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ABSTRACT: Tuberculosis, caused by Mycobacterium tuberculosis, is the PLGA-PEG-MAN(RPT/INH) NPs composition & mechanism of action
leading cause of mortality attributed to a single infectious agent. Following :
macrophage invasion, M. tuberculosis uses various mechanisms to evade LYYV
immune responses and to resist antituberculosis drugs. This study aimed to PLonPES

develop a targeted drug delivery system utilizing mannosamine (MAN)-
modified nanoparticles (NPs) composed of poly(lactic-co-glycolic acid)— oy
polyethylene glycol (PLGA—PEG), loaded with rifapentine and isoniazid, to  rexreerns mi - sor
enhance macrophage-directed therapy and enhance bacterial elimination.
PLGA—PEG copolymer was modified with mannosamine through an

Mycobacterium
tuberculosis

{_Afannose
receptol

ouble emulsion solvent
‘evaporation technique

amidation reaction. Rifapentine- and isoniazid-loaded PLGA—PEG-MAN s
NPs were synthesized by using the double emulsion solvent evaporation “2: ;
technique. The NPs exhibited an average particle size of 117.67 nm and PLOAPEG-UANRPTINNPS | Macrophage

displayed favorable physicochemical properties without evidence of cellular

or hemolytic toxicity. The drug loading rates were 11.73% for rifapentine and 5.85% for isoniazid. Sustained drug release was
achieved over a period exceeding 72 h, with antibacterial activity remaining intact during encapsulation. Synergistic bactericidal
effects were noted. Additionally, mannosamine-modified NPs enhanced the phagocytic activity of macrophages via mannose
receptor-mediated endocytosis, thereby improving drug delivery efficiency and significantly boosting the antibacterial efficacy of the
NPs within macrophages. Pathological staining and biochemical analysis of rat organs following intravenous injection indicated that
the NPs did not cause any significant toxic side effects in vivo. The findings of this study indicate that mannosamine-modified
PLGA—-PEG NPs loaded with rifapentine and isoniazid represent a promising drug delivery system for targeting macrophages to
enhance the efficacy of antitubercular therapy.

1. INTRODUCTION Additionally, MTB employs efflux pumps to actively expel
antibiotics, further complicating treatment.” These challenges
necessitate the use of higher drug doses to achieve effective
bactericidal concentrations within macrophages. However, the
limited bioavailability of conventional oral and injectable
formulations requires even higher doses, increasing the risk of
dose-dependent toxicities and adverse side effects.
Macrophages are equipped with numerous phagocytic
receptors, including the mannose receptor, fucosyl receptor,
scavenger receptor, Fc receptors, folate receptor, hyaluronic
acid receptor, tuftsin receptor, formyl peptide receptor, and
various lectin-like receptors.'”'' Ligands binding to these
receptors facilitate macrophage phagocytosis, providing a

Tuberculosis (TB), a chronic infectious disease caused by
Mpycobacterium tuberculosis (MTB), is projected to re-emerge as
the leading global cause of mortality from a single infectious
agent by 2023, three years after the emergence of the COVID-
19 pandemic.' It is anticipated to cause nearly twice the
number of fatalities as AIDS.”

MTB is a facultative intracellular pathogen that primarily
resides within macrophages. It uses multiple strategies to evade
immune-mediated and macrophage-derived killing mecha-
nisms, including inhibition of phagosome-lysosome fusion,
resistance to oxidative and nitrosative stress, suppression of
host immune responses, and modulation of autophagy and
metabolic pathways following macrophage invasion.” ® In-
fection of macrophages by MTB often leads to the formation
of granulomas, which serve to localize and contain the
infection by restricting pathogen dissemination.” However,
this localized microenvironment impairs blood circulation,
hindering drug penetration, limiting drug penetration, and
reducing therapeutic delivery to infected macrophages.®
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promising approach for the targeted delivery of anti-TB drugs.
Among these ligands, mannose is widely used due to its dual
benefits. It not only improves phagocytosis through interaction
with mannose receptors but also enhances bactericidal activity
by promoting cytokine secretion and promoting antigen
presentation.

