International Journal of Nanomedicine Dove

An Oxygen Supply Strategy for Sonodynamic
Therapy in Tuberculous Granuloma Lesions Using
a Catalase-Loaded Nanoplatform

Can Hu"z’*, Yan Qiu"z’*, Jiajun Guo"z, Yuchao Cao"z, Dairong Li3, Yonghong Du'?

'State Key Laboratory of Ultrasound in Medicine and Engineering, College of Biomedical Engineering, Chongqing Medical University, Chongging,
400016, People’s Republic of China; 2Chongqing Key Laboratory of Biomedical Engineering, Chongqing Medical University, Chongqing, 400016,
People’s Republic of China; *Department of Respiratory and Critical Care Medicine, the First Affiliated Hospital of Chongqing Medical University,
Chongging, 400016, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Dairong Li, Department of Respiratory and Critical Care Medicine, the First Affiliated Hospital of Chongqing Medical University, No. |, Youyi
Road, Yuzhong District, Chongqing, 400016, People’s Republic of China, Tel +86-23-89012745, Fax +86-23-68485021, Email lidairong@hospital.cqmu.edu.cn;
Yonghong Du, State Key Laboratory of Ultrasound in Medicine and Engineering, College of Biomedical Engineering, Chongqing Medical University, No. |,
Yixueyuan Road, Yuzhong District, Chongqing, 400016, People’s Republic of China, Tel/Fax +86-23-6848502 |, Email duyonghong@cgmu.edu.cn

Purpose: Tuberculosis (TB) is a chronic disease caused by Mycobacterium tuberculosis (MTB) that remains a major global health
challenge. One of the main obstacles to effective treatment is the heterogeneous microenvironment of TB granulomas. This study
aimed to investigate the potential of a hypoxic remission-based strategy to enhance the outcome of tuberculosis treatment when
implemented in combination with ultrasound.

Methods: A PLGA nanoparticle (LEV@CAT-NPs) loaded with levofloxacin (LEV) and catalase (CAT) was fabricated by a double
emulsification method, and its physical characteristics, oxygen production capacity, drug release capacity, and biosafety were thoroughly
investigated. The synergistic therapeutic effects of ultrasound (US)-mediated LEV@CAT-NPs were evaluated using an experimental
mouse model of subcutaneous tuberculosis granuloma induced by Bacille Calmette-Guérin (BCG) as a substitute for MTB.

Results: LEV@CAT-NPs exhibited excellent oxygen production capacity, biosafety, and biocompatibility. Histological analysis
revealed that ultrasound-mediated LEV@CAT-NPs could effectively remove bacteria from tuberculous granulomas, significantly
alleviate the hypoxia state, reduce the necrotic area and inflammatory cells within the granuloma, and increase the penetration of dyes
in granuloma tissues. The combined treatment also reduced the serum levels of inflammatory cytokines (eg, TNF-a, IL-6, and IL-8),
and significantly downregulated the expression of hypoxia-inducible factor lo. (HIF-1a) and vascular endothelial growth factor
(VEGF). These results suggested that the synergistic treatment of ultrasound-mediated LEV@CAT-NPs effectively eradicated the
bacterial infection and reversed the hypoxic microenvironment of tuberculous granulomas, further promoting tissue repair.
Conclusion: This study provides a non-invasive and new avenue for treating refractory tuberculosis infections. The potential role of
regulating hypoxia within infected lesions as a therapeutic target for infection deserves further exploration in future studies.
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Introduction

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (MTB). It can cause chronic granu-
lomatous lesions in various parts of the body,' and it ranks as the leading cause of death from a single microbial pathogen
worldwide. Previous studies have shown that treating TB can be difficult due to poor antibiotic penetration into the
granulomas where the bacteria reside.” The World Health Organization recommends a six-month combination therapy of
four first-line antituberculosis drugs as the standard treatment for TB.?> However, despite global efforts, the success rate

of TB treatment remains unsatisfactory.
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The tuberculous granuloma, a hallmark structure of tuberculosis, has long been thought to be impenetrable and
restrict mycobacterial infection.* Recently, real-time imaging technology has revealed that the tuberculous granuloma is
a highly complex and dynamic lesion.” It not only limits the spread of MTB and isolates infection, but also provides
a niche for MTB growth. The granuloma microenvironment, which includes necrosis, fibrosis, hypoxia, and pathological
angiogenesis, is formed by the mutual shaping of the pathogen and the host.®

Innovative research is necessary to address the challenges posed by the abnormal granuloma microenvironment in TB
treatment. Hypoxia is thought to be a prominent feature of a well-organized granuloma and occurs in the center of the
granuloma.” Similarities between TB granulomas and solid cancerous tumors exist, with the abnormal granuloma-associated
vasculature contributing to the abnormal granuloma microenvironment.® Pathological angiogenesis in granulomas is promoted
by the overproduction of hypoxia-inducing factor 1o (HIF-10)) and vascular endothelial growth factor (VEGF) when oxygen
cannot be transported to the core of the granuloma.” The vascular system surrounding the granuloma is abundant but has
a disrupted structure, leading to poor perfusion, restricted penetration of oxygen and drugs into the central area of the lesion, and
prolongation of treatment duration.'®'? Very few studies have assessed the effect of a combination strategy based on oxygen
supply on tuberculosis treatment.

Sonodynamic therapy (SDT) is a non-invasive treatment with strong tissue penetration that has shown promising
application prospects in the treatment of bacterial infections and tumors.'*!'* SDT works by activating a sonosensitizer
with low-intensity ultrasound, which produces reactive oxygen species (ROS) to kill tumor cells and bacteria.'>'® Our
previous study confirmed that ultrasound alone could enhance antibiotic penetration through the cell wall and increase
the sensitivity of mycobacteria.'” However, the therapeutic effect of SDT is severely limited by hypoxia in the
microenvironment of the lesion.

