efficient production of targeted ultrasound molecular imaging probes through
genetically engineering technology, providing a promising platform for precision cancer diagnostics.

Keywords: ultrasound molecular imaging, targeted ultrasound molecular imaging probe, prostate cancer diagnosis, gas vesicles,
cellular synthesis

Introduction

Prostate cancer is the most commonly malignancy in men globally, predominantly in high human development index
regions. Current clinical serum PSA testing lacks specificity, leading to over-diagnosis and unnecessary biopsies.’
Conventional ultrasound imaging is difficult to differentiate between benign and malignant lesions and cannot visualize
key biomarkers like prostate-specific membrane antigen (PSMA) in vivo.? In recent years, ultrasound molecular imaging
technology based on targeted probes provides a promising approach to detect the expression PSMA at molecular level,
making it possible early diagnosis of prostate cancer,* However, advancements in ultrasound molecular imaging have
long been limited by the complex fabrication process of targeted probes.” Conventional chemical synthesis strategies rely
on multistep coupling reactions, including ligand activation, purification, and covalent conjugation to microbubbles via
NHS/EDC crosslinking, biotin-avidin systems, or maleimide-thiol reactions.®® These methods have many obvious

drawbacks, including complex and time-consuming procedures (typically 3—5 days), random ligand orientation, and
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batch-to-batch heterogeneity. Furthermore, chemical crosslinkers can induce immunogenic reactions, bring with safety
concerns for clinical use.’

In recent years, gas vesicles (GVs), which are evolutionarily conserved buoyancy organelles initially discovered in
Cyanobacteria and Halophilic archaea, offer a transformative solution.'® ' Their unique physicochemical properties
make them ideal ultrasound contrast agents. Spindle- or cylinder-shaped nanostructures (width: 45-250 nm; length:
100-600 nm) comprise a pure protein shell devoid of lipids or carbohydrates. The 2 nm thick shell features
a hydrophobic inner wall that permitted gas exchange while excluding liquid water, thus forming
a thermodynamically stable gas-filled cavity. Crucially, GVs undergo reversible collapse under specific hydrostatic
pressures, generating nonlinear ultrasound signals essential for high-contrast imaging.'* "> GV biogenesis is governed
by 8-14 genes cluster (such as GvpA and GvpC), where the structural protein GvpA forms a ribbed skeleton, whereas
the scaffolding protein GvpC enhances mechanical stability through repetitive N-terminal motifs anchored to the
vesicle surface.'®'® Notably, the C-terminal domain of GvpC can serves as a plastic fusion site for exogenous

functional proteins,'® 2!

providing a genetic engineering basis for designing target probes capable of specifically
binding with biomarkers such as PSMA. However, single-plasmid co-expression strategies—directly fusing antibody
genes to the GvpC C-terminus under a single promoter—face unresolved challenges. For example, steric hindrance
between large antibody Fc domains and the GV-binding region of GvpC causes misfolding, while imbalanced
expression disrupts the stoichiometry of GV assembly proteins. Additionally, competition between the N-terminal GV-
binding and C-terminal antibody domains for post-translational modifications reduces the antigen-binding
affinity. 2224

To overcome these issues, we engineered a dual-plasmid thermal induction gene expression system for the efficient
biosynthesis of prostate-specific membrane antigen (PSMA)-targeted GVs probes. Firstly, a GvpC-deleted DNA frag-
ment, amplified from the Serratia sp. ATCC39006 GV gene cluster, was cloned into the pET-28a vector using the Gibson
assembly. This generated pET-28a-AGvpC-eGVs plasmid, enabling robust GV scaffold formation (Figure 1a). Next,
a high-affinity PSMA nanobody gene was fused to the C-terminus of GvpC and cloned into the pBV220 plasmid under
the pR/pL promoter, producing the targeting plasmid pBV220-PSMA-GvpC (Figure 1b). Co-transformation of both
plasmids into E. coli BL21(A1) generated the engineered PSMA-GVs@ZE. coli strain. A two-step thermal induction
program enabled controllable probe assembly: the AGvpC-eGVs scaffolds were firstly produced by IPTG (Isopropyl-beta
-D-thiogalactopyranoside) induction at 30°C, followed by a thermal upshift to 42°C to trigger the expression of GvpC-
PSMA. The specific interaction between the GvpC N-terminal repeat motif and GV protein shell driven GvpC-PSMA to
anchor onto GVs and form targeted nanoprobes termed as PSMA-eGVs (Figure 1c). These probes will be utilized for
precision ultrasound molecular imaging in prostate tumor-bearing mice, enabling the evaluation of their diagnostic

efficacy and practical applicability (Figure 1d).