Effective drug delivery to macrophages requires the use of
suitable drug delivery carriers. Polymer nanoparticles (NPs)
have emerged as ideal carriers for drug delivery systems due to
their favorable storage stability, tunable physicochemical
properties, high drug-loading capacity, biocompatibility, and
ease of surface modification.'”'* Among these polymers,
poly(p,L-lactide-co-glycolide) (PLGA) has been approved by
the U.S. Food and Drug Administration (FDA) for biomedical
applications.”> Additionally, polyethylene glycol (PEG), a
hydrophilic polymer, when combined with hydrophobic
PLGA, forms PLGA—-PEG copolymers, which exhibit
enhanced stability and sustained drug release properties.'®
The drug release rate can be modulated by adjusting the
molecular weight and the ratio of PEG to PLGA."” Liang et
al.'® prepared rifapentine-loaded PLGA—PEG NPs using
solvent evaporation and demonstrated that passive targeting
of macrophages based on the NPs’ inherent physicochemical
properties was relatively inefficient. In this study, we modified
PLGA—PEG with mannosamine as a ligand to build upon its
passive targeting capability and further enhance its targeting
performance through a ligand—receptor-mediated mechanism.
Pi et al."” developed a mannose-functionalized graphene oxide
nanodelivery system, and in vitro studies demonstrated its
effective macrophage-targeting capability. However, its drug
encapsulation was limited to fat-soluble compounds. In
contrast, PLGA—PEG-MAN enables the dual delivery of
both fat- and water-soluble drugs through a double emulsion
solvent evaporation method. Similar to many drug-loaded NPs,
PLGA—PEG-MAN also suffers from a low loading efficiency
for water-soluble drugs. For example, the encapsulation
efficiency of isoniazid in the hybrid lipopolysaccharide NPs
prepared by Sumaila et al.”’ was only 4.55%, while that of
levofloxacin in the cyclodextrin—Curdlan conjugated NPs
developed by Yunus et al.”' was merely 4%. Notably, Puri et
al.”* enhanced the drug loading (DL) of INH by dissolving it
in a PVA aqueous solution as the inner aqueous phase during
the preparation of NPs via the double emulsion solvent
evaporation method, offering valuable inspiration for our
formulation approach.

In this study, mannosamine (MAN) was conjugated to the
terminal carboxyl group of PLGA—PEG to synthesize a
PLGA-PEG-MAN polymer. Using the double emulsion
solvent evaporation method, the polymer was used to
encapsulate the hydrophilic antituberculosis drug isoniazid
(INH) in the inner aqueous phase of the NPs, while the
hydrophobic antituberculosis drug rifapentine (RPT) was
encapsulated in the oil phase. This process resulted in dual
drug-loaded polymer NPs with macrophage-targeting capa-
bilities. The inclusion of MAN facilitated targeted delivery by
enhancing macrophage uptake, thereby increasing the intra-
cellular concentration of both antituberculosis drugs. Addi-
tionally, the polymer NPs provided sustained intracellular drug
release, contributing to the eradication within macrophages
while reducing the risk of dose-dependent toxicity and adverse
effects.
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2. MATERIALS AND METHODS

2.1. Materials Preparation. PLGA—PEG-COOH (lac-
tide/glycolide ratio of 50:50, PLGA: M, 19000, PEG: My
2000) was purchased from Pengsheng Biotechnology Co., Ltd.
(Shanghai, China). RPT (97% purity) and INH (99% purity)
were obtained from Solarbio Science & Technology Co., Ltd.
(Beijing, China). Dulbecco’s Modified Eagle’s Medium
(DMEM), trypsin—EDTA, fetal bovine serum, and penicil-
lin—streptomycin solution were supplied by Thermo Fisher
Scientific (Waltham, MA, USA). Unless otherwise stated, all
other chemicals and reagents were procured from Sigma
Chemical (St. Louis, MO, USA).

2.2. Preparation of the PLGA—PEG-MAN Polymer.
The PLGA—PEG-MAN polymer was synthesized by activating
the terminal carboxyl group of PLGA—PEG through the
carbodiimide-mediated amidation method to facilitate bonding
with the amino group of MAN. A total of 50 mg of PLGA—
PEG was dissolved in 20 mL of dimethyl sulfoxide, followed by
the addition of S0 mg of 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide (EDC) and 60 mg of N-hydroxysuccinimide
(NHS). The mixture was stirred at 37 °C for 6 h to activate the
carboxyl group. Subsequently, 10 mg of MAN was added to
the mixture, which was stirred for 24 h under a nitrogen
atmosphere. The resulting solution was dialyzed against pure
water for 72 h and then centrifuged and freeze-dried for
subsequent use. Structural verification of the synthesized
polymer was performed using Fourier Transform Infrared
spectroscopy (Thermo Fisher, USA), proton nuclear magnetic
resonance ('H NMR, Bruker, Switzerland), and X-ray
photoelectron spectroscopy (XPS, Thermo Fisher, USA).

2.3. Preparation of Dual Drug-Loaded Macrophage-
Targeted NPs. The dual-drug-loaded NPs were fabricated
using the double emulsion solvent evaporation method.”* For
the inner aqueous phase, 10 mg of INH was dissolved in 200
uL of 3% (w/v) poly(vinyl alcohol) (PVA) aqueous solution
and vortexed until completely dissolved. For the oil phase, 80
mg of PLGA—PEG-MAN and 10 mg of RPT were dissolved in
2 mL of dichloromethane. The two phases were mixed, and
ultrasonic emulsification (S-450D Digital Sonifier, Branson,
USA) was performed in an ice bath (ultrasonic time: 2 s;
interval: 3 s; power: 90 W; repeated for 80 cycles) to form a
water-in-oil (W/Q) primary emulsion.

The resulting emulsion was then added to 15 mL of a 2%
(w/v) PVA aqueous solution, followed by ultrasonic
emulsification under the same conditions to produce a water-
in-oil-in-water (W/O/W) double emulsion. The mixture was
stirred mechanically at 400 rpm for 4 h and washed by using a
10 kDa ultrafiltration tube. The resulting pellet was collected
and freeze-dried, yielding RPT- and INH-loaded nanospheres
designated as PLGA—PEG-MAN (RPT/INH) NPs.

Using variations in the composition of the internal aqueous
and oil phases, additional NPs were prepared, including non-
MAN-modified nondrug-loaded nanospheres (PLGA—PEG
NPs), MAN-modified nondrug-loaded nanospheres (PLGA—
PEG-MAN NPs), non-MAN-modified dual-drug-loaded nano-
spheres (PLGA—PEG (RPT/INH) NPs), MAN-modified
INH-loaded nanospheres (PLGA—PEG-MAN (INH) NPs),
and MAN-modified RPT-loaded nanospheres (PLGA—PEG-
MAN (RPT) NPs).

2.4. Particle Size, Polydispersity Index, and Zeta
Potential. Particle size (PS) and polydispersity index (PDI) of
the NPs were evaluated by using dynamic light scattering with
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a PS analyzer (Malvern Panalytical, UK). The Zeta potential
(ZP) was determined based on the principle of electrophoretic
light scattering. Prior to analysis, the NPs were diluted to an
appropriate concentration by using deionized water. Each
sample was analyzed in triplicate.

2.5. Transmission Electron Microscopy. The morphol-
ogy of NPs was characterized by using transmission electron
microscopy (Tecnai G2 F20, FEI, USA). For analysis, the
prepared NPs were suspended in deionized water and
deposited onto copper mesh support grids by using a
microdropper. The samples were dried at a low temperature,
stained with 2% (w/v) phosphotungstic acid, and dried again
before being imaged under the microscope.

2.6. High-Performance Liquid Chromatography
Assay. The concentrations of RPT and INH were quantified
using an HPLC system comprising a chromatograph (Arc
HPLC, Waters, USA), a UV detector (2998, Waters, USA),
and a SinoPak C18 column (4.6 X 150 mm, S um, Elite,
China). Chromatographic separation was conducted under the
following conditions: 15 min of gradient elution at a flow rate
of 1.0 mL/min, a column temperature of 30 °C, and a
detection wavelength of 255 nm. The injection volume was 10
uL, and the mobile phase consisted of solvent A (methanol)
and solvent B (0.1% formic acid in water).

2.7. Drug Entