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Background: Tuberculosis, caused by Mycobacterium tuberculosis (Mtb), remains one of the leading causes of death among
infectious diseases. Enhancing the ability of anti-tuberculosis drugs to eradicate Mycobacterium tuberculosis within host cells remains
a significant challenge.

Methods: A mannosamine-modified nanoparticle delivery system was developed using poly(lactic-co-glycolic acid) (PLGA) copo-
lymers to enhance the targeted delivery of rifapentine (RPT) to macrophages. D-mannosamine was conjugated to PLGA-polyethylene
glycol (PLGA-PEG) copolymers through EDC/NHS coupling chemistry, and the resultant RPT-MAN-PLGA-PEG nanoparticles (NPs)
were prepared through a combination of phacoemulsification and solvent evaporation methods. The physicochemical properties,
toxicity, in vitro drug release profiles, stability, cellular uptake, and anti-TB efficacy of the NPs were systematically evaluated.
Results: The RPT-MAN-PLGA-PEG NPs had a mean particle size of 108.2 + 7.2 nm, with encapsulation efficiency and drug loading
rates of 81.2 + 6.3% and 13.7 £ 0.7%, respectively. RPT release from the NPs was sustained for over 60 hours. Notably, the phagocytic
uptake of the MAN-PLGA NPs by macrophages was significantly higher compared to PLGA-PEG NPs. Both NPs improved
pharmacokinetic parameters without inducing significant organ toxicity. The minimum inhibitory concentration for the NPs was
0.047 pg/mL, compared to 0.2 pg/mL for free RPT.

Conclusion: The engineered RPT-MAN-PLGA-PEG NPs effectively enhanced macrophage uptake in vitro and facilitated the
intracellular clearance of Mtb. This nanoparticle-based delivery system offers a promising approach for improving the precision of
anti-TB therapy, extending drug release, optimizing pharmacokinetic profiles, augmenting antimicrobial efficacy, and mitigating drug-
related toxicities.
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Introduction
Tuberculosis (TB) continues to be a major global health challenge. In 2023, the estimated number of TB cases worldwide was
10.8 million, similar to the previous year, reflecting a modest increase from 10.1 million cases in 2020. While the global
incidence of TB has decreased by 8.3% since 2015, this progress remains well below the World Health Organization’s target of
a 50% reduction by 2025. In 2023, approximately 1.25 million people died from TB, a slight decrease from the 1.4 million
deaths recorded in 2020 and 2021. However, the continued impact of other epidemics during this period has significantly
hindered TB control efforts, contributing to nearly 500,000 additional deaths. These trends underscore the urgent need for
enhanced prevention and treatment strategies to achieve global TB elimination goals."

Mycobacterium tuberculosis is a facultative intracellular bacterium that primarily parasitizes macrophages. When it
invades macrophages, it remains latent in the host through the following mechanisms: 1) inhibition of phagosome fusion
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with lysosomes, phagolysosome maturation, and acidification; 2) inhibition of macrophage major histocompatibility
complex II (MHC II) gene expression, MHC II molecule maturation, and trafficking; and 3) inhibition of oxidative stress,
apoptosis, autophagy, pyroptosis, and metal ion limitation mechanisms.” Therefore, eliminating and inhibiting the growth
of Mycobacterium tuberculosis within macrophages is crucial for ensuring the successful treatment of tuberculosis.

Currently, first-line anti-tuberculosis drugs are predominantly used in clinical practice. While these drugs effectively
kill Mycobacterium tuberculosis, there are still limitations in traditional first-line oral treatments, which include: 1) the
requirement for multi-drug combination therapy, prolonged treatment duration, and increased drug resistance; 2) some
antibiotics are highly hydrophilic and have poor cell permeability;® 3) some antibiotics can easily enter cells, but their
intracellular retention time is short; 4) high first-pass metabolism in the liver associated with traditional drug delivery; 5)
selective permeability of biological barriers, such as the blood-brain barrier, inhibits the effective delivery of drugs to
these sites; and 6) high-dose administration results in significant toxic side effects, including neurotoxicity, ocular
toxicity, nephrotoxicity, and ototoxicity, further decreasing patient compliance.*” These challenges have prompted the
investigation of an increasing number of second-line anti-TB drugs and their formulations. Rifapentine (RPT),
a semisynthetic cyclopentamicin antibiotic, has been approved by the US Food and Drug Administration (FDA) as a first-
line anti-TB drug. Its antitubercular mechanism is similar to that of rifampicin, but RPT’s minimum inhibitory
concentration (MIC) is only 0.12 mg/L to 0.25 mg/L. Its antitubercular activity is 2 to 10 times greater than rifampicin,
and its half-life is 4 to 5 times longer, allowing for only 1 to 2 doses per week in clinical practice.®

Achieving effective bactericidal concentrations of traditional oral or injectable anti-TB drugs within macrophages
remains challenging. This often necessitates the use of high-dose, long-term multidrug combinations to achieve
satisfactory therapeutic effects, which increases the risk of adverse reactions and resistance rates and results in poor
patient adherence.”® Active targeting of macrophage-specific anti-TB drug delivery systems offers a novel approach to
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tuberculosis treatment.” This involves modifying drug delivery carriers with specific ligands that bind to phagocytic
receptors on macrophages, thereby inducing ligand-receptor interactions to enhance the phagocytosis of drug-loaded
systems by macrophages and achieve effective bactericidal concentrations within macrophages.'®!!

Numerous studies have demonstrated that nanotechnology can significantly enhance the therapeutic efficacy of
traditional drugs, attracting widespread attention in the biomedical field.'*'® To date, various polymeric nanocarriers
have been developed and used for targeted drug delivery.'* With the continuous advancement of nanotechnology,
functional groups responsive to different biological microenvironments have been incorporated into the design of
novel drug carriers, aiming to improve drug accumulation at disease sites while reducing side effects. Nanodrug carriers
have shown tremendous potential in cancer treatment, metabolic disease therapy, and antimicrobial applications.'> !’
Tuberculosis, a chronic infectious disease caused by Mycobacterium tuberculosis, is most commonly manifested as
pulmonary tuberculosis. Traditional formulations and administration routes of anti-tuberculosis drugs struggle to main-
tain effective drug concentrations at the lesion sites, while high-dose combination therapy often leads to significant
adverse effects.'>'® Poor patient adherence and irregular medication further contribute to the emergence of multidrug-
resistant strains. As a result, researchers have been searching for more effective treatment methods. The rise of medicine
and nanoscience has spurred the development of nanomaterials, and the application of nanomaterials as drug carriers has
provided a new direction in medical science. Nanotechnology holds considerable promise in the diagnosis, treatment, and
prevention of infectious diseases, including tuberculosis. The main advantages of nanoparticles as drug carriers include
their small size, high stability, enhanced delivery of both hydrophilic and hydrophobic drugs, as well as the ability to
deliver large molecules into cells.'® Furthermore, they allow for targeted drug delivery to specific cells or tissues, and
offer the feasibility of various administration routes.”® These carriers also exhibit strong adaptability, ease of control, and
slow, sustained drug release from the carrier systems.”'

Polylactic-co-glycolic acid (PLGA) is a commonly utilized biodegradable polymer, primarily due to its biocompatible
metabolites, lactic acid and glycolic acid. These metabolites are soluble in standard solvents and naturally metabolized by
the body through the tricarboxylic acid (Krebs) cycle. Furthermore, PLGA can be engineered into diverse shapes and
sizes, making it a preferred carrier for delivering drugs, proteins, and macromolecules (eg, DNA, RNA and peptides) to
study their physicochemical properties.”>** The polymer’s properties can be further ‘intelligently regulated’ by adjusting
the ratio of lactic acid to glycolic acid monomers and modifying the physical properties of PLGA nanocarriers, such as
size, shape, surface area, and volume, allowing for tailored drug release rates.”* Due to its excellent biocompatibility and
adaptability, PLGA has received approval for a range of biomedical applications and is authorized by the US FDA for
human use, particularly in sustained-release drug delivery systems.>>*® Additionally, polyethylene glycol (PEG) can
further provide a steric barrier to prolong the circulation time of nanoparticles (NPs).?>%’

The macrophage mannose receptor is a transmembrane protein with multiple carbohydrate-binding domains, includ-
ing a cysteine-rich domain and several C-type lectin domains. These domains can specifically bind to mannose and other
carbohydrate molecules, facilitating immune recognition, phagocytosis, and immunomodulation.”® Based on the above
research background, the goal of this study is to synthesize a nanoparticle system capable of loading anti-tuberculosis
drugs and investigate its effect on Mycobacterium tuberculosis (Mtb) within macrophages. Currently, isoniazid and
rifampicin are still the first-line drugs for tuberculosis treatment, and several drug delivery systems for isoniazid or
rifampicin have been reported in the literature.?* ' In this study, rifapentine was selected as the therapeutic drug in the
drug delivery system for the following reasons: 1. Although rifampicin is a first-line anti-tuberculosis drug in the
rifamycin-class of antibiotics, around 500,000 new cases of rifampicin-resistant tuberculosis occur each year,' which may
limit its clinical use. Moreover, the World Health Organization has expressed concern about the low bioavailability of the
rifampicin/isoniazid combination therapy.’® 2. Rifapentine, a derivative of rifamycin, shares a similar structure and
activity with rifampicin. Studies have shown that combination therapy based on rifapentine can prevent the emergence of
rifampicin-resistant Mtb strains.>* 3. More importantly, rifapentine has several times the activity against Mtb compared to
rifampicin, with a minimum inhibitory concentration (MIC) as low as 0.02-0.06 pg/mL.>* This characteristic is
advantageous for encapsulating the drug in polymers, reducing the required dosage. Additionally, PLGA-PEG was
chosen as the nanoparticle carrier in this study. PLGA is one of the most widely used polymers, approved for use in drug
delivery systems in the US and Europe, with excellent biocompatibility and the ability to degrade in vivo. More
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importantly, it provides opportunities for further structural modifications, especially on the nanoparticle surface, to
enhance its therapeutic performance.®”,*® For example, PEG (polyethylene glycol) is a hydrophilic, inert polymer that,
when added to nanoparticles, improves their hydrophilicity, facilitates escape from hepatic cell phagocytosis, enhances
nanoparticle stability in the body, reduces premature drug release, and prolongs the circulation time in vivo, indirectly
increasing the “macrophage targeting” drug quantity in circulation.?’,*® Mannosamine, an amino sugar molecule with an
amine group in its structure, can bind efficiently to the mannose receptors on the surface of macrophages. As a result, it
has wide applications in macrophage-targeted drug delivery systems.’® The mannosamine molecules conjugated to the
nanoparticle surface enhance the nanoparticles’ affinity for macrophages. This ligand-receptor interaction is crucial for
targeted drug delivery. Upon binding to the mannose receptor, the receptor-mediated endocytosis process is activated,
and the macrophage internalizes the nanoparticles, thereby delivering the drug directly into the cells.*® Because the drug
concentration is significantly increased in the targeted cells, this method can enhance the therapeutic effect without
increasing the drug dose. Therefore, we have designed and constructed a mannosamine-modified PLGA-PEG nanopar-
ticle drug delivery system for the targeted delivery of rifapentine to macrophages, aiming to enhance the intracellular
killing ability against Mtb.

Materials and Methods

Materials

All chemicals and reagents were obtained from Sigma (USA), unless otherwise specified. Rifapentine (RPT, purity: 98%)
was purchased from Solarbio Technology Co., Ltd. (Beijing, China). PLGA-PEG (Mw: 3000)-COOH (Mw: 19,000;
lactide ratio: 50:50) was procured from Xi’an Ruixi Biological Technology Co., Ltd. (Shaanxi, China). D-mannosamine
was purchased from Merck (USA). Dialysis bags (MWCO: 8000-14,000) were purchased from Shanghai Yuanye
Biological Technology Co., Ltd. (Shanghai, China). Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin-EDTA,
fetal bovine serum (FBS), and penicillin-streptomycin solution were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). BCG and H37Rv were acquired from ATCC (USA). The Cell Counting Kit-8 (CCK-8) was sourced from
AbMole (USA), and the 7H9 medium and OADC supplement were obtained from BD (USA). The RAW264.7 cell line
was purchased from Pricella Biotechnology Co., Ltd. (Wuhan, China).

Animals

Male Sprague-Dawley (SD) rats, weighing 180g to 220 g, were used in this study. The rats were housed five per cage
under controlled environmental conditions, with room temperature maintained at 25 °C + 2 °C, humidity at 50% =+ 5%,
and a 12-hour light/dark cycle. Food and water were provided ad libitum to maintain the rats in a stable physiological
state throughout the experimental period.

Preparation of RPT-Loaded NPs

Fifty milligrams of poly(lactic-co-glycolic acid)-polyethylene glycol-carboxyl (PLGA-PEG-COOH) was weighed and
transferred into a 50 mL beaker, followed by the addition of 20 mL of dimethyl sulfoxide (DMSO). Once fully dissolved,
50 mg of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 60 mg of N-hydroxysuccinimide (NHS)
were weighed and added.*' Ultrasonication was carried out using an ultrasonic cleaner. The solution was incubated on a shaker
at 37°C for 30 minutes. Subsequently, 10 mg of D-mannosamine was added, and the mixture was placed on a shaker.** After
24 hours of reaction, the solution was transferred into a dialysis bag. The dialysis bag was placed in a beaker containing pure
water, and the magnetic stirrer was activated. After 72 hours of dialysis in pure water, the sample was centrifuged at 4500 rpm.
The dialysate was dispensed into a 10 mL white glass bottle and freeze-dried for future use.

Seventy milligrams of D-mannosamine-modified PLGA-PEG (MAN-PLGA-PEG) and 10 mg of rifapentine were
dissolved ultrasonically in 2 mL of dichloromethane solution, after which the resulting suspension was added to 15 mL of
0.5% polyvinyl alcohol (PVA) aqueous solution and sonicated in an ice bath (sonication time of 2 seconds at 3-second
intervals and 90 W power for 80 cycles). The suspension was transferred into a 50 mL three-necked flask and
mechanically stirred at 400 rpm for 4 hours at room temperature to completely volatilize the dichloromethane. Excess
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MAN-PLGA-PEG, PVA, and other impurities were removed by washing the nanomaterial three times using ultrafiltration
tube centrifugation with a pore size of 10 kDa. The centrifugation was performed at a speed of 4000 rpm to ensure
efficient removal of impurities. The nanoparticle was collected, yielding rifapentine-loaded MAN-PLGA-PEG nanopar-
ticles (RPT-MAN-PLGA-PEG NPs). For coumarin 6-labeled nanoparticles used in phagocytic studies, coumarin 6 was
added to the dichloromethane, which was the only modification to the procedure described above.

Physicochemical Characterization

The particle size and polydispersity index (PDI) were measured using dynamic light scattering (DLS), while zeta potential was
determined by assessing electrophoretic mobility. Each sample was diluted in purified water at 25°C. Measurements were
conducted in triplicate using a ZetaSizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK). The product was further
analyzed using Fourier transform infrared (FTIR) spectroscopy (Shimadzu, Japan). The spectra of D-mannosamine, PLGA-
PEG, and MAN-PLGA-PEG were recorded between wavelengths range of 500 and 4,000 cm™'. Additionally, the conjugates
were further characterized using "H NMR spectroscopy on a Bruker spectrometer, and the morphology was observed by
transmission electron Microscopy (TEM, HT-7800, Hitachi, Ltd., Japan). X-ray photoelectron spectroscopy (XPS) analysis
was performed using an X-ray photoelectron spectrometer (ESCALAB 250Xi, Thermo Fisher Scientific, USA).

Thermogravimetry Analysis
Thermogravimetric analysis (TGA) was conducted using a TGA, Q600 (TA Instruments, USA) in ramp mode, with
a temperature range from 30°C to 600°C at a heating rate of 10°C/min under a nitrogen atmosphere.**

Determination of Drug Entrapment Efficiency (EE%) and Drug Loading (DL%)

To determine the drug entrapment efficiency and drug loading, 1 mg of nanoparticles was accurately weighed into a glass
test tube, and 1 mL of dichloromethane was added. This was mixed thoroughly and sonicated at 500 W for 10 minutes.
The dichloromethane was evaporated under a nitrogen stream at room temperature until completely volatilized. The
residue was reconstituted to a final volume of 2 mL with high-performance liquid chromatography (HPLC)-grade
methanol. The resulting solution was filtered through a 0.22 um membrane filter and transferred into an HPLC sample
vial. HPLC analysis was conducted using a C18 column (4.6 x 150 mm, 5 pum, Elite, Dalian, China) at a column
temperature of 30°C, with a detection wavelength of 335 nm, a flow rate of 1.0 mL/min, and an injection volume of
10 pL. The drug content in the nanoparticles was quantified by analyzing the peak area under the specified chromato-
graphic conditions and applying the results to a standard curve equation. The drug loading (DL%) and encapsulation
efficiency (EE%) of the nanoparticles were subsequently calculated using the established equations (Eql and Eq2).

Entrapped drug
EE=——F—F—=x 100 1
Drug added X M
Ent
DL — n rapped drug 100 @)
Nanoparticle weight

Stability Tests

Freshly prepared freeze-dried NPs were stored in a stability chamber at 25°C for 3 months. At the same time, we freeze-
dried the prepared nanomaterial and reconstituted it using medium. Samples were periodically collected to measure
particle size, polydispersity index (PDI), and encapsulation efficiency (EE%). The overall stability was assessed by
comparing particle size, PDI, and EE% to the initial encapsulated RPT values. Each analysis was performed in triplicate.

Drug Release Studies

Free RPT, RPT-PLGA-PEG, and RPT-MAN-PLGA-PEG nanoparticles were placed in dialysis bags (MWCO:
8000-14,000) and immersed in 50 mL centrifuge tubes containing 40 mL of PBS buffer (pH 4.5 or 7.4) supplemented
with 0.2% Tween-80. The tubes were incubated in a thermostatic shaking water bath at 37°C with a rotation speed of
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100 rpm. At predetermined intervals, 1 mL of solution was withdrawn and replaced with an equal volume of PBS buffer
at the same pH. The RPT concentration in different samples was determined using HPLC under the specified conditions.
Cumulative drug release profiles were plotted over time and fitted to various drug release kinetic models.

In vitro Cytotoxicity Assay

RAW264.7 murine macrophages were seeded into 96-well plates at a density of 2x10% cells per well. After 24 hours,
drug solutions at different concentrations were added to the wells, followed by an additional 24-hour incubation. The
final RPT concentrations were set at 0, 5, 10, 25, and 50 pg/mL. Subsequently, 10 uL of CCK-8 reagent was added to
each well and incubated at 37 °C in the dark for 2 hours. The optical density (OD) at 450 nm was then measured using
a microplate reader. To assess the cytotoxicity of the blank NPs, the same protocol was followed. RAW264.7 cells were
treated with blank NPs at various concentrations (0 mg/mL to 1.2 mg/mL). Twelve replicate wells were prepared for each
concentration, and PBS buffer was added to the outermost wells of the plate to minimize edge effects.

Cellular Uptake
Flow cytometry was employed to evaluate the uptake of RPT-MAN-PLGA-PEG nanoparticles by RAW?264.7 murine
macrophages. Log-phase RAW264.7 cells were diluted to a concentration of 1x10° cells/mL and seeded into six-well
plates. The cells were treated with Coumarin-6 fluorescently labeled PLGA-PEG, MAN-PLGA-PEG, RPT-PLGA-PEG,
and RPT-MAN-PLGA-PEG NPs for 0.5, 1, 3, 6, 12 and 24 hours.** Untreated RAW264.7 cells served as the negative
control group. After incubation, the cells were gently washed with PBS to remove nanoparticles adhering to the cell
membrane and not internalized. The cells were then collected, centrifuged at 1000 rpm for 5 minutes, and resuspended in
PBS. In a parallel experiment, 0.05 M D-mannosamine was added to assess the effect of mannose receptor inhibition on
the uptake of MAN-PLGA-PEG and RPT-MAN-PLGA-PEG nanoparticles by macrophages. All other steps were
performed as described above. Data analysis was performed using FlowJo version 10 (FlowJo LLC, Ashland, OR, USA).
For confocal imaging, RAW264.7 cells were seeded into laser confocal dishes at a density of 5x10* cells/mL and
cultured for 24 hours to ensure uniform cell density across groups. Coumarin-6-labeled PLGA-PEG NPs and MAN-
PLGA-PEG NPs were suspended in the culture medium and added to the dishes, with untreated cells serving as
a negative control. After co-incubation for 6 hours, the cells were washed three times with PBS to remove residual
NPs adhering to the cell membrane. The cells were then fixed with 4% paraformaldehyde and stained with 5 pg/mL
DAPI for 15 minutes to visualize the nuclear morphology. Images were captured using a confocal laser scanning
microscope (Leica, Germany), where coumarin-6 and DAPI emitted green and blue fluorescence, respectively.

Haemolytic Toxicity

The hemolysis rate was used to evaluate the compatibility of NPs with red blood cells. Blood samples were collected from SD
rats and centrifuged at 3000 rpm for 20 minutes to separate the red blood cells, which were subsequently resuspended in 0.9%
w/v saline. NPs at varying concentrations (0.5, 1.5 and 3.5 mg/mL) were prepared in normal saline and incubated with the red
blood cell suspension.*’ The collected red blood cell suspensions were first subjected to a full-spectrum UV spectrophoto-
metric scan across the wavelength range of 200-800 nm to identify and record the absorption peaks. Based on the
measurements, wavelengths of 541.5 nm and 576.5 nm were selected. Additionally, 545 nm,*> a wavelength commonly
cited in the literature, was included in our analysis to enhance the robustness of the results. Distilled water was used as the
positive control. Absorbance was measured at 541.5 nm, 545 nm, and 576.5 nm using a UV-visible spectrophotometer. The
hemolytic rate of each sample was calculated using the formula: Haemolytic rate (%) = [(Absorbance of sample — Absorbance
of saline)/(Absorbance of water — Absorbance of saline)] x 100.

In vitro Anti-Tubercular Studies

The antimycobacterial activity of NPs against Mycobacterium tuberculosis was evaluated using a microplate Alamar Blue assay
following a previously established protocol.*>*® The Mycobacterium tuberculosis H37Rv strain was cultured in modified
Lowenstein-Jensen medium and incubated at 37°C for 2-3 weeks. To prepare the bacterial suspension, 1-2 drops of 5%
Tween-80 were added to a sterile grinding bottle. Fresh bacterial colonies were carefully scraped from the culture medium using
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a sterile inoculation loop and transferred into the bottle. The suspension was then vortexed for 20 seconds and allowed to settle.
Following this, 2 mL of physiological saline was added, thoroughly mixed, and allowed to settle again. The supernatant was
carefully collected using a sterile pipette and adjusted to a turbidity equivalent to 1 McFarland standard. Finally, dilute the
bacterial suspension with 7H9 liquid medium supplemented with OADC to prepare for subsequent experiments. First, 200 pL of
sterile deionized water was added to the outer peripheral wells to prevent evaporation. Next, 100 uL of either free rifapentine or
rifapentine-loaded nanoparticle formulations was added to each well. Serial 1:2 dilutions were then performed in columns 3
through 10. The final concentration range for free RPT was set between 1.6 pg/mL and 0.006 pg/mL and between 0.75 pg/mL
and 0.003 pg/mL for drug-loaded NPs. Finally, 100 pL of the previously diluted Mycobacterium tuberculosis inoculum was
added to wells in columns 2 through 11. Column 11 served as the positive control without drug. After 7 days of incubation, 50 uLL
of Alamar Blue reagent was added, followed by re-incubation for an additional 24 hours. The results were analyzed based on
color changes in each well. The concentration corresponding to no observable bacterial growth was recorded as the minimum
inhibitory concentration of the formulation.

Intracellular Inhibition of Mycobacterium Tuberculosis by NPs

The colony-forming unit(CFU)assay was used to evaluate the bactericidal effects of nanoparticles on Mycobacterium
tuberculosis(MTB)in RAW264.7 cells infected with MTB. Free drugs at a concentration of 0.047 pg/mL and nanopar-
ticles containing an equivalent drug concentration were used for the intervention. RAW264.7 cells were seeded at
a density of 1x10° cells per well in 12-well plates and infected with BCG at a MOI of 1 for 24 hours or H37Rv at a MOI
of 1 for 4 hours. The cells were then incubated with the drugs or nanoparticles for 72 hours. After incubation, the cells
were washed three times with PBS, lysed with PBS containing 0.03% SDS for 10 minutes to release intracellular MTB,
and the lysates were collected. Each group included three replicates. The lysates were serially diluted in 7H9 medium,
plated on Middlebrook 7H11 plates, and incubated at 37°C for 21 days to quantify CFUs.

Pharmacokinetics Study

This animal experiment was approved by the Animal Ethics Committee of Xinjiang Medical University (Approval
No. 20240711-18). The study was conducted in accordance with the principles and guidelines approved by the committee, as
well as the NIH Guide for the Care and Use of Laboratory Animals (Eighth Edition) and internationally recognized guidelines.*’
Male Sprague-Dawley (SD) rats weighing 180g to 220g were randomly divided into three groups: free rifapentine, RPT-PLGA-
PEG, and RPT-MAN-PLGA-PEG nanoparticles. SD rats were intraperitoneally injected with 2% sodium pentobarbital (3mg/
100g) for anesthesia. Each rat received a single intravenous injection of the drug or nanoparticles with equal drug content (10 mg/
kg) at the same time. Blood samples were collected from the rats at predetermined time points via orbital bleeding. Proteins were
separated from plasma using acetonitrile, and supernatants were collected by centrifugation.*® The concentration of RPT in
plasma was measured using HPLC. The maximum concentration (C,,.y), time to reach maximum plasma concentration (T yax),
half-life (t;,), mean residence time (MRT), and area under the curve (AUC,_,) were evaluated.

Tissue Distribution Studies

In a single-dose rifapentine disposition study, mice in each group received a single intravenous dose of 10 mg/kg
rifapentine. The mice were divided into four groups: control (normal saline), rifapentine, RPT-PLGA-PEG NPs, and
RPT-MAN-PLGA-PEG NPs. The animals were sacrificed at specified time intervals. After plasma collection, tissues
(liver, kidneys, and lungs) were excised, quickly washed with normal saline, and stored at —80°C. Drug concentrations
were estimated in 20% (w/v) tissue homogenates. Rifapentine content was measured using the HPLC method as
described previously. The results were expressed as pg/g (microgram per gram of tissue).

To evaluate the potential toxicity of NPs in different organs, animals were euthanized on the fourth day after injection.
The heart, kidneys, liver, lungs, and spleen were excised and immediately rinsed with saline to remove residual blood.
The organs were then immersed in 4% paraformaldehyde solution in centrifuge tubes for 72 hours for tissue fixation.
Fixed tissues were embedded in paraffin and stained with hematoxylin and eosin (H&E) to assess any pathological
changes in the organs. Biochemical analyses were performed on collected blood samples to evaluate potential hepatic and
renal function impairments through standard biochemical tests.
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Statistical Analysis

All experiments were conducted in triplicate, with each experiment repeated at least three times. Results are expressed as
the mean + standard deviation (SD). Statistical analyses were conducted using SPSS version 17.0 software. One-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test was used for group comparisons. A P-value of <0.05
was considered statistically significant.

Results and Discussion

Physicochemical Characterization

The '"H NMR spectra of D-mannosamine, PLGA-PEG-COOH, and MAN-PLGA-PEG were analyzed, as displayed in
Figure 1A. In the "H NMR spectrum of PLGA-PEG-COOH, the peak at 8.13 ppm represents the characteristic signal of
the -OH group in the carboxylic acid. Peaks at 1.48 ppm and 5.21 ppm correspond to the characteristic signals of the
methyl and methine groups of the glycolic acid (GA) segment, respectively, while the peak at 4.91 ppm corresponds to
the methylene group of the lactic acid (LA) segment. In the 'H NMR spectrum of D-mannosamine, peaks at 5.24 and
5.05 ppm correspond to terminal hydrogen atoms, while peaks between 3.54 and 3.41 ppm correspond to methylene
protons, and those between 4.05 and 3.77 ppm correspond to methine protons. In the "H NMR spectrum of MAN-PLGA-
PEG, Peaks at 1.48 and 5.20 ppm represent the methyl and methine groups of the glycolic acid (GA) segment, while the
peak at 4.91 ppm corresponds to the methylene group of the lactic acid (LA) segment, all of which belong to the PLGA
chain. The peak at 3.51 ppm is assigned to the methylene group of the PEG segment. The integration ratio of the
characteristic peaks of the PEG and PLGA chains suggests an approximate molar ratio of 1:1 between PEG and PLGA.
A comparison of the '"H NMR spectra of D-mannosamine, PLGA-PEG-COOH, and MAN-PLGA-PEG reveals a distinct
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Figure | Physicochemical characterization of the nanomaterials. (A) Proton nuclear magnetic resonance (‘H NMR) spectra. (B) Fourier transform infrared (FTIR) spectra of
D-mannosamine, PLGA-PEG-COOH, and MAN-PLGA-PEG. (C) X-ray photoelectron spectroscopy (XPS) results of the same materials, with | representing
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peak at 7.5 ppm in the MAN-PLGA-PEG spectrum, which is attributed to the formation of an amide bond, thereby
confirming the successful conjugation of D-mannosamine to PLGA-PEG-COOH.

Fourier transform infrared (FTIR) spectroscopy was conducted on MAN-PLGA-PEG to confirm the conjugation of
D-mannosamine onto the surface of PLGA-PEG, and the results are presented in the Figure 1B. The absorption bands in
the 3300cm™" to 2800 cm™' region correspond to the stretching vibrations of C-H bonds. Absorption at wavelengths
above 3000 cm™!' corresponds to the stretching vibrations of unsaturated C-H bonds, whereas absorption below
3000 cm™! generally corresponds to the stretching vibrations of saturated C-H bonds. The absorption bands around
2960cm ™! to 2850 cm ™! are typically associated with the stretching vibrations of methyl, methylene, and methine groups
in alkanes.*® The absorption band near 1750 cm ™! represents the characteristic peak of carbonyl (C=0) functional groups,
which are formed by a double bond between carbon and oxygen. The absorption band around 1650 cm™! corresponds to
the amide I band, primarily attributed to C=O stretching vibrations, representing the strongest absorption peak of the
amide bond. The absorption bands between 1450cm™"' to 1300 cm ™' are mainly associated with the stretching vibrations
of saturated hydrocarbon C-H bonds, whereas the absorption band near 1290 cm™! corresponds to the amide III band,
primarily due to C-N stretching vibrations. The absorption region between 1000cm ™' to 1250 cm™! is primarily attributed
to the stretching vibrations of C-O and C-O-C bonds. In summary, the FTIR spectrum of MAN-PLGA-PEG showed
prominent stretching vibration peaks for C=0 and C-O bonds, along with characteristic absorption peaks for amides,
particularly the amide I and amide III bands. These spectral features confirm that the amide bond formation between the
activated carboxyl groups of PLGA-PEG and the amino groups of D-mannosamine had occurred, thereby validating the
successful conjugation of D-mannosamine onto PLGA-PEG.

To elucidate the internal composition of the three materials and confirm that D-mannosamine and PLGA-PEG-COOH
undergo dehydration condensation reactions to form amide bonds, X-ray photoelectron spectroscopy (XPS) was
conducted. Figure 1C presents the high-resolution C 1s spectra of D-mannosamine, PLGA-PEG-COOH, and MAN-
PLGA-PEG. The three peaks in the D-mannosamine spectrum correspond to C-C, C-NH2, and C-O bonds, respectively,
while the PLGA-PEG-COOH spectrum exhibits a peak around 288 eV, indicating aldehyde groups. Notably, C-N and
C-O bonds are observed in MAN-PLGA-PEG, with shifts to higher binding energies compared to mannosamine and
PLGA-PEG-COOH, attributed to changes in the bonding environment after the polymerization of -NH, in mannosamine
and -OH in PLGA-PEG-COOH, leading to increased binding energy. Additionally, the peak at 288.4 eV is attributed to
a complex peak representing both the amide bond and aldehyde group, which results in a shift from the original aldehyde
peak at 288 eV. In the high-resolution N 1s spectra, the only significant peak in D-mannosamine corresponds to
C-N bonding, while no nitrogen was detected in PLGA-PEG-COOH, consistent with its internal structural composition.
The N 1s spectrum of MAN-PLGA-PEG displayed a significant decrease in the C-N bonding ratio at 399.7 eV, along
with the appearance of a new peak at 401 eV corresponding to N-C=O, further confirming that D-mannosamine and
PLGA-PEG-COOH underwent dehydration condensation to form MAN-PLGA-PEG. In MAN-PLGA-PEG, compared to
PLGA-PEG-COOH, the C-O bonding ratio (66.2) was higher than in PLGA-PEG-COOH (57.6). This increase is
attributed to the polymerization of D-mannosamine during the conjugation process, which is consistent with the
formation of the amide bond between D-mannosamine and PLGA-PEG-COOH, providing further evidence of the
successful conjugation.

Thermogravimetric analysis (TGA) was conducted for D-mannosamine, PLGA-PEG-COOH, and MAN-PLGA-PEG
over a temperature range of 30 °C to 600°C, as shown in Figure 1D. D-mannosamine exhibited two stages of mass loss.
In the first stage, a 7.58% w/w weight loss between 30 °C and 123.18 °C was attributed to the desorption of adsorbed and
bound water, a typical behavior for hydrophilic compounds. In the second weight loss stage, a more notable mass loss of
55.63% w/w was observed between 265.88 °C and 450.83 °C. This weight loss was associated with the decomposition of
D-mannosamine, likely involving the breakdown of its organic structure under thermal conditions. The PLGA-PEG-
COOH and MAN-PLGA-PEG copolymers displayed a single stage of mass loss around 230.87 °C and 238.38 °C,
respectively. Furthermore, the incorporation of D-mannosamine into the PLGA-PEG-COOH matrix enhanced the
thermal stability of MAN-PLGA-PEG compared to the unmodified PLGA-PEG-COOH. This improvement in thermal
stability is likely due to the formation of strong amide bonds between the D-mannosamine and PLGA-PEG-COOH,

which contribute to a more robust polymer structure that is more resistant to thermal degradation.**#*->°
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Table | Physicochemical Characterization of Rifapentine Loaded NPs

Size ZP (mv) PDI EE (%) | DL (%)
PLGA-PEG 106.3+85 | —19.89+0.31 | 0.184+0.016 - -
MAN-PLGA-PEG 106.9+9.2 | —16.37+0.43 | 0.178+0.029 - -
RPT-PLGA-PEG 107.146.7 | —20.54+0.84 | 0.172+0.018 | 79.5¢5.7 | 13.2+0.4
RPT-MAN-PLGA-PEG | 108.247.2 | —15.3520.77 | 0.190£0.015 | 812463 | 13.740.7

Abbreviations: RPT, rifapentine; MAN, Mannosamine; PLGA, poly-d,l-lactide-co-glycolide; PEG, poly
ethylene glycol; PDI, polydispersity index; ZP, zeta potential; EE, encapsulation efficiency; DL, drug loading.

Particle size plays a critical role in determining the specific physicochemical properties of NPs; thus, accurate
measurement of particle size is essential for drug delivery systems.’'** The size of NPs significantly influences their
biodistribution, cellular uptake, and clearance from the body. Typically, NPs with sizes below 10 nm are cleared through
the kidneys via renal filtration,”*>* while those above 200 nm tend to have faster plasma clearance rates.> In this study,
the RPT-MAN-PLGA-PEG NPs had an average size of 108.2 £ 7.2 nm (Table 1 and Figure 2A), which is considered
suitable for long-term sustained-release delivery. Liu et al>® reported that NPs of this size can be efficiently phagocytosed
by cells and are also large enough to be retained in systemic circulation for extended periods. Ideally, the modification
with D-mannosamine should result in significant differences in particle size. However, the absence of significant
differences suggests that certain factors may have influenced the outcome. Possible reasons for this lack of difference
include: 1) The two types of nanoparticles may possess similar physicochemical properties, such as surface charge,
hydrophilicity, and hydrophobicity, which partially determine their stability and particle size. Due to the characteristics of
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Figure 2 Morphological characterization of the nanomaterials. (A) Particle size distribution. (B) Zeta potential measurement. (C) Transmission electron microscopy (TEM)
image of the nanomaterials, scale bar: 100 nm. (D) Nanomaterials in liquid state. (E) Nanomaterials after lyophilization.
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PLGA (polylactic-co-glycolic acid) and PEG (polyethylene glycol), the overall particle size of nanoparticles may be
more significantly influenced by these materials, while the effect of D-mannosamine modification is relatively minor.
These properties may thus obscure any influence of D-mannosamine on particle size; 2) Specific modifications to
nanodrug delivery systems, such as surface ligand functionalization, are typically designed to enhance targeting
efficiency or improve cellular uptake rather than significantly alter particle size. D-mannosamine modification primarily
aims to target specific receptors, such as mannose receptors on the surface of macrophages; therefore, it is more likely to
affect the targeting capability and cellular uptake of nanoparticles rather than their particle size; 3) Interactions between
D-mannosamine, PLGA, and PEG may reduce the potential influence of D-mannosamine on particle size. The presence
of PLGA and PEG may partially mask or counteract the impact of D-mannosamine on particle size, thereby maintaining
a relatively stable particle size. Therefore, further investigation and exploration of these factors are necessary to better
understand the lack of significant differences in particle size.

Positively charged nanoformulations exhibit higher plasma clearance rates compared to their neutral and negatively
charged counterparts. Furthermore, the presence of negatively charged serum proteins may promote aggregation following
the administration of positively charged nanoparticles, potentially resulting in capillary embolization.’”* Moreover,
a highly negative surface charge indicates strong electrostatic repulsion between nanoparticles, serving as a critical
indicator of stability.*> Haggag et al’® reported that PLGA nanoparticles (NPs) exhibited a negative zeta potential, which
was significantly greater than that of PEGylated PLGA nanoparticles. In our study, all four types of nanoparticles exhibited
negative zeta potentials, The zeta potentials of PLGA-PEG, MAN-PLGA-PEG, RPT-PLGA-PEG and RPT-MAN-PLGA-
PEG nanoparticles were —19.89 + 0.31, —16.37 + 0.43, —20.54 + 0.84 and —15.35 £+ 0.77, respectively (Table 1 and
Figure 2B), primarily attributed to the presence of carboxyl groups at the termini of the PLGA chains. The slight decrease in
the zeta potential of MAN-PLGA-PEG NPs may be attributed to D-mannosamine, which contains both an amino group (-
NH,) and a hydroxyl group (-OH). In neutral or mildly basic environments, the amino group may become partially
protonated (positively charged), resulting in a neutralizing effect on the overall surface potential. However, the concentra-
tion of D-mannosamine is insufficient to fully neutralize the negative charge on the PLGA-PEG surface.

Transmission electron microscopy (TEM) revealed that all four types of nanoparticles were uniformly dispersed as
individual particles with smooth, spherical surfaces. No significant alterations were detected on the surface or within the
internal structure of the nanoparticles. High-magnification imaging revealed a core-shell structure, with the core
encapsulated by an outer layer, indicating that the drug was embedded within the polymer matrix®>®' (Figure 2C).
The polydispersity coefficients (PDI) of the four nanomaterials were less than 0.2, and the PDI of the four nanomaterials
PLGA-PEG, MAN-PLGA-PEG, RPT-PLGA-PEG and RPT-MAN-PLGA-PEG were 0.184 + 0.016, 0.178 + 0.029, 0.172
+ 0.018, and 0.190 £ 0.015, respectively, suggesting that the nanoparticles had uniform size, and were less prone to large
particles or aggregates, with high kinetic stability (Table 1). Moreover, stability studies indicated no significant variations
in particle size, PDI, or encapsulation efficiency, suggesting that both nanoparticle types maintained stability for at least 3
months (Table 2). Figure 2D and E illustrate the morphology of the nanoparticles in their liquid state and after
lyophilization, respectively. The liquid formulations of the two drug-loaded NPs appeared brick-red, indicating the
presence of the drug (likely due to the color of the rifapentine). These formulations exhibited good fluidity and were free
from particles or precipitates, with a smooth texture, suggesting the absence of aggregation or instability in the
formulation. To further investigate the effect of RPT on PLGA-PEG NPs, the same preparation method and batch
were used to produce non-drug-loaded PLGA-PEG and MAN-PLGA-PEG NPs. The liquid formulations of both these
non-drug-loaded NPs appeared milky white, smooth in texture, free of particles or precipitates, and formed a semi-
transparent liquid. All four lyophilized nanoparticle formulations were characterized by a loose powder form, with no
clumping, particle adhesion, or static adsorption, and demonstrated stable physical properties, further confirming the
stability of the NPs. For freeze-dried nanomaterials, no significant changes in physicochemical properties were observed
after reconstitution with culture medium (Table 3).

Currently, various nanocarriers loaded with anti-tuberculosis (anti-TB) drugs have been reported, including lipo-
somes, polymeric micelles, and exosomes.>> However, research on RPT nanoformulations remains limited. Recently,
Magalhies et al®® reported RPT-loaded lipid nanoparticles with a particle size of 242 nm, a polydispersity index (PDI) of
0.17, a zeta potential (ZP) of —22 mV, an encapsulation efficiency (EE%) of 86%, and a drug loading (DL%) of 2.9%. In
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Table 2 Stability Evaluation Within Three Months

Time Size (nm) PDI EE (%)

RPT-PLGA-PEG Initial 107.1+£6.7 | 0.17£0.02 | 79.5+£5.7
| month 107.8+4.9 | 0.17+£0.03 | 78.3+6.8
2 months | 108.5%+5.4 | 0.18+0.07 | 77.5+5.4
3 months | 108.9+6.3 | 0.19+0.05 | 77.1£8.1
RPT-MAN-PLGA-PEG Initial 108.2+7.2 | 0.19£0.02 | 81.2+6.3
| month 108.9+7.9 | 0.20£0.03 | 80.3+7.3
2 months | 109.3£8.3 | 0.20+0.04 | 79.9+4.1
3 months | 109.6+5.2 | 0.21+0.03 | 79.2%5.5

Abbreviations: RPT, rifapentine; MAN, Mannosamine; PLGA, poly-d,l-lactide-co-
glycolide; PEG, poly ethylene glycol; PDI, polydispersity index; EE, encapsulation efficiency.

Table 3 Physicochemical Characterization of Four
Nanomaterials After Freeze Drying and Reconstitution

Size PDI EE (%)

RPT-PLGA-PEG 106.3+4.2 | 0.181+0.021 | 77.2%3.6
RPT-MAN-PLGA-PEG | 106.7+6.5 | 0.179+0.037 | 80.9+5.2

Abbreviations: RPT, rifapentine; MAN, Mannosamine; PLGA, poly-d,I-lac-
tide-co-glycolide; PEG, poly ethylene glycol; PDI, polydispersity index; EE,
encapsulation efficiency.

this study, the encapsulation efficiency (EE%) of RPT-MAN-PLGA-PEG NPs was 81.2 + 6.3%, and the drug loading
(DL%) was 13.7 £ 0.7% (Table 1). In comparison, our study’s results appear superior in certain aspects of the
aforementioned characteristics. The higher drug loading in the current study suggests that a larger amount of rifapentine
is effectively encapsulated in the RPT-MAN-PLGA-PEG NPs, which is important for enhancing the antibacterial efficacy
and achieving sustained drug release. Smaller particle sizes are generally considered more favorable for extending
systemic circulation time. A lower PDI and a more negative zeta potential suggest improved uniformity and stability of
the nanoparticles. Higher EE% and DL% may enhance the antibacterial efficacy. In earlier studies, numerous anti-TB
drugs-loaded nanoformulations have been reported, particularly those involving rifampicin, the most commonly encap-
sulated drug.’"**® The particle size, PDI, ZP, EE%, and DL% varied among these formulations, primarily due to
differences in the materials and methods used in their preparation. Compared to these studies, the nanoparticles in our
research demonstrated a smaller particle size, lower PDI, and higher zeta potential and EE%, which may be attributed to
the combined method employed and the inherent properties of RPT.

Haemolytic Toxicity

Assessing the hemolysis rate is essential for evaluating the hemocompatibility of biomaterials, and a low hemolysis rate
is indicative of good biocompatibility and safety for in vivo applications.®® The hemolysis rates of the four nanomaterials
developed in this study remained below 5% (Figure 3A—C). This value is well below the generally accepted threshold for
hemolysis in biomedical materials, indicating that the RPT-MAN-PLGA-PEG NPs do not induce significant damage to
red blood cells and are suitable for systemic administration through blood circulation.®”

Drug Release Study

Controlled drug release is a key advantage of nanostructured delivery systems over free drugs, enabling selective release at
the specific disease site or within targeted cellular organelles, thereby improving drug efficacy and reducing toxicity.®® The
drug release behavior of RPT-MAN-PLGA-PEG NPs was evaluated under simulated blood circulation conditions in PBS at
pH 7.4 and simulated lysosomal conditions in PBS at pH 4.5.°%7° As illustrated in Figure 3D and E, the cumulative release
of RPT from RPT-MAN-PLGA-PEG NPs was 11.44% at 3 hours and 54.95% at 48 hours at pH 7.4, while at pH 4.5, it
reached approximately 18.44% at 3 hours and 74.95% at 48 hours. These results indicate that acidic conditions enhance the
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Figure 3 (A-C) Hemolysis rates of the nanomaterials at three different wavelengths. (D) In vitro release profiles of rifapentine (RPT), RPT-PLGA-PEG, and RPT-MAN-PLGA
-PEG NPs at pH 4.5. (E) In vitro release profiles of rifapentine (RPT), RPT-PLGA-PEG, and RPT-MAN-PLGA-PEG NPs at pH 7.4, n=9.

release of RPT from RPT-MAN-PLGA-PEG NPs. As MAN-PLGA-PEG were mainly transported into the acidic lysosomes
of macrophages, RPT-MAN-PLGA-PEG NPs would accelerate RPT release after their entry of lysosomes and initiate more
effective killing of intracellular Mtb. In contrast, free RPT exhibited an initial burst release, with approximately 90.73%
released within 9 hours. Overall, the ability to maintain therapeutic concentrations over extended periods makes this
controlled release profile ideal for tuberculosis treatment, reducing dosing frequency and minimizing adverse effects. The
regression coefficients (R?) were analyzed by fitting the drug release data to four kinetic models: Zero-order, First-order,
Higuchi, and Hixson-Crowell (Table 4). The results demonstrate that the Higuchi model is the most suitable, as it yielded
higher R? values under both pH conditions (0.9785 and 0.9703 for RPT-PLGA-PEG NPs; 0.9773 and 0.9793 for RPT-MAN

-PLGA-PEG NPs). This mathematical model proposes that the drug release rate is proportional to the square root of
time.”""?

Table 4 Results of the Kinetic Parameters of the Drug Release Profile Obtained for
RPT-PLGA-PEG and RPT-MAN-PLGA-PEG NPs: Determination Coefficient (R?)

pH Release model
Zero-order | First-order | Higuchi | Hixson-Crowell
RPT-PLGA-PEG 74 0.8680 0.8037 0.9785 0.9739
4.5 0.8399 0.7689 0.9703 0.9661
RPT-MAN-PLGA-PEG | 7.4 0.8631 0.8105 0.9773 0.9627
4.5 0.8463 0.7769 0.9793 0.9682
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In vitro Cytotoxicity Assay

The cytotoxicity of both drug-loaded NPs and free RPT was assessed by evaluating cell viability in RAW264.7
macrophage cells. The results indicate that both drug-loaded NPs exhibited no cytotoxicity towards macrophages, as
cell viability remained above 80% across all tested concentrations (Figure 4A). In contrast, free RPT at a concentration of
50 pug/mL resulted in a significant decrease in cell viability, which dropped below 60%, suggesting that the nanoformula-
tion may help reduce the inherent cytotoxicity of RPT, improving its biocompatibility. To further evaluate the effect of
the blank NPs (NPs without the drug) on cell viability, RAW264.7 cells were co-cultured with various concentrations of
blank NPs for 24 hours. The results showed that, at a concentration of 0.6 mg/mL, the cell viability remained above 90%,
indicating that blank NPs did not induce significant cytotoxicity at this concentration. However, higher concentrations
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(1.2 mg/mL) of NPs led to a reduction in cell viability, although this effect was not as pronounced as with free RPT
(Figure 4B). Importantly, the concentration of NPs used in practical applications is considerably lower than this
concentration (1.2 mg/mL).

In vitro Cellular Uptake of Macrophage-Targeted Nanoparticles

The active targeting drug delivery system involves ligand-receptor interactions between the nanoparticle carrier and
target cells or tissues. These ligands are typically conjugated to the surface of the drug delivery system, where they are
recognized by pattern recognition receptors (PRRs) on macrophages, thereby mediating endocytosis. PRRs include
C-type lectin receptors, Toll-like receptors (TLRs), NOD-like receptors (NLRs), scavenger receptors, and Fc
receptors.”> "> Among them, C-type lectin receptors can recognize carbohydrate-rich molecules. The mannose receptor
is one such C-type lectin receptor and can also recognize lipoarabinomannan on the cell wall of Mycobacterium
tuberculosis (Mtb).”® As a result, mannose has been widely used as a ligand to modify nanoparticle drug delivery

systems in various studies. Chokshi et al”’

constructed rifampicin-loaded solid lipid nanoparticles with mannose surface
modification. Flow cytometry analysis showed that mannose-modified solid lipid nanoparticles were significantly more
efficiently internalized by macrophages compared to the unmodified nanoparticles. After incubation for 5 and 9 hours,
the cellular uptake increased by 1.39 and 1.79 times, respectively, indicating that mannose modification enhances
nanoparticle uptake by macrophages. The qualitative results from fluorescence microscopy were consistent with the
quantitative flow cytometry data, showing that after 9 hours of incubation, macrophages internalized more mannose-
modified nanoparticles than unmodified ones. Although the mannose molecule contains multiple hydroxyl functional
groups, these hydroxyls provide abundant sites for coupling reactions with PLGA-PEG, allowing for ester linkage
formation through esterification.”® However, the stability of the ester bond formed is more susceptible to hydrolytic
enzymes in the internal environment compared to amide bonds.”® These enzymes can specifically catalyze the hydrolysis
of ester bonds, leading to their cleavage, which results in the premature detachment of the ligand and consequently
affects the targeting efficacy. In contrast, mannosamine, the amino derivative of mannose, has an amino group replacing
one of the hydroxyl groups in mannose. Its chemical structure is more hydrophilic and reactive than mannose.
Additionally, PLGA-PEG contains free carboxyl groups, which can chemically react with the amino group of manno-
samine to form stable amide bonds.*® Based on these findings, we selected mannosamine as the ligand for targeting
macrophages in our nanoparticle formulation. In this study, to investigate the macrophage-targeting ability of MAN-
PLGA-PEG NPs, we compared the uptake of MAN-PLGA-PEG NPs and PLGA-PEG NPs in RAW264.7 cells using
flow cytometry. As shown in Figure 4C and D, the uptake of both NPs by RAW264.7 cells was time-dependent.
However, the cellular uptake of MAN-PLGA-PEG NPs was significantly higher than that of PLGA-PEG NPs
(Figures 4E and 5), indicating that mannose functionalization substantially enhanced the targeting efficiency of this
PLGA-PEG nanosystem towards macrophages. At 24 hours, the macrophage uptake rate of MAN-PLGA-PEG was still
four times higher than that of PLGA-PEG, which was significantly greater than the differences reported in the
aforementioned literature. To further validate the role of D-mannosamine in the cellular uptake of NPs, we conducted
free D-mannosamine competition experiments, demonstrating that the addition of free D-mannosamine inhibited the
uptake of MAN-PLGA-PEG NPs in RAW264.7 cells (Figure 4F and G). These findings support the hypothesis that the
selective uptake of MAN-PLGA-PEG NPs by macrophages is partially mediated by mannose receptor-dependent
endocytosis.®!

In vitro Anti-Tubercular Studies

The microplate-based Alamar Blue Assay (MABA) is a robust method for determining the inhibitory concentration of
test formulations against M. tuberculosis. The minimum inhibitory concentration (MIC) was determined to identify the
lowest concentrations of NPs and free RPT required to inhibit M. tuberculosis growth in vitro. As shown in Figure 6A,
the MIC of free RPT was 0.2 pg/mL, while the MICs of RPT-PLGA-PEG NPs and RPT-MAN-PLGA-PEG NPs were
both 0.047 pg/mL, which represents an approximately 4.25-fold reduction. This demonstrates that both nanoparticle
formulations are significantly more effective than the free drug at inhibiting M. tuberculosis growth. The improved
antimycobacterial activity of the NPs is likely due to their enhanced penetration through the mycobacterial cell wall, as
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Figure 5 Fluorescence imaging of macrophages after 6 hours of co-incubation with PLGA-PEG and MAN-PLGA-PEG nanoparticles, captured using laser confocal
microscopy. Blue is DAPI and green is nanoparticles carrying coumarin 6, scale bar: 25 um, n=9.

NPs offer a higher surface area and more efficient delivery of RPT to its site of action, achieving equivalent efficacy at
lower doses.

Intracellular Inhibition of Mycobacterium Tuberculosis Test

Currently, drug chemotherapy remains the primary treatment for tuberculosis(TB). The first-line anti-TB drugs com-
monly used in clinical practice primarily include streptomycin, isoniazid, and rifampicin, developed during the 1990s.
However, the emergence of drug resistance, multidrug resistance, and co-infection with HIV has made the development
of new anti-TB drugs an urgent global priority. In this study, rifapentine exhibited inhibitory effects against intracellular
BCG and H37Rv, demonstrating superior antibacterial activity compared to rifampicin as reported by Pi et al.®®
Furthermore, the macrophage-targeting RPT-MAN-PLGA-PEG NPs significantly enhanced the intracellular antibacterial

activity of rifapentine (Figure 6B and C).

Pharmacokinetics and Tissue Distribution Study

Figure 7A illustrates the serum concentration-time profile of the drug. In comparison to free RPT, which persisted in the
system for only 2 days, the drug-loaded nanoparticles demonstrated an extended release profile. The key pharmacokinetic
parameters are presented in Table 5. Both types of nanoparticles reduced the drug’s plasma clearance rate compared to
the free drug, as indicated by an increase in their half-lives by 1.76-fold and 2.03-fold for RPT-PLGA-PEG NPs and
RPT-MAN-PLGA-PEG NPs, respectively. Importantly, the bactericidal efficacy of RPT is dependent on exposure time,
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Figure 6 Bacteriostatic effect of nanomaterials (A) In vitro anti-tuberculosis study determining the minimum inhibitory concentration (MIC) of free rifapentine (RPT), RPT-
PLGA-PEG, and RPT-MAN-PLGA-PEG nanoparticles (NPs). Pink indicates bacterial growth, while blue indicates the absence of bacterial growth, n=6. (B) Bactericidal effect
of RPT-MAN-PLGA-PEG versus free rifapentine against BCG within RAW264.7. (C) Bactericidal effect of RPT-MAN-PLGA-PEG versus free rifapentine against H37Rv within
RAW264.7, P < 0.01, **P < 0.001, n=6.

with the mean residence times (MRT) of RPT-PLGA-PEG NPs and RPT-MAN-PLGA-PEG NPs showing 1.95-fold
(47.57 hours) and 2.22-fold (54.36 hours) increases, respectively, relative to a mere 24.38 hours for free RPT. A slow and
sustained release profile of biodegradable nanoparticles is a critical feature for effective nanoparticle-mediated drug
delivery. When administered in its free form, RPT rapidly attained high plasma concentrations within a few hours,
followed by rapid degradation. Conversely, a single administration of the same RPT dose encapsulated in nanoparticles
maintained plasma levels above the minimum inhibitory concentration (MIC) throughout all measured time points.
The distribution of RPT across different tissues is shown in Figure 7B. In the free RPT group, the concentration of the drug
in the liver during the within one hour was significantly higher than that in the nanoparticle groups, suggesting a potential risk
of hepatotoxicity. Over time, the RPT concentration gradually decreased as the drug was metabolized and cleared by the liver.
The RPT-MAN-PLGA-PEG NPs demonstrated efficient localization in the lungs compared to free RPT and other nanoparticle
formulations. The efficient localization of nanoparticles in the lungs can be attributed to the following: 1) Nanoparticles may
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biochemistry data for ALT, AST, Cr, and BUN levels, *P < 0.05, **P < 0.0, n=9.

be sequestered in the lungs after recirculation due to the filtration effects of lung capillaries. 2) Nanoparticles are likely cleared
from the bloodstream through phagocytosis by cells of the pulmonary reticuloendothelial system. Mycobacterium tuberculosis
primarily resides within lung macrophages, necessitating the delivery of RPT at bactericidal concentrations to the lungs for
effective tuberculosis treatment.®” Thus, RPT-MAN-PLGA-PEG NPs could serve as a promising strategy for delivering RPT
to lung tissues.

Organ toxicity remains a significant challenge in the clinical use of antitubercular drugs. In this study, both histological and
biochemical analyses were performed to assess the potential toxicity of the RPT-loaded NPs in comparison to the free drug.
Major organs of mice were sectioned and subjected to histological analysis using H&E staining. The results showed no
discernible abnormalities in the heart, spleen, liver, lungs, and kidneys across all four groups (free RPT, RPT-PLGA-PEG
NPs, RPT-MAN-PLGA-PEG NPs, and controls) (Figure 7C). This suggests that the RPT-loaded NPs did not cause noticeable
organ damage, supporting their potential safety for systemic administration. To evaluate the potential toxicity of the NPs further,

Table 5 Pharmacokinetic Parameters in Different Groups

RPT RPT-PLGA-PEG | RPT-MAN-PLGA-
PEG

Conax (ng/ml) 939 + 032 12.35 + 0.57 13.31 £ 0.49

Tonax (h) 0.083 + 0.00 2.00 + 0.00 3.00 + 0.00

t12 () 18.36 + 641 32.37 £ 7.53 3941 £576

AUCq .. (ng/mL h) | 1923 + 12,13 | 411.48 + 5221 531.23 + 47.76

MRT (h) 2438 + 476 4757 + 671 5436 + 543

Abbreviations: RPT, rifapentine; MAN, Mannosamine; PLGA, poly-d,I-lactide-co-glycolide; PEG, poly
ethylene glycol; C,,,.x, maximum concentration; T .., time to reach peak plasma concentration; t;,, half
life; AUCy_w, area under the curve from 0 to «; MRT, mean residence time.
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blood biochemical analysis was conducted to assess liver and kidney function. NPs are predominantly taken up and cleared by
organs of the reticuloendothelial system (RES), such as the liver and kidneys.83 Thus, alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels were measured to evaluate liver function, while blood urea nitrogen (BUN) and
creatinine (Cr) levels were used as biomarkers for kidney function. All groups showed no significant differences when compared
to the control group (P > 0.05) (Figure 7D). This suggests that the NPs did not induce any significant liver or kidney toxicity.

Conclusion

In this study, RPT-loaded MAN-PLGA-PEG NPs were prepared using an ultrasound emulsification method combined with
solvent evaporation, with the goal of enhancing macrophage-targeting properties and improving anti-mycobacterial activity
against Mycobacterium tuberculosis. The resulting nanoparticles exhibited favorable physicochemical properties, with no
evidence of cytotoxicity or hemolytic toxicity, and demonstrated enhanced macrophage-targeting properties compared to
PLGA-PEG NPs. In in vitro studies, RPT-loaded NPs demonstrated superior efficacy against Mtb compared to the free drug.
Additionally, the NPs were well tolerated in rat models, showing a reduction in hepatotoxicity, suggesting that the NPs not
only enhanced bactericidal efficacy but also offered improved safety profiles. Furthermore, the macrophage-targeting
capabilities of the MAN-PLGA-PEG NPs allowed for effective drug delivery to macrophages, which are the primary host
cells for Mtb, while enabling a reduction in dosing frequency as the NP-based formulations maintained therapeutic drug
concentrations for extended periods. Consequently, the conventional daily administration of free RPT could potentially be
replaced with intermittent dosing of these NP-based formulations, thereby improving patient adherence and reducing the risk
of therapeutic failure and the development of drug resistance. In conclusion, RPT-loaded MAN-PLGA-PEG NPs represent
a promising drug delivery system for tuberculosis treatment, combining enhanced bactericidal activity, macrophage-targeting
efficiency, and reduced dosing frequency, making them an attractive alternative to conventional therapies.
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