Our study proposes a new approach to improving the anti-tuberculosis efficacy of SDT by encapsulating levofloxacin (LEV)
and catalase (CAT) in PLGA nanoparticles and combining them with ultrasound to reverse the anoxic microenvironment of
tuberculous granulomas. CAT plays a crucial role in catalyzing the conversion from hydrogen peroxide (H>O,) in the lesion to
oxygen (O,) and H,0,'® thereby alleviating the hypoxic level of the granulomas. Improved hypoxia can downregulate the
expression of HIF-1a and VEGF, ultimately facilitating the normalization of vascular structure and function within tuberculous
granulomas. LEV is a second-line tuberculosis drug with acoustic sensitivity.'” By encapsulating both LEV and CAT in PLGA
nanoparticles, we aim to address their respective limitations. CAT is easily eliminated from circulation, limiting its practical
application.”® The higher oral dose and poor penetration capacity of LEV in TB lesions led to an increased chance of drug side
effects and drug resistance.?'** This approach builds on the innovative use of oxygen-carrying nanosystems and catalytic
nanoparticles, which have been shown to improve the therapeutic effect of SDT in other studies.*** For example, nanoparticles
encapsulated with hemoglobin have improved SDT efficacy against methicillin-resistant Staphylococcus aureus myositis,*
while catalase-based nanomaterials have reversed the tumor hypoxic microenvironment to improve the antitumor efficacy of
SDT.*

This study successfully fabricated composite nanoparticles (LEV@CAT-NPs) for ultrasound-mediated sonodynamic therapy
of tuberculous granuloma induced by Bacille Calmette-Guérin (BCG) as a substitute for MTB. It is a common research method to
use the attenuated TB vaccine strain BCG as a surrogate for pathogenic M7B since there is a high degree of genome identity and
a similar growth cycle.”” The use of these nanoparticles was found to be beneficial in enhancing in vivo SDT therapeutic
performance. Moreover, the combined treatment was also effective in “normalizing” the vasculature, thereby reducing hypoxia
and improving small-molecule delivery. It is noteworthy that the relationship between oxygen supply, HIF-1a, and VEGF may
play a critical role in regulating blood vessel formation for enhancing drug delivery. The treatment principle scheme of
ultrasound-mediated LEV@CAT-NPs for sonodynamic therapy of subcutaneous tuberculous granulomas is shown in Scheme 1.

Materials and Methods

Materials

Poly (lactic-co-glycolic acid)-poly (ethylene glycol)-carboxylic acid (PLGA-PEG-COOH, 50:50, MW 15000) copolymer
was customized by Jinan Daigang Biotechnology Co., Ltd. Chloroform (CHCl;, MW 119.38) and isopropyl alcohol
(MW 60.10) were acquired from Chongqing Chuandong Co., Ltd. Levofloxacin (LEV) powder (98.0% purity), polyvinyl

6258 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hu et al

PLGA ’
N us

¢ CAT

Double-emulsion ¢ eV LE\iIn@e(é:\_T-NPs O Q \
jection

= —

%):x-é e
}

LEV@CAT-NPs

Scheme | Scheme illustration of ultrasound-mediated LEV@CAT-NPs for sonodynamic therapy in a mouse model of subcutaneous tuberculosis granuloma infected with
BCG.

alcohol (PVA, MW30000-70000), SYBR Green II, and dialysis bags were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Catalase (CAT) powder (98.0% purity) was obtained from Solarbio Technology Co., Ltd. (Beijing, China).
Middlebrook’s 7H9 broth medium, Middlebrook’s 7H10 agar medium and oleic acid-albumin-dextrose-catalase (OADC)
were obtained from BD Biosciences (New York, USA). 2.7-dichlorodihy-drofluorescein diacetate (DCFH-DA) was
bought from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Optimum cutting temperature (OCT) compound was
acquired from Sakura Finetek USA Inc. Singlet Oxygen Sensor Green (SOSG) and aminophenyl fluorescein (APF) were
supplied by Thermo Fisher Scientific (Massachusetts, USA). The H,O, fluorescence assay kit was purchased from AAT
Bioquest, Inc. The solid pimonidazole HCl (Hypoxyprobe-1) and affinity-purified rabbit anti-pimonidazole antibody
were purchased from Bride Biotechnology Co., Ltd. (Beijing, China). ELISA kits for HIF-1a, VEGF, CD31, a-SMA,
TNF-q, IFN-y, IL-6, and IL-8 were acquired from Jingmei Biotechnology Co., Ltd. (Jiangsu, China).

Microbial Strains and Culture

Bacillus Calmette-Guérin (BCG, Batch No. S20013057) was obtained from the Chengdu Institute of Biological Products,
Chengdu, China. The cryopreservation bacterial solution was inoculated into 7H9 broth medium supplemented with 0.2%
glycerin, 10% Middlebrook OADC, and 0.05% Tween-80 and cultured for three weeks at 37°C and 180 rpm. Then,
bacteria were collected by centrifugation and resuspended in Middlebrook’s 7H9 broth without Tween-80, and the
bacterial concentration was adjusted to 2.0x10® CFU/mL for future experiments.

Animals

Healthy female BABL/c mice (6-8 weeks old and weighing 18-24 g) were purchased from Chongqing Enswell
Biotechnology Co., Ltd., and raised in the IVC2 animal room of the Animal Experiment Center of Chongging
Medical University (Chongqing, China). All procedures involving animals in this study comply with the ethical standards
formulated by the Experimental Animal Ethics Committee of Chongqing Medical University (NO. 2022154).
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Preparation and Characterization of Drug-Loaded Nanoparticles

LEV@CAT-NPs were prepared using a double emulsification method similar to the one we previously described.?®
Briefly, the PLGA-PEG-COOH copolymer (40 mg) was immediately mixed with LEV solution (10 mg/mL, 100 pL) and
CAT solution (1 mg/mL, 100 pL) after being fully dissolved in CHCl; (2 mL). Subsequently, the above mixture was
emulsified twice in an ice bath with the ultrasonic probe (XL2020 Acoustic Vibrograph, USA) at an intensity of 105 W to
obtain colostrum and compound emulsion, respectively. The two emulsification times were 2 minutes and 5 minutes,
respectively. Before the second emulsification, it is necessary to add the PVA solution (4%, 4 mL) into the above
colostrum to form a complex emulsion. Afterward, to remove CHCl; from the complex emulsion, isopropyl alcohol (2%,
6 mL) was added to the complex emulsion and stirred at 150 rpm for 3 hours using a magnetic stirrer. Finally,
LEV@CAT-NPs were separated by centrifugation (8000 rpm for 10 minutes) and washed twice with distilled water.
Deionized water-loaded nanoparticles (Blank-NPs), levofloxacin-loaded nanoparticles (LEV-NPs), catalase-loaded nano-
particles (CAT-NPs), and DiR-loaded nanoparticles (DiR-NPs) were created using the same method, but LEV and CAT
solutions were swapped out for equal amounts of deionized water, LEV solution, CAT solution, or DiR solution. The
prepared nanoparticles were then freeze-dried and stored.

The average diameter, zeta potential, and polydispersity index (PDI) of nanoparticles were measured by the Malvern
laser granularity instrument (Zeta SIZER 3000HS, America). The surface morphology and microstructure of LEV@CAT-
NPs were observed by scanning electron microscopy (SEM, Hitachi S-3400N, Japan) and transmission electron microscopy
(TEM, Hitachi H-7600, Japan). The LEV@CAT-NPs were dispersed in PBS, and the change in particle size was measured
over a period of 7 days to evaluate the stability of the nanoparticles. The drug loading content (LC%) and the encapsulation
efficiency (EE%) of LEV and CAT in LEV@CAT-NPs were determined by a UV-vis spectrophotometer (UV-2600,
Shimadzu, Japan). The LC% and EE% of the drugs (LEV and CAT) in LEV@CAT-NPs were calculated using the
following equations:

LC (% w/w) = [mass of drug in NPs / mass of loaded NPs recovered] x 100%,
EE (% w/w) = [mass of drug in NPs / amount of drug used in encapsulation] x 100%.

In vitro Drug Release Experiments Under Ultrasonic Stimulation

The dialysis method in vitro was used to evaluate the drug release kinetics of nanoparticles with or without ultrasound
stimulation.”” LEV@CAT-NPs (20 mg) were dissolved in a phosphate buffered solution (PBS, 2 mL). The mixture was
subjected to 1.0 MHz, 1.2 W/em?, and 3 minutes of ultrasonic irradiation and then transferred into a dialysis bag, which
was soaked in PBS (25 mL) with stirring at 120 rpm for dialysis. The LEV and CAT concentrations of each sample were
detected at several predetermined time periods (0, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, and 72 hours) by using a UV-vis
spectrophotometer at the wavelengths of 303 nm and 280 nm, respectively. In the experimental group without ultrasound
irradiation, the nanoparticle sample (LEV@CAT-NPs) was transferred to the dialysis bag immediately after it was
completely dissolved in PBS. All other procedures were conducted consistent with the ultrasound-irradiated experimental
group. The cumulative drug (LEV and CAT) releases (%) were calculated according to the following equation:

Cumulative release of drug (%) = (amount of drug in PBS solution / total drug in LEV@CAT-NPs) x100%.

Evaluation of Oxygen Generation

LEV@CAT-NPs with CAT-mimic activity could decompose H,O, to produce O,. The amount of dissolved O, in each
reaction solution was measured by a portable dissolved oxygen meter (JPB-607A, Shanghai, China). In brief, an equal
volume of the different solutions containing either free LEV, free CAT, LEV-NPs, CAT-NPs, or LEV@CAT-NPs (the
final concentrations of LEV and CAT were 0.5 mg/mL and 0.1 mg/mL, respectively) were added to a 3% H,0O, solution,
where distilled water was mixed with H,O, as a negative control for the test. Then, the amount of O, generation in each
reaction solution was measured by a portable dissolved oxygen meter in real time. Meanwhile, the formation of O,
bubbles in the reaction solution was observed and photographed.
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CAT Activity and Stability Assays in LEV@CAT-NPs

The activity of CAT in LEV@CAT-NPs was measured by the ammonium molybdate method.’® H,O, reacted with
ammonium molybdate to form a stable yellow complex with a strong absorption peak at 405 nm. First, H,O, (30 uM,
100 pL) was mixed with the different solutions containing either free CAT, CAT-NPs, or LEV@CAT-NPs (the final
concentrations of LEV and CAT were 0.5 mg/mL and 0.1 mg/mL, respectively) and accurately reacted in a water bath at

25°C for 10 minutes. Subsequently, ammonium molybdate (180 puL) was added to the resulting mixture and incubated for
10 minutes at room temperature. Finally, the absorbance value of the reaction solution at 405 nm was measured by the
microplate reader instrument (Infinite M200 Pro N, Tecan, Switzerland), and the catalytic activity of CAT in LEV@CAT-
NPs was calculated.

To assess the anti-proteolytic activity of CAT in nanoparticles, an equal volume of the different solutions containing
either free CAT, CAT-NPs, or LEV@CAT-NPs (the final concentration of CAT was 0.1 mg/mL) was incubated with
proteinase K (0.5 mg/mL) at 37°C. Then, the activity of CAT in nanoparticles was detected using the ammonium
molybdate method mentioned above after 12 or 24 hours of proteinase K treatment.

Ultrasound-Mediated LEV@CAT-NPs Synergistic Therapy in vivo

A model of subcutaneous tuberculous granuloma in BCG-infected mice was successfully established by subcutaneous injection
of a bacterial suspension (Supplementary Material 1 and Figure S1). The mice bearing subcutaneous tuberculous granulomas

were divided into eight groups at random (n = 5/group) and given different treatments, respectively. Treatments included the
following: (1) sterile saline solution without ultrasound treatment (control), (2) sterile saline solution with ultrasound treatment
(US), (3) LEV alone treatment (LEV), (4) LEV-NPs alone treatment (LEV-NPs), (5) LEV@CAT-NPs alone treatment
(LEV@CAT-NPs), (6) LEV with ultrasound treatment (US+LEV), (7) LEV-NPs with ultrasound treatment (US+LEV-NPs),
and (8) LEV@CAT-NPs with ultrasound treatment (US+LEV@CAT-NPs). For in vivo administration, mice received tail vein
injections with a dose of 200 pL sterile saline solution or the suspension of different NPs (the corresponding concentrations for
LEV and CAT are 0.5 mg/mL and 0.1 mg/mL, based on a clinically appropriate dose and existing literature reports)'®*' once
every three days for 12 days. The in vivo biodistribution results showed that LEV@CAT-NPs were able to effectively accumulate

at the granuloma site and reached a peak 24 hours after injection (Supplementary Material 2 and Figure S2). Therefore, animals

were not subjected to ultrasound irradiation until 24 hours after intravenous administration of the appropriate drug preparation or
saline. The ultrasound irradiation parameters (a frequency of 1 MHz and a power of 1.2 W/cm? for 3 minutes) were determined
based on the safety results of ultrasound percutaneous irradiation of mice (Supplementary Material 3 and Figure S3).

The long (A) and short (B) diameters of the subcutaneous granuloma in each mouse were recorded with a vernier
caliper every two days for a total of 14 days. The volume of the granuloma was calculated by the formula (A x B?/2).
After 14 days of treatment, the orbital blood of mice was collected to detect changes in the levels of pro-angiogenic and
anti-inflammatory factors, as well as indexes of liver and kidney function. Then, the mice were euthanized at the end of
a 14-day treatment period, and granuloma tissues were collected for H&E staining, immunohistochemical staining, and
bacterial colony enumeration. The major organs were removed and analyzed using H&E staining for the biosafety
assessment of LEV@CAT-NPs.

Bacterial Colony-Forming Units (CFU) Analysis

Bacterial CFU were quantified by plating triplicate serial 10-fold dilutions of the tissue homogenate on Middlebrook’s
7H10 agar plates. The agar plates were incubated at 37°C for three weeks, and bacterial colony count analysis was
expressed as logl0 CFU per gram of tissue (log;o CFU/g).

Determination of the H,O, Level in the Granulomatous Tissue

On the 14th day after treatment with different methods, granuloma tissue from experimental animals was aseptically
removed and homogenized on ice. The supernatant was collected for subsequent assays after centrifugation, and the
concentration of H,O, in the supernatant was measured using a hydrogen peroxide assay kit (Beyotime Biotechnology
Co., Ltd., Shanghai, China) according to the manufacturer’s instructions.
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Measurement of Hypoxia Within the Granulomatous Tissue

The mice were intraperitoneally injected with pimonidazole solution (1.5 mg/kg) on the 14th day after the completion of
different treatment modalities. After observation for 60 minutes, the mice were euthanized by cervical dislocation, and
granuloma tissue was removed and fixed with 4% paraformaldehyde to prepare paraffin sections. Tissue sections were
incubated with the rabbit anti-pimonidazole antibody (Hypoxyprobe™ Omni Kit, Bride Biotechnology Co., Ltd.,
Beijing, China), and the anoxic extent of the granulomatous tissue was observed by an optical microscope (Olympus,

Canada) and quantified by Image J software (National Institutes of Health).

Immunohistochemistry Analysis

Slices of sectioned granuloma tissue were treated with sodium citrate to restore the antigen and incubated with primary
antibodies against HIF-1a and VEGF overnight at 4°C. The sections were then treated with a reaction enhancement
solution, secondary antibodies, and DAB matrix. Tissue sections were also stained with CD31 and a-SMA

immunofluorescence.

ELISA Test

After 14 days of treatment, mouse blood was collected, centrifuged, and the supernatant stored at —80°C until use. The
supernatant was then used to quantify angiogenesis-related factors (HIF-1o0, VEGF, CD31, and a-SMA) and inflamma-
tory cytokines (IFN-y, TNF-a, IL-6, and IL-8) using ELISA kits according to the manufacturer’s instructions.

Detection of Oxidative Stress in the Granulomatous Tissue

On the 14th day following experimental animal therapy, granuloma tissues from the mice were obtained and homo-
genized with lysate on ice. The supernatant was collected by centrifugation and then used to detect the activity of
peroxide and antioxidant enzymes using MDA and SOD kits (Abbkine Scientific Co., Ltd., Wuhan, China) according to
the manufacturer’s instructions, respectively.

Evans Blue Dye Extravasation Assay
In this work, vascular permeability in granuloma tissue was measured using Evans blue (EB) dye extravasation. Mice
from each group received a tail vein injection of EB dye (at a concentration of 0.5% and a dose of 200 pL). After the
mice were put to death 60 minutes post-injection, the granuloma tissue was collected, weighed, and submerged in
a formamide solution (1 mL) to prepare tissue homogenate, and then incubated in a 55°C constant-temperature water
bath for 48 hours to extract EB from the tissue. After centrifugation at 3000 rpm for 5 minutes, the supernatant was kept,
and the absorbance value at 620 nm was measured with the microplate reader instrument (Infinite M200 Pro N, Tecan,
Switzerland). The exudation of EB in the unit granuloma tissue was calculated using the standard curve equation (Y =
0.1147X-0.01265, R? = 0.9977, where Y is the absorbance value at 620 nm and X is the EB concentration) and the
following formula:
Exudation of EB (pg/g) = concentration of EB in supernatant (mg/mL) % 1 / weight of granuloma tissue (mg),
wherein 1 represents the volume of formamide solution used to extract EB dye from tissues.

Investigation of Hoechst33342 Delivery in the Granuloma Tissue

Vascular permeability and vascular structural integrity in the granuloma tissue were also assessed using Hoechst33342
dye (blue fluorescence). After the treatment, mice in all groups received a tail vein injection of Hoechst33342 dye (at
a concentration of 10 mg/mL and an injection dose of 0.1 mL/mouse). After the mice were observed for 60 minutes,
granuloma tissue was removed, embedded in OCT compound, frozen, and stained with SYBR Green II (green
fluorescence) to assess vascular permeability by CLSM observation.
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Statistical Analysis

The experimental data in this study were described as the mean + standard deviation (SD) (X + SD), and statistical
analysis was performed using GraphPad Prism version 8 (GraphPad Software; La Jolla, CA, USA). The #-test was used
for comparisons between two groups, while the one-way ANOVA was used for comparisons among multiple groups. The
results were considered significantly different when p < 0.05. *, p < 0.05, **, p < 0.01, and *** p < 0.001.

Results and Discussion

Characterization of Nanoparticles

The physicochemical properties and morphology of the fabricated nanoparticles were summarized in Table 1 and
Figure 1. The SEM and TEM images of the prepared LEV@CAT-NPs revealed a spherical morphology with uniform
particle size and good monodispersity (Figure 1A and B). Furthermore, the mean size of LEV@CAT-NPs remained
relatively consistent in PBS at 37°C within seven days (Figure 1C), which demonstrated the high stability of LEV@CAT-
NPs and the potential for further in vivo studies. Besides, the absorption peak of the LEV@CAT-NPs overlapped with
that of the drug LEV or CAT, which indicated that the LEV and CAT were successfully encapsulated into the nanoplat-
form (Figure 1D). The average diameter of the LEV@CAT-NPs was (335.00 £ 14.68) nm with a PDI of (0.20 + 0.02),
which did not significantly increase compared with Blank-NPs (266.80 = 5.77) nm. The mean zeta potentials of
LEV@CAT-NPs were (—9.64 £ 0.68) mV, while those of Blank-NPs were (—15.30 = 0.46) mV (Table 1), indicating
that the optimal size and negative surface charge of NPs promote their efficient aggregation in tuberculous granuloma
tissue sites, similar to the passive enhanced permeability and retention (EPR) effect observed in tumors.*? The drug
encapsulation efficiency and loading content of LEV and CAT in LEV@CAT-NPs were 63.51 + 1.07% (LEV), 57.67 +
0.62% (CAT), 3.59 + 0.12% (LEV), and 1.63 + 0.06% (CAT), respectively (Table 1).

Next, the drug-releasing capacity of the LEV@CAT-NPs delivery system triggered by ultrasound was evaluated using the
dialysis bag method. As shown in Figure 1E, the LEV@CAT-NPs released LEV (49.73%) and CAT (46.67%) sharply within
the first 36 hours of stimulation by ultrasound exposure, and the cumulative concentrations of LEV and CAT increased
significantly within 72 hours compared to the non-ultrasound exposure group, reaching a total release rate of 69.18% and
70.37%, respectively. This demonstrated that LEV(@CAT-NPs’ releasing behavior could be mediated by ultrasound exposure.

Investigation of the Oxygen Release Behavior and Enzyme Activity of LEV@CAT-NPs
It is generally recognized that CAT is capable of decomposing H,O, into O, and H,0.>* The ability of LEV@CAT-NPs
to catalyze the conversion of H,O, into O, is crucial for relieving hypoxia in the microenvironment of tuberculous
granulomas in vivo. In this paper, the oxygen production capacity and enzymatic activity of nanoparticles (LEV@CAT-
NPs) were investigated. As shown in Figure 1F, after incubation of different samples with 3% H,O,, significant oxygen
bubble formation was observed in the free CAT, CAT-NPs, and LEV@CAT-NPs groups, while this phenomenon was not
observed in the free LEV and LEV-NPs groups, indicating that experimental groups containing CAT were able to trigger
the decomposition of H,O, to produce O,. The amount of dissolved oxygen in each group was further monitored in real
time using a portable dissolved oxygen meter, as shown in Figure 1G. The results showed that the free CAT, CAT-NPs, or
LEV@CAT-NPs produced higher levels of O, within 2 minutes. The consistency between the direct observation of

Table | The Physical Characteristics of Nanoparticles

Formulations | Average Size (hnm) | Zeta Potential (mV) PDI LC (%) EE (%)
Blank-NPs 266.8 + 5.77 —15.3 £ 0.46 0.15 £ 0.04 — —
LEV-NPs 2942 + 8.11 -10.8 + 0.74 0.10 £ 0.07 3.74 £ 0.09 76.29 £ 3.11
CAT-NPs 290.1 £ 9.01 —13.2 £ 0.40 0.15 £ 0.03 298 + 0.15 67.81 £ 1.21
LEV@CAT-NPs 335.0 £ 14.68 —9.64 + 0.68 0.20 £ 0.02 3.59 £0.12° 63.51 £ 1.07°
1.63 £ 0.06° 57.67 £ 0.62°

Notes: Blank-NPs, deionized water-loaded PLGA nanoparticles; LEV-NPs, LEV-loaded PLGA nanoparticles; CAT-NPs, CAT-loaded PLGA nanopar-
ticles; LEV@CAT-NPs, LEV and CAT-loaded PLGA nanoparticles; 2 LEV; b, CAT.
Abbreviations: PDI, polydispersity index; LC, loading content of drug; EE, encapsulation efficiency of drug.
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Figure | Physical and chemical characterization of the LEV@CAT-NPs. (A) SEM image of the LEV@CAT-NPs. The scale bar is 500 nm. (B) TEM image of the LEV@CAT-
NPs. The scale bar is 200 nm. (C) The average size distribution of LEV@CAT-NPs in PBS within 7 days. (D) Characteristic peak of the free LEV, free CAT, Blank-NPs, LEV-
NPs, CAT-NPs, and LEV@CAT-NPs solution absorbance values at 303 nm or 280 nm as shown by UV-vis spectrophotometry. (E) The cumulative LEV and CAT release in the
presence or absence of ultrasonic irradiation was examined by a UV-vis spectrophotometer (The red text indicates the cumulative release rate of LEV, while the green text
indicates the cumulative release rate of CAT). (F and G) Photographs of oxygen production (F) and a quantitative assay of dissolved oxygen (G) were obtained by reacting
3% HyO, with free LEV, free CAT, LEV-NPs, CAT-NPs, and LEV@CAT-NPs solutions. (H) Evaluation of enzyme activity for free CAT, CAT-NPs, and LEV@CAT-NPs without
proteinase K. (I) Relative enzymatic activity of free CAT, CAT-NPs, and LEV@CAT-NPs in the presence of proteinase K at different times. The data represent the mean + SD
of three independent experiments.

bubbles (Figure 1F) and the measurement results obtained using a portable dissolved oxygen meter (Figure 1G)
confirmed the catalase-based LEV@CAT-NPs’ excellent oxygen production capacity. This ability to produce oxygen is
crucial for subsequent experimental research and highlights the potential of LEV@CAT-NPs as a therapeutic strategy for
the hypoxic microenvironment of tuberculous granulomas.

Meanwhile, Figure 1H shows that the enzymatic activity of CAT-NPs or LEV@CAT-NPs is somewhat reduced
compared to free CAT, possibly due to the low drug-loading content of CAT in nanoparticles or the inability of
nanoparticles to fully release CAT. After incubation with proteinase K for 24 hours, free CAT lost most of its enzymatic
activity (Figure 11), while the nanoparticles loaded with CAT (eg, CAT-NPs and LEV@CAT-NPs) maintained a relatively
high level of catalytic activity. This finding is consistent with previous reports that nanoparticles can protect catalase from
the hydrolysis of external proteases, thus improving its stability.>*

Synergistic Therapeutic Effect of Ultrasound-Mediated LEV@CAT-NPs in vivo
The in vitro hemolysis and cytotoxicity tests confirmed that LEV@CAT-NPs have excellent safety in vitro, establishing a basis
for future in vivo experiments (Supplementary Material 4, Supplementary Material 5, and Figure S4). A typical tuberculous
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granuloma structure with severe internal hypoxia was observed through H&E and pimonidazole immunohistochemical
staining after 12 days of BCG subcutaneous infection (Supplementary Material 1 and Figure S1). Therefore, combined

therapy with ultrasound and LEV@CAT-NPs on the subcutaneous tuberculous granuloma of a mouse model was carried out.
The schematic diagram of the treatment scheme is shown in Figure 2A. The granulomatous volumes of mice in each group
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were measured every 2 days for 14 days after different treatments, as shown in Figure 2B and 2C. The volume of
granulomatous in the US group (977.55 £ 50.68) mm® or free LEV group (928.21 + 38.56) mm® increased gradually over
the course of 14 days and was very close to those of the control group (1076.63 + 39.61) mm,” indicting no obvious inhibition
of the growth of granuloma with single free LEV or US. However, the granulomatous volumes following combined therapy of
US and LEV@CAT-NPs were considerably lower within 14 days as compared to other treatment groups, demonstrating that
US combined with LEV@CAT-NPs had a distinct granuloma growth suppression effect (Figure 2B and C). Furthermore, the
numbers of bacterial colonies in the granulomatous tissues were counted on the 14th day post-treatment, as shown in
Figure 2D. The US+LEV@CAT-NPs group had the lowest bacterial burden among all groups, suggesting that ultrasound-
mediated LEV@CAT-NPs could effectively enhance the injury effect of BCG in granulomatous tissue. Previous studies have
demonstrated the strong destructive effect of ROS on bacterial DNA.* In the production experiment of ROS, it was confirmed
that LEV@CAT-NPs could generate more ROS under ultrasonic stimulation (Supplementary Material 6 and Figure S5).
Additionally, the cavitation effect and high shear force of ultrasound can significantly disrupt the structural integrity of

bacteria.>® Therefore, the combination of ultrasound with LEV@CAT-NPs results in a more effective bactericidal effect.

Histological analysis showed that the granulomatous tissues of mice following various treatments varied significantly
from one another, as shown in Figure 2E. On the 14th day after treatment, the typical histological characteristics of
granulomatous tissues caused by BCG infection were visible after treatment with sterile saline (control), US alone, or
LEV alone. Following treatment with LEV-NPs or LEV@CAT-NPs alone, a marked necrosis in the granulomatous region
was also observed, but the area of necrosis was significantly reduced compared with the control. The granuloma area and
inflammatory symptoms were reduced in the US+LEV and US+LEV-NPs groups. Particularly, the LEV@CAT-NPs
combined with ultrasound treatment completely eliminated the granulomatous structure, focal necrosis, and inflammatory
cells. In addition, the in vivo biosafety of LEV@CAT-NPs combined with ultrasound synergistic therapy was confirmed
by blood biochemical tests and H&E staining of major organs (Supplementary Material 7 and Figure S6).

Hypoxia Relief in Granulomatous Tissue After Treatment with US+LEV@CAT-NPs

The hypoxic microenvironment of tuberculous granulomas is not only associated with increased TB severity but also
provides favorable conditions for the persistence of MTB.*” Immunohistochemical staining with pimonidazole was
employed to analyze the effect of different treatments on the extent of hypoxia in granulomatous tissues, as shown in
Figure 3A. The results showed that ultrasound-mediated free LEV or LEV-NPs did not significantly relieve hypoxia
within the granulomatous tissue compared with LEV or LEV-NPs alone. However, treatment with LEV@CAT-NPs alone
or in combination with ultrasound significantly improved granulomatous hypoxia, with the lowest area fraction (2.53 +
0.82%) of hypoxia observed in the US+LEV@CAT-NPs group (Figure 3C). The study conducted a dissolved oxygen
experiment, which demonstrated that LEV@CAT-NPs reacted with 3% H,0O, to produce a considerable amount of
oxygen, as shown in Figure 1F and G. Furthermore, drug release experiments confirmed that ultrasonic stimulation
facilitated the release of drugs from the nanoparticles, as indicated in Figure 1E, thereby increasing the local drug
concentration in the lesion. Overall, ultrasound-mediated LEV@CAT-NPs proved to be a more efficient therapeutic
approach for alleviating hypoxia within granulomatous tissue.

HIF-1a is widely recognized as an important regulator of hypoxia, with its expression increasing in the center of
granulomas when hypoxia occurs.>® In this study, the levels of HIF-1a in the granulomatous tissue and serum of mice in
each experimental group were detected by immunohistochemical staining and ELISA. As shown in Figure 3B, positive
staining of HIF-1a in granulomatous tissue after treatment with LEV@CAT-NPs alone or in combination with ultrasound
was significantly reduced compared with the LEV-NPs or US+LEV-NPs groups. The HIF-1a ELISA assay further
verified that the combined treatment of LEV@CAT-NPs and ultrasound could alleviate tissue hypoxia (Figure 3D).

The concentration of H,O, within the granulomatous tissue was significantly decreased following treatment with
LEV@CAT-NPs or ultrasound-mediated LEV@CAT-NPs compared with other treatment groups (Figure 3E). These
experimental results indicated that LEV@CAT-NPs could catalyze the endogenous H,O, to generate O,, leading to an
increase in the consumption of H,O, in the tissue.

In summary, the synergistic treatment of LEV@CAT-NPs and ultrasound decreased the level of H,O, in the
granuloma tissue, shrank the hypoxic region of the granuloma tissue, and downregulated the expression of HIF-la,
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Figure 3 Effect of ultrasound-mediated LEV@CAT-NPs on hypoxia within tuberculous granuloma tissues. (A) Images of pimonidazole staining for hypoxia in granulomatous
tissue conducted by different treatments. (B) Images of HIF-10 immunohistochemical staining in the granulomatous tissue conducted by different treatments. Scale bars are
100 pum. (C) Image ] quantified the area fraction of hypoxia (brown) within the granulomatous tissue, that is, the brown area of each granuloma area. (D) The serum levels of
HIF-la in mice were determined by ELISA with different treatments. (E) Level of H,O, within the granulomatous tissue after different treatments. The data represent the
mean + SD of three independent experiments. ***p < 0.001.

suggesting that LEV@CAT-NPs catalyzed the endogenous H,O, production of O, in the granuloma and alleviated the
anoxic state within the granuloma. These findings provide insights into the potential mechanisms underlying the
therapeutic effects of LEV@CAT-NPs in combination with ultrasound in targeting the hypoxic microenvironment of
tuberculous granulomas.
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The US-Mediated LEV@CAT-NPs Combination Therapy Reduced the Expression of
VEGF

Mature tuberculous granulomas exhibit abnormal vascular structures, such as disordered arrangements of endothelial
cells and a lack of cellular coverage, which lead to insufficient blood flow and exacerbate hypoxia within the
granulomas.®® HIF-la protein expression is upregulated in hypoxic environments, activating the overexpression of
VEGF to cause pathological angiogenesis, resulting in a disorganized vessel network and occluded or embolized
blood vessels.***! Ultrasound-mediated LEV or LEV-NPs did not significantly down-regulate the expression of VEGF
in granuloma tissue compared with LEV or LEV-NPs alone. However, LEV@CAT-NPs alone or in combination with
ultrasound treatment significantly reduced the level of VEGF (Figure 4A). Interestingly, the serum level of VEGF in the
US+LEV@CAT-NPs group was the lowest among all treatment groups, approximately half of those in the control group
(Figure 4C). Immunohistochemical and ELISA experiments have demonstrated that ultrasound-mediated LEV@CAT-
NPs could significantly down-regulate the expression of HIF-1a (Figure 3B and D). Previous studies have reported that
VEGF is one of the downstream factors of HIF-1a,*>** and the expression of VEGF is notably down-regulated following
the treatment of ultrasound combined with LEV@CAT-NPs (Figure 4A and C).

The Combined Treatment of US and LEV@CAT-NPs Reconstructed the Vasculature

in the Granuloma Site

The study also evaluated the morphology and structure of the blood vessels in the granuloma tissue using anti-CD31 and
anti-a-SMA. The results showed that the red fluorescence of CD31-labeled vascular endothelial cells and the green
fluorescence of pericytes labeled with a-SMA in the LEV@CAT-NPs group were significantly increased compared with
the LEV or LEV-NPs alone (Figure 4B). Meanwhile, ultrasound in combination with LEV@CAT-NPs significantly
increased the density of normal blood vessels compared to other treatments, and the lumen area of blood vessels in the
US+LEV@CAT-NPs group was larger than that of other treatment groups (Figure 4B). These findings demonstrated that
the synergistic therapeutic effect of ultrasound and LEV@CAT-NPs may promote angiogenesis and improve vascular
structure in the granulomatous tissue. Furthermore, serum levels of a-SMA and CD31 in mice treated with LEV@CAT-
NPs and US+LEV@CAT-NPs were significantly higher than that in the control group (Figure 4D and E). These results
revealed that the combination of ultrasound and LEV@CAT-NPs could “normalize” and reconstruct the vasculature in
granulomatous tissues by increasing the density of normal blood vessels and the coverage of pericytes, which may
contribute to improved oxygenation and reduced hypoxia in the granulomatous tissue.

Permeability Evaluation of Dyes in Granuloma Tissue Following Treatment of
Ultrasound-Mediated LEV@CAT-NPs

Recent research has shown that structural and functional anomalies of the vasculature within granuloma tissue can
compromise the delivery and efficacy of anti-tuberculosis medications, leading to a reduced drug supply.** This study
further analyzed the effect of the synergistic treatment regimen of ultrasound-mediated LEV@CAT-NPs on vascular
function (the ability to deliver drugs). Hoechst33342 (with a molecular weight of 615.99 Da) and EB dye as drug models
to assess drug delivery in the granuloma. The molecular weight of EB dye itself is 961 Da, and it binds to intravascular
serum albumin in vivo to become a protein tracer with a high molecular weight (~67 kDa).*> CLSM observations found
that the delivery of Hoechst33342 (blue fluorescence) in granuloma tissue by the ultrasound combined with LEV@CAT-
NPs groups was significantly higher than that of other treatment groups. The blue fluorescent dyes in the US+LEV and
US+LEV-NPs groups were mainly distributed around the granuloma tissue, whereas the blue fluorescent dyes in the US
+LEV@CAT-NPs group were distributed throughout the tissue (Figure SA and B). The quantitative results of the EB
extravasation assay showed that the amount of EB penetration in the granuloma tissue of the US+LEV@CAT-NPs group
was significantly higher than that of the other groups, reaching (124.38 + 1.62) ug/g (Figure 5C). These results indicated
that ultrasound-mediated LEV@CAT-NPs enhance drug delivery in the granuloma tissue.

Our study improves the blood vessels of granulomas through an oxygen supply strategy during SDT, enhances local
drug delivery and oxygen, and contributes to sterilization and tissue repair. These findings demonstrated that
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Figure 4 The synergistic effect of ultrasound-mediated LEV@CAT-NPs on the level of angiogenesis-related factors in tissues and serum. (A and B) Images of
immunohistochemical and immunofluorescent staining for VEGF (A), a-SMA (B), and CD3I (B) in the granulomatous tissue conducted by different treatments. Scale
bars are 100 um. (C-E) Levels of VEGF (C), a-SMA (D), and CD31 (E) in the infected mice were determined by ELISA with different treatments. The data represent the
mean + SD of three independent experiments. *p < 0.05, ***p < 0.001.

a combination of oxygen supply strategies during SDT could be a promising therapeutic approach for granulomatous
diseases.

It is worth noting that MMP inhibitors and an anti-VEGF drug (bevacizumab) have been shown to stabilize blood
vessels and enhance the accessibility of drugs to bacteria at the center of the granuloma in MTB-infected mice.®*® This
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Figure 5 Vascular permeability was detected by dyes with different molecular weights accumulating in granulomatous tissue. (A) The distribution of Hoechst33342 in
granulomatous tissues was observed by CLSM. The scale bar is 500 pm. (B) The area fraction of Hoechst33342 (blue) in granuloma tissue (green) was quantified with Image
J. (C) The permeability of Evans blue within the granulomatous tissue of infected mice was quantitatively detected. The data represent the mean + SD of three independent
experiments. **p < 0.001.

finding emphasizes the importance of considering vascular structure and function when designing drug delivery strategies
for granulomatous diseases. Further research in this area could lead to the development of more effective treatment
options for patients with granulomatous diseases.

Levels of Cytokines Following Ultrasound Combined with LEV@CAT-NPs Treatment
The presence of MTB breaks the inflammatory homeostasis in the host, further promoting granulomatous lesions and
causing irreversible tissue damage, which usually involves the participation of numerous cytokines with different
functions.*”** The cytokines TNF-a, IL-6, and IL-8 are contributors to the pathogenesis of tuberculosis and are
detrimental to host protective immunity.*’ In contrast, IFN-y mediated host immune responses are highly effective in
clearing intracellular pathogens.”

To assess the effect of different treatment regimens on cytokine levels, serum levels of TNF-a, IFN-y, IL-6, and IL-8
were measured in infected mice with granuloma tissue from each group 14 days after therapy. Treatments with LEV,
LEV-NPs, LEV@CAT-NPs, US+LEV, US+LEV-NPs, and US+LEV@CAT-NPs all lowered TNF-a, IL-6, and IL-8
levels, with the US+LEV@CAT-NPs group having the best effect (Figure 6A, B, and C). In contrast, IFN-y levels
were further increased after treatment in all groups, especially in the US+LEV@CAT-NPs group, which was significantly
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Figure 6 The levels of cytokines and oxidative stress in mice after |14 days of different treatments. (A-D) The serum levels of TNF-a (A), IL-6 (B), IL-8 (C), and IFN-y (D) in
the infected mice after 14 days of different treatments. (E) The activities of SOD in the granuloma tissue of infected mice. (F) The content of MDA in the granuloma tissue of
infected mice. The data represent the mean + SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

higher than that in the other groups (Figure 6D). The result demonstrated that ultrasound combined with LEV@CAT-NPs
treatment of subcutaneous tuberculous granuloma might provide a protective immune response by modulating the
immune status of the host, which contributes to the regression of inflammation and thus promotes tissue repair.

The Effect of Ultrasound Combined with LEV@CAT-NPs Treatment on the Oxidative
Stress Factors MDA and SOD

Malondialdehyde (MDA) and superoxide dismutase (SOD) are important markers of oxidative stress.”’ MDA is a byproduct
of ROS lipid peroxidation, which indirectly measures the level of tissue peroxidation, and SOD is the major antioxidant
metalloenzyme that can fend against oxygen-free radicals.’>> Supplementary Material 6 and Figure S5A showed that SDT
treatment generated significant amounts of ROS. With the therapy of US+LEV@CAT-NPs, it is required to further evaluate
the levels of oxidative stress in tissues. Therefore, the content of MDA and the activities of SOD in the tissue were measured to

analyze the oxidative stress state in granulomatous tissue. As shown in Figure 6E, the level of SOD in the control group
(169.30 + 13.52) U/mg prot was significantly higher than that in the other groups. Since SOD is an antioxidant enzyme, a low
level of SOD suggests that a large amount of ROS could be generated in the granulomatous tissue to kill the internal bacteria.
However, the level of SOD (28.34 + 6.07) U/mg prot in the granuloma tissue was significantly decreased after ultrasound
combined with LEV@CAT-NPs treatment. Conversely, the level of MDA in the granulomatous tissue significantly increased
nearly twofold after ultrasound combined with LEV, LEV-NPs, and LEV@CAT-NPs compared with LEV, LEV-NPs, and
LEV@CAT-NPs treatment alone (Figure 6F). LEV@CAT-NPs were activated by ultrasound in vivo and achieved the
bactericidal effect.

Our results show that ultrasound combined with LEV@CAT-NPs treatment induces oxidative stress, as evidenced by
an increased level of MDA, accompanied by an increase in ROS such as superoxide radical ('0,), hydroxyl radical (OH),
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and H,O, (Supplementary Material 6 and Figure S5B, C, and D), which cause oxidative stress in biological tissues and

cause oxidative damage to bacteria.>

Conclusion

The dynamic heterogeneity of tuberculous granulomas poses a challenge to achieving ideal treatment efficacy, as it limits
drug permeability in the center of the lesion and leads to drug resistance in MTB. In our study, we investigated the use of
a combined strategy based on SDT and oxygen supply to address this challenge. Our finding, for the first time to our
knowledge, is that this approach effectively alleviated the hypoxia in BCG-induced subcutaneous tuberculous granuloma,
promoted the normalization of vascular structure within the granuloma tissue, improved the delivery effect of drug model
molecules, inhibited the growth of the granuloma, and effectively removed BCG from the granuloma tissue.

The potential mechanisms of the synergistic effect of ultrasound-mediated LEV@CAT-NPs may include the follow-
ing: First, sonodynamic therapy relies on sonochemical oxygen consumption.”> However, therapeutic efficacy can be
impeded by the hypoxic environment of granuloma tissue. To address this issue, our study developed LEV@CAT-NPs.
These nanoparticles have the ability to decompose H,O, in situ and generate oxygen, thereby enhancing the effectiveness
of SDT. Secondly, under ultrasonic stimulation, LEV@CAT-NPs effectively alleviate hypoxia in granuloma tissue,
thereby downregulating the expression of HIF-1a and VEGF. This promotes the normalization of vascular structure,
which in turn enhances drug delivery in the granuloma tissues, leading to an improved treatment effect.
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