Materials and Methods

Materials

All restriction enzymes were from New England Biolabs (NEB) and the ligase was from Beyotime Biotechnology. LB
medium (no sugar) (one liter contains 10 g tryptone, 5 g yeast extract, and 5 g NaCl) and LB agar (without sugar) (LB
medium with agar 15 g/1 L) from HuanKai Microbial were used for E. coli strain cultivation. Anti-PSMA polyclonal
antibody (Cat No. 13163-1-AP) was purchased from Proteintech Ltd. Fluorescein isothiocyanate N-Hydroxy succinimide
Ester (FITC-NHS; CAS Number: R-FF-005-2-50mg; Brand: Ruixibio) was produced by Risi Bio. SoluLyse Bacterial
Protein Extraction Reagent (Tris Buffer) was purchased from Shenzhen Chemical Test Technology Co., Ltd. (Item
Number: L200500, Brand: Galantis, Shenzhen, China). Lysozyme (Item number: L8120-50g, Brand: Soleibao, Beijing,
China) and DNase I (CAS Number: 9003-98-9, Brand: GLPBIO, Shang hai, China) were purchased from Beyotime
Institute of Biotechnology. Fludeoxyglucose '*F-prostaic membrane-specific antigen injection '*F-PSMA was provided
by the Medical Imaging Center of Shenzhen Yunshan Yunli Hospital. BALB/c nude mice (~20 g each) were obtained

from the Guangdong Medical Experimental Animal Center.
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Figure | Schematic of the one-step genetic-engineering strategy for constructing PSMA-targeted ultrasound nanoprobes (PSMA-eGVs). (a) Construction of plasmid pET-
28a-AGvpC-eGVs encoding the gas vesicle structural proteins. (b) Construction of inducible plasmid pBV220-GvpC-PSMA for fusion protein expression. (c) Co-
transformation of both plasmids into E. coli BL21(Al) and two-step induction: IPTG (30°C) for GVs scaffold formation, followed by thermal upshift (42°C) to drive fusion
protein expression and self-assembly of PSMA-eGVs. (d) Purification of nanoprobes and intravenous administration for targeted ultrasound molecular imaging of
transplanted prostate tumors.
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Cellular Synthesis of Targeted Ultrasound Molecular Imaging Probe
(1) Plasmids and Primers: The pET28a-39006 plasmid was constructed following previously described method.?® Briefly,
the GV-encoding gene cluster was cloned from Serratia 39006 and inserted into the pET28a (+) vector using Gibson
assembly. Subsequently, the pET28a-39006-AGvpC plasmid was generated by knocking out GvpC gene using homo-
logous recombination and PCR. The PBV220-GvpC-EGFP plasmid was constructed via a three-step procedure: 1) the
parental PBV220-FAST-PET plasmid was linearized by EcoRI and BamHI (Thermo Fisher Scientific) digestion; 2) By
using primers with homologous arms for amplification, GvpC and EGFP fragments were obtained. They were then
directly cloned into the linearized vector PBV220 using the ClonExpress Ultra one-step cloning kit; 3) recombinant
plasmids were transformed into E. coli DH5a competent cells (TransGen Biotech) and validated by colony PCR,
restriction digestion, and Sanger sequencing. The PBV220-GvpC-PSMA plasmid was constructed through the following
steps: firstly, the PBV220-GvpC-EGFP template (provided by Qingke Biotechnology Co., Ltd.) was linearized using
reverse PCR technology to obtain PBV220-GvpC. Subsequently, it was combined with an anti-PSMA nanobody gene
fragment that had been optimized for codons (designed based on patent CN202310850291.2) through homologous
recombination. The detailed information regarding the bacterial strains, primers, and plasmids used in this study was
provided in Tables S1-S3 of the Supplementary Materials.

(2) Synthesis of targeted GVs: GVs were synthesized by co-transforming pET28a-39006-AGvpC with either
PBV220-GvpC-EGFP or PBV220-GvpC-PSMA into E. coli BL21(A1) competent cells using a standard heat-shock
protocol (30 min on ice, 90 s at 42°C, 2 min on ice), followed by recovery in 1 mL antibiotic-free LB medium at 37°C

and 200 rpm for 1 h. Transformants were selected on LB agar plates containing kanamycin (50 pg/mL) and ampicillin
(100 pg/mL), and single colonies were inoculated into 5 mL LB medium supplemented with the same antibiotic and 1%
glucose for overnight culture. For large-scale production, the culture was diluted 1:100 into 500 mL LB medium with
antibiotics and 0.2% glucose, grown to ODgoo = 0.6-0.8 at 37°C, and induced with 0.4 mM IPTG and 0.5% L-arabinose
at 30°C for 22 h, followed by incubation at 42°C for >16 h to promote GV assembly. Subsequently, the harvested E. coli
cells expressing EGFP-eGVs were applied to a confocal dish for observation. The gas vesicle production and con-
comitant EGFP fluorescence were then assessed using high-resolution confocal microscopy (A1R, Nikon, Japan,).

(3) Extraction and purification of targeted GVs: After allowing the mature bacterial cultures to stand for 2-3 days,
bacteria containing GVs naturally floated to the top. Those bacteria that floated or floated slowly were transferred to
a 50 mL centrifuge tube and subjected to low-speed centrifugation (600xg, 2 h, 4 °C). The supernatant obtained was
mixed with bacterial lysis buffer (containing DNase I enzymes and lysozyme) and incubated overnight at room
temperature to achieve complete cell lysis. Subsequently, three to five differential centrifugations (600xg, 3 h, 4 °C)
were used to achieve further purification. The enriched GVs portion was isolated and stored at 4 °C for subsequent use.
Subsequently, we analyzed wild-type gas vesicles (39006WT-GVs) and GvpC knockout mutants (39006AGvpC-eGVs)
using SDS-PAGE (Presgained Color Protein Marker, Item number: BL706A, Tris-Glycine 4-20%) to validate their
successful construction. To observe the morphology and distribution of the purified EGFP-eGVs particles, we conducted
super-resolution fluorescence imaging using a structured illumination microscope (Nikon, N-SIM). In brief, the purified
EGFP-eGVs samples were dropped onto the cover glass of the confocal microplate and imaging was performed with
a 100x oil-immersion objective lens (NA 1.49), using 488 nm laser excitation and a 525/50 nm emission filter. Super-
resolution images were acquired with 3 rotations and 5 phases per slice, and reconstructed using the NIS-Elements AR
software to achieve approximately 120 nm lateral resolution.

(4) Proteomic analysis: 200uL of GVs was added to an equal volume of RIPA lysate (50 mM Tris pH 7.4, 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) and sonicated (30% power, 3s on /5s off); After that, the
supernatant was collected by centrifugation at 17,000xg for 15 min at 4 °C. After determination of protein concentration
by BCA method, 100 pg of protein was digested by FASP: Denaturation with 8M urea, reduction alkylation with 10 mM
Tris(2-carboxyethyl) phosphine (TCEP) and 40 mM Chloroacetamide (CAA) for 30 min, after washing with 50 mM
Triethylammonium bicarbonate (TEAB) in a 10 kDa ultrafiltration tube, 0.5 pg trypsin was added for enzymatic
digestion at 37°C for 16 h. The peptides were activated with Acetonitrile (ACN), washed by equilibration with water
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formic acid, eluted with 40% and 50% ACN (containing 0.1% formic acid), and concentrated at 45 ° C. Finally, 200 ng
peptide was used for 60 min gradient LC-MS/MS (Bruker timsTOF pro) (Data-Dependent Acquisition mode) analysis.

Characterization of PSMA-eGVs and EGFP-eGVs

EGFP-expressing E. coli cells and purified EGFP-eGVs were imaged using an inverted phase-contrast microscope (PCM,
Olympus IX83, Tokyo, Japan). The samples were diluted in PBS to an optimal density, placed on a glass slide pre-coated
with a 1% agarose pad, and covered with a coverslip. Phase-contrast images were acquired at room temperature using
a x100 oil-immersion objective. GV concentration was determined at a wavelength of 500 nm using a microplate reader
(Multiscan GO; Thermo Scientific, Waltham, MA, United States). The GVs were observed using transmission electron
microscopy (TEM; Hitachi H-7500, Hitachi Limited, Tokyo, Japan). The samples were diluted, carefully placed on
a copper mesh, negatively stained with 2% phosphotungstic acid, and dried at room temperature. TEM was used to
observe the morphology of GVs. The size, zeta potential, and polydispersity index of PSMA-eGVs and EGFP-eGVs
were characterized using a dynamic light scattering detector (Zetasizer Nano ZS; Malvern, Westborough, Mass, USA) at
25 °C. The obtained targeting probe PSMA-eGVs were placed at 4 °C for different times, and their particle size and
surface potential were measured to evaluate the stability of the targeting probe.

In vitro Ultrasound Imaging

An in vitro imaging phantom was prepared using a custom-made 2% (w/v) agarose mold. Subsequently, different
concentrations of PSMA-eGVs and EGFP-eGVs (ODsqo = 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5) were added to the 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 then placed directly on the agarose. The
parameters were as follows: acoustic power: 15.49%, mechanical index: 0.320, contrast gain: 70 dB.

Cell Culture

Both PC-3 cells and LNCap-3 cells were purchased from the American Type Culture Collection. PC-3 cells were cultured
in Ham’s F-12K (Item Number:PM150910) medium containing 10% fetal calf serum (Gibco), and 1% penicillin
—streptomycin solution, and kept in a humidified atmosphere containing 5% CO, at 37°C. LNCap-3 cells were cultured
in RPMI-1640 (Item Number: G4535) medium containing 20% fetal calf serum (Gibco), and 1% penicillin—streptomycin
solution, and kept in a humidified atmosphere containing 5% CO, at 37°C. When these cultured cells reached about 80%
confluence in the Corning’s Cell Bind cell culture flasks (Product item number: 3289), they were passaged or stored for
future use.

In vitro Cell Targeting Studies

To assess cell targeting, 80% confluent LNCap and PC-3 cells were harvested, resuspended in 500 uL PBS in 1.5 mL
microcentrifuge tubes, and fixed with 4% paraformaldehyde. Next, 10 uL (ODsg 1.5) of FITC-labeled PSMA-eGVs
according to the method described in the previous article.”® Briefly, PSMA-eGVs were conjugated to FITC-NHS ester in
a tube with gentle rotation in the dark at 4°C. The resulting solution was then dialyzed against PBS (pH 7.4) at 4°C using
cellulose membranes (MWCO 3 kDa; Solarbio) to remove any unreacted dye. For competitive binding assays, the cell
surface PSMA receptor was blocked with free anti-PSMA polyclonal antibody and incubated with 10 uL. FITC-PSMA-
eGVs for 30 min. The cells were then analyzed by a flow cytometry analyzer equipped with a 488 nm laser (Model:
CytoFLEX S). The detection was carried out using the FITC channel, with a 525/40 nm band-pass filter. Data analysis
employed a sequential gating strategy. All data were analyzed using the FlowJo software (version 10.8.1). For cell
adhesion studies, LNCap and PC-3 cells were seeded in 24-well plates and allowed to adhere overnight and fixed with
4% paraformaldehyde. 100 pL FITC-PSMA-eGVs or EGFP-eGVs (ODsg 1.5) were added to each well and the plate
was incubated at room temperature in the dark for 10 min. After washing three times (5 min each) with cold PBS, the
nuclei were counterstained with DAPI, and cell binding was observed using a confocal microscope (A1R, Nikon, Japan).
Competitive inhibition was assessed by incubation with free anti-PSMA polyclonal antibody for 30 min at room
temperature prior to the addition of FITC-PSMA-eGVs.
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Animal Model

All animal experiments were performed in compliance with relevant laws and institutional guidelines for the care and use
of laboratory animals. The protocols were approved by the Committee on the Ethics of Animal Experiments of the
Shenzhen Institutes of Advanced Technology, Chinese Academy of Science (protocol NO: SIAT-IACUC-231114-HCS-
YF-A2377; date of approval: November 14, 2023). All imaging procedures were performed under isoflurane inhalation
anesthesia, and efforts were made to minimize suffering. Briefly, BALB/c nude mice. (=20 g each) mice (n = 20) were
obtained from the Medical Experimental Animal Center. The xenograft tumor model was established by subcutaneous
injection of 2x107 PC-3 or LNCap cells into the right hind limb. Small tumors (n = 10) were defined as tumors with
a diameter of < 8 mm, and large tumors (n = 10) were defined as tumors with a diameter of > 10 mm. Mice bearing small
or large tumors were used for UMI, PET/CT experiments and histological analysis.

In vivo Ultrasound Imaging

In the experimental operation, the mice were first anesthetized and fixed. The mice were placed in an induction box and
anesthetized with isoflurane gas. The concentration was set at 4-5% during the induction stage and adjusted to 0.5-1.5%
to maintain the anesthetic state, ensuring a moderate level of anesthesia. Then, hair removal cream was applied to remove
the hair around the tumor and the area surrounding it. The area was wiped with a paper towel moistened with
physiological saline to remove any remaining hair and hair removal cream. Subsequently, the mice were placed in
a right lateral position on the experimental table and a layer of ultrasound coupling agent was evenly applied to the
imaging area. The probe was fixed in position relative to the tumor. Mice bearing LNCap or PC-3 tumors were randomly
administered with PSMA-eGVs or EGFP-eGVs (200 pL, ODsqg = 3.5) via tail vein injection by using of a 1 mL syringe.
The contrast images of tumor were then acquired using the same parameters described above and monitored continuously
for 10 minutes. After acquisition, a short high-power pulse was applied to collapse the GVs in the tumor to avoid
interference with other probes. The perfusion region at the time of peak perfusion was defined as the region of interest
(ROI). Images were processed and quantified using ImagelJ software. The mean gray signal value at each time point was
used to obtain the time-intensity curve (TIC).

In vivo PET-CT Imaging

Mice bearing small or large LNCap or PC-3 tumors were intravenously injected with '*F-PSMA (Manufacturer: Andiko)
(2.8 MBq per mouse) via the tail vein. At 90 minutes post-injection, each mouse was anesthetized by intraperitoneal
administration of 1 mg Zoletil 50. Static PET-CT scans were then performed under anesthesia using a United Imaging
uMI 780 PET/CT system. The acquired data were reconstructed using the OSEM algorithm. Regions of interest (ROIs)
for the tumors were delineated using PMOD software, and the maximum standardized uptake value (SUVmax) was
calculated.

Histological Examination

Mice bearing small and large tumors were euthanized (A controlled flow rate of 20-30% chamber volume per minute of
carbon dioxide was used for euthanasia)., and tumor tissues were dissected for immunohistochemical detection. Tumor
sections 6 um thick were cut using a freezing microtome (CM 1950, Leica, Heidelberg, Germany) and stained with anti-
PSMA monoclonal antibody (GB115710). Tissue fluorescence was observed using an inverted fluorescence microscope
(Wuhan Saiwei Bio-Technology Co., Ltd., China).

Biosafety Testing

For the hemolysis assay, 1 mL of fresh blood was collected from BALB/c nude mice and diluted with 2 mL PBS. Red
blood cells (RBCs) were isolated from serum by centrifugation (3000 RCF for 5 min). After washing five times, RBCs
were diluted with 10 mL of PBS. The RBC suspension (250 pL) was incubated with 1 mL of PBS (negative control),
distilled water (positive control), and PSMA-eGVs at different concentrations (ODs at 1.0, 1.5, 2.0, 2.5, 3.0, 3.5) for
3 h at 37°C. After that, the supernatant was centrifuged at 600 x g for 2 h, the absorbance of the supernatant (200 uL) at
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541 nm was measured using a microplate reader (Multiscan GO, Thermo Scientific, Waltham, MA, United States), and
the hemolysis rate was calculated.

For in vivo biosafety, 12 healthy mice were systemically injected with PBS, PSMA-eGVs, or EGFP-eGVs (200 pL,
ODsgo = 3.5). Blood samples were collected from the ophthalmic artery after seven days to detect liver function (alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)) and renal function (blood urea nitrogen (BUN) and
creatinine (CREA)). Subsequently, the major organs (heart, liver, spleen, lungs, and kidneys) were removed and fixed
with paraformaldehyde (4%, w/v) for HE staining (Wuhan Servicebio Technology Company, China).

Statistical Analysis

Data are expressed as the mean + standard deviation, and an independent #-test was used to compare the two groups.
Multiple group comparisons were performed using one-way ANOVA followed by Bonferroni’s multiple comparison test.
We used simple linear regression analysis to correlate UMI signals with PET signals. Briefly, the maximum standardized
uptake value of PET was set as the independent variable (X), and the area under the curve of the ultrasound molecular
imaging signal was set as the dependent variable (Y). All analyses were completed using GraphPad Prism 9.5.1 (733)
software. All analyses were completed using GraphPad Prism 9.5.1 (733) software. *P < 0.05, considered significant.
***% for P < 0.0001.

Results
Cultivation and Purification of EGFP-eGVs and PSMA-eGVs

Successful construction of the recombinant plasmids was verified by PCR screening of bacterial colonies (Figures S1 and
S2). The two plasmids (pET-28a-39006AGvpC and either pBV220-GvpC-PSMA or pBV220-GvpC-EGFP) were
cotransformed into E. coli BL21(Al). Transformants were cultured and subjected to a two-step induction process to
express and assemble the targeted GVs. Using EGFP as the reporter gene, we validated the feasibility of the dual-plasmid
expression system. Confocal microscopy analysis of the engineered bacterial strains revealed characteristic white gas
vesicle structures under bright-field illumination, accompanied by intense EGFP fluorescence signals in the correspond-
ing channel. The spatial co-localization of these signals in the merged images demonstrated gas vesicle formation and
reporter gene expression (Figure 2a, top row). Furthermore, nanoscale fluorescence microscopy of purified EGFP-eGVs
corroborated these findings (Figure 2a, bottom row), providing additional evidence for the robustness of the genetic
circuit. Collectively, these results confirm the functionality of the engineered system in concurrently generating gas
vesicles and expressing heterologous proteins. Subsequently, the EGFP fragment was replaced with a PSMA-targeting
nanobody fragment to construct a dual-plasmid system (Figures S3 and S4). To verify the accuracy of the constructs,
wild-type gas vesicles (39006WT-GVs) and the GvpC knockout mutant (39006AGvpC-eGVs) as the control were
analyzed by SDS-PAGE. SDS-PAGE results indicated the absence of the ~18-kDa GvpC band in the 39006AGvpC-
eGVs sample (Figure 2b, blue dashed box). Proteomic analysis via LC-MS/MS confirmed the complete absence of GvpC
peptides in 39006AGvpC-eGVs, whereas GvpC content in EGFP-eGVs was comparable to that in 39006WT-GVs
(Figure 2¢). Consistently, the protein profile of PSMA-eGVs was identical to that of EGFP-eGVs (Figure 2d), indicating
the successful replacement of EGFP with PSMA via the dual-plasmid platform.

Characterization of EGFP-eGVs and PSMA-eGVs

Transmission electron microscopy (TEM) analysis showed that both PSMA-eGVs and EGFP-eGVs had typical cylindrical
structures with uniform morphology (Figure 3a and b). The structural integrity of PSMA-eGVs was further confirmed by cryo-
EM analysis (Figure 3c). The results of particle size and potential characterization showed that the average particle size of
PSMA-eGVs was 125.90 +4.70 nm (PDI =0.057 = 0.019), and the surface potential was —27.28 + 2.56 mV. The average particle
size of EGFP-eGVs was 126.22 +2.13 nm (PDI=0.058 + 0.024), and the surface potential was —29.88 + 1.53 mV (Figure 3d-g).
Morphometric analysis of 200 randomly selected GV's using Image] indicated that EGFP-eGVs measured 247.07 = 53.46 nm in
length and 91.16 + 16.88 nm in width, whereas PSMA-eGVs displayed 242.78 + 78.85 nm in length and 100.42 £ 18.25 nm in
width (Figure 3h and 1). Stability assessments over a 30-day period confirmed that the PSMA-eGVs maintained consistent size
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Figure 2 Characterization and protein validation of engineered Gas Vesicles (eGVs). (a) Bright-field, EGFP fluorescence, and merged images of EGFP-eGVs dual-plasmid
bacteria and EGFP-eGVs vesicles. Scale bar: 2 pm. (b) SDS-PAGE results: 39006AGvpC-GVs lack the ~18 kDa GvpC protein band (blue dashed box). (c and d) Mass
spectrometry proteomics analysis: GvpC peptides are completely absent in 39006 AGvpC-eGVs; EGFP-eGVs exhibit GvpC abundance comparable to 39006 WT-GVs; PSMA-
eGVs display a protein profile consistent with EGFP-eGVs, indicating successful construction of targeted vesicles.

distribution and surface charge (Figure 3j and k). In vitro imaging performance evaluation showed that both PSMA-eGVs and
EGFP-eGVs showed concentration-dependent signal enhancement, with comparable contrast signal intensities at the same
concentration (Figure 31 and m). These results collectively validated the structural and functional reliability of the genetically

engineered gas vesicles.
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Figure 3 Characterization of EGFP-eGVs and PSMA-eGVs. (a) TEM images of EGFP-eGVs. (b) TEM images of PSMA-eGVs. (c) cryo-EM analysis of PSMA-eGVs. (d) Size
distribution of EGFP-eGVs and PSMA-eGVs (n = 5). (e) The mean diameters of EGFP-eGVs and PSMA-eGVs (n = 5). (f) PDI of EGFP-eGVs and PSMA-eGVs. (g) Zeta
potential of EGFP-eGVs and PSMA-eGVs (n = 5). (h) Average length of individual EGFP-eGVs and PSMA-eGVs (n = 200). (i) Average width of individual EGFP-eGVs and
PSMA-eGVs (n = 200). (j) Particle size of PSMA-eGVs over 30-day period. (k) Zeta potential of PSMA-eGVs over 30-day period. (I) The representative ultrasound contrast
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In vitro Cell Targeting Studies
Molecular targeting is another key capability for molecular imaging agents. To systematically evaluate the targeting

capability of this molecular probe, we conducted quantitative and qualitative verification of its specificity through

in vitro flow cytometry analysis and cell adhesion assays. Flow cytometry analysis revealed that FITC-labeled PSMA-

eGVs specifically bound to LNCap cells, whereas control EGFP-eGVs showed minimal binding activity. Notably, pre-
blocking with an anti-PSMA polyclonal antibody significantly reduced the binding efficiency of FITC-PSMA-eGVs to
LNCap cells, confirming their targeting specificity (Figure 4a, top row; S5). In PSMA-negative PC-3 cells, no

significant binding was observed (Figure 4a, top row). Quantitative analysis indicated that 81% of LNCap cells treated
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with FITC-PSMA-eGVs exhibited fluorescence enhancement compared to only 7% of cells treated with EGFP-eGVs
(Figure 4b). In PC-3 cells, the rate of fluorescence enhancement was below 10% in both the groups (Figure 4c). In
monolayer cell culture experiments, FITC-PSMA-eGVs demonstrated substantial binding to LNCap cells, whereas
EGFP-eGVs showed negligible binding (Figure 4d, top row). Pre-incubation with the free anti-PSMA polyclonal
antibody reduced vesicle-cell binding by more than 10-fold (Figure 4¢). No effective binding occurred in PC-3 cells
(Figure 4d, bottom row; 4f), further validating PSMA-mediated targeting specificity. These results collectively
demonstrate that PSMA-eGVs possess specific recognition and efficient targeting capabilities toward PSMA-positive
tumor cells.

In vivo Tumor Imaging Performance

We further evaluated the in vivo imaging performance of PSMA-eGVs in a tumor-bearing mouse model. This study
employed two prostate cancer models, PSMA-high-expressing LNCap tumors and PSMA-negative PC-3 tumors, with
subgroups stratified by tumor size (small: diameter <§ mm; large: diameter >10 mm). Pre-injection baseline imaging
confirmed the absence of specific contrast signals in all tumor regions. Following systemic administration of gas vesicles,
all groups exhibited rapid contrast enhancement, peaking within 10-30 s. In PSMA-negative PC-3 tumors, both small
and large lesions showed rapid signal decay after injection of either PSMA-eGVs or EGFP-eGVs (Figure Sa, top row).
Quantitative analysis revealed no statistically significant difference in the signal intensity between the two formulations
(Figure 5b and c). Furthermore, the curve (AUC) analysis demonstrated no significant difference between small and large
tumors in the PSMA-eGVs group (10,823 £ 2,094 a.u. vs 13,246 + 3,066 a.u.; p > 0.05; Figure 5d), confirming the
absence of specific targeting in PSMA-negative tumors. Conversely, PSMA-high-expressing LNCap tumors exhibited
distinct behaviors. Although small tumors showed comparable initial peak signals (PSMA-eGVs: 52.9 £ 7.8 a.u. vs
EGFP-eGVs: 38.5 + 6.3 a.u.,; p > 0.05), PSMA-eGVs demonstrated significantly prolonged signal retention (Figure Sa,
bottom row). At 3 min post-injection, PSMA-eGVs maintained intensity at 40.2 + 7.5 a.u., whereas EGFP-eGVs decayed
to 9.3 £ 1.2 a.u. Dynamic imaging revealed substantially slower signal decay kinetics for PSMA-eGVs, generating 4.3-,
6.7-, and 8.5-fold higher intensities than EGFP-eGVs at 3-, 5-, and 10-minutes post-injection, respectively. This targeting
imaging effect was consistently observed in large tumors (Figure Se and f). AUC analysis showed no significant size-
dependent differences (21,251 + 3,934 a.u. vs 17,888 + 350 a.u.; p > 0.05; Figure 5g), indicating the stable targeting
efficacy of PSMA-eGVs across tumor volumes in PSMA-positive models.

In vivo PET-CT Imaging

Figure 6a showed the in vivo biodistribution of '®F-PSMA in xenograft models of LNCap and PC-3 tumors. PET
imaging 1.5 hours post-injection revealed no significant radiotracer uptake in PC-3 tumor-bearing mice, regardless of
tumor volume (Figure 6a and b), whereas LNCap tumors exhibited substantial "8E_PSMA accumulation. Quantitative
analysis demonstrated significantly increased SUVmax values in the LNCap group, with large-volume tumors showing
higher uptake than small tumors (2.66 + 0.102 vs 3.14 £ 0.307; p < 0.05; Figure 6c). These findings indicate '*F-PSMA
possesses high specificity for PSMA-positive tumors and enhanced diagnostic sensitivity for larger lesions, visually
validating its clinical utility as a prostate cancer-specific molecular probe.

Tumor Immunofluorescence Staining

Immunohistochemical (IHC) and hematoxylin-eosin (HE) staining analyses revealed distinct PSMA expression patterns
in tumor, with positive immunoreactivity clearly detected in LNCap cells, but absent in PC-3 cells (Figure 6d and S6).
Quantitative analysis demonstrated a significantly higher mean fluorescence intensity in large LNCap tumors than in the
other groups (Figures 6¢ and f), consistent with our PET/CT imaging findings. Notably, the ultrasound molecular imaging
approach employed in this study maintained consistent detection efficacy across tumors of varying sizes, demonstrating
high sensitivity even in small tumor models. This capability provides a significant technical advantage for early detection
of lesions.
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Figure 5 In vivo ultrasound molecular imaging (UMI) of prostate cancer xenograft models. (a) Representative UMI images of small and large tumors in mice bearing PC-3
(top row) or LNCap (bottom row) xenografts after intravenous injection of EGFP-eGVs or PSMA-eGVs. Time points: baseline (pre-injection), 10s, 180s, and 600s post-
injection. (b) Time-intensity curves (TICs, left) and corresponding area under the curve (AUC, right) for small PC-3 tumors. (c) TICs (left) and AUC (right) for large PC-3
tumors. (d) AUC comparison between small and large PC-3 tumors injected with PSMA-eGVs. (e) TICs (left) and AUC (right) for small LNCap tumors. (f) TICs (left) and
AUC (right) for large LNCap tumors. (g) AUC comparison between small and large LNCap tumors injected with PSMA-eGVs. Data represent mean + SEM (n=3). ns
indicates no statistical difference, **P < 0.0l indicates statistically significant differences.

Correlation of UMI and PET Metabolic Parameters with Immunohistochemical PSMA
Staining

Subsequently, we correlated the ultrasound molecular imaging (UMI) area under the curve (AUC) with the PET/CT
metabolic parameters and IHC staining. In PSMA-positive LNCap tumors, the UMI signal intensity showed a significant
positive correlation with PET-CT SUVmax, yielding R* = 0.90 for small tumors (Figure 6g), and R* = 0.94 for large
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tumors (Figure 6h). Additionally, UMI signals demonstrated a strong correlation with PSMA expression levels quantified
by THC, with R? = 0.83 for small tumors and R? = 0.98 for large tumors (Figure 6i and j). These results demonstrated that
the biosynthetic-targeted probes can accurately reflect tumor PSMA expression levels while maintaining comparable
sensitivity to PET-CT for small lesion detection, supporting their clinical potential for early prostate cancer diagnosis.

Biosafety Assay

The hemolysis test results are shown in Figure S7a, revealing that there was no hemolysis or agglutination of
erythrocytes at different concentrations of PSMA-eGVs. In contrast, hemolysis was observed in H,O-treated samples
as a positive control. In addition, the supernatants of the samples treated with PSMA-eGVs were transparent and
colorless after centrifugation, similar to those of the PBS-treated sample. Further quantitative analysis showed that the
hemolysis rate of PSMA-eGVs at different concentrations was all less than 5% (Figure S7b), suggesting that PSMA-
eGVs did not damage red blood cells.

In addition, in vivo biosafety was analyzed using blood samples from healthy mice injected with PSMA-eGVs or
EGFP-eGVs. The data revealed that the blood biochemical indices, such as liver and kidney function, showed no obvious
abnormal changes (Figure S7c—g). HE staining analysis did not reveal pathological damage to the heart, liver, spleen,
lungs, or kidneys, similar to PBS-treated controls (Figure S8). These results suggest that the PSMA-eGVs exhibit
excellent biosafety.

Discussion

Prostate cancer is a common malignancy in elderly men, with severe health effects on their life.”” Although transrectal
ultrasonography has become a routine method for disease biopsy, monitoring, and efficacy evaluation, clinical studies
have shown that its sensitivity and specificity still need to be improved.”® > Ultrasound molecular imaging, which
integrates ultrasound imaging and molecular biology, provides a new method for early diagnosis of prostate cancer.*'-*?
At present, the microbubbles-based probes such as BR55 mainly target molecules related to angiogenesis due to their
relatively large particle size, resulting in their disability to bind with prostate cancer cells and specifically diagnosis of
prostate cancer.*>** By contrast, nanobubbles-based probes exhibit significant advantages in the molecular imaging of
the tumor cells due to their high permeability and retention effect in tumors.>® Lots of literatures confirmed that

nanobubbles could cross the vascular endothelial space of tumors.'*¢7

Unlike traditional synthesis of targeted nanobubble probes which needs multistep chemical coupling process,*™*’

we
employed a genetically engineering strategy to synthesize targeted nanobubble probes in bacteria, the fabrication
procedure and reducing the disordered ligand orientation and batch-to-batch variations. In this study, we used the
temperature controlled gene expression strategy to induce the production of GvpC-PSMA fusion protein after synthesis
of AGvpC-eGVs, which can decreasing the interference of anti-PSMA antibody protein and achieving precise self-
assembly of PSMA-eGVs through the specific interaction of the GvpC domain.*® Moreover, the probe preparation time
can be shortened to 40 hours, significantly reducing the production costs. In addition, the strategy may allow us rapid
shift from PSMA-eGVs to other ultrasound molecular imaging probes, only through simple replacement of the anti-
PSMA antibody-coding gene sequence in pBV220 plasmid.

In this study, the resulting PSMA-eGVs exhibited good physical stability and targeting abilities. The mean particle
size of PSMA-eGVs remained stable at approximately 120 nm over 30 days. In vitro experiments showed that the
binding ability of PSMA-eGVs to prostate cancer cells was significantly higher than that of the non-targeted EGFP-
eGVs. In vivo experiments in tumor-bearing mice confirmed that PSMA-eGVs produced a stronger and more persistent
ultrasound signal in the tumor region than the control probe. These results suggest that PSMA-eGVs can selectively
aggregate in tumor tissues and enhance tumor contrast signals. More importantly, in vivo ultrasound imaging signals of
PSMA-eGVs in tumor-bearing mice showed good correlation with clinicopathological diagnosis and PET metabolism.
Obviously, the current clinical diagnostic methods for prostate cancer, such as needle biopsy, are invasive. PSMA-PET,
although non-invasive, is expensive and has radiation risks. By contrast, ultrasound molecular imaging technology with
PSMA-eGVs has great advantages due to its non-invasiveness and low cost. Notably, the PSMA-eGVs probe possess
good detection sensitivity in a small tumor, making it possible use in the early diagnosis of prostate cancer.
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Nonetheless, this study still has some limitations. Firstly, the subcutaneous tumor model used in this study is different
from the tumor which occurs in humans. An orthotopic prostate cancer model will be able to provide more convincing
evidences. Secondly, there are approximately 15% of prostate cancer patients with low even lack of PSMA expression. In
such cases, the development of multi-target probes may be necessary. Although the current work evaluated the in vivo
biocompatibility through histopathological examination and serum biochemical analysis, and demonstrated good blood
compatibility in vitro, the cytotoxicity, in vivo biodistribution, and genotoxicity of PSMA-eGVs still need to be
comprehensively investigated for the future clinical translation application.

Conclusions
In conclusion, this study successfully established a one-step biosynthesis platform utilizing genetically engineered
technology for the efficient production of targeted ultrasound molecular imaging probes. Using PSMA-positive prostate
cancer as a model, we demonstrated that the biosynthesized PSMA-eGVs exhibit high targeting imaging performance of
prostate cancer. Our study provides a promising strategy for developing targeted ultrasound probes for the non-invasive
diagnosis of tumor.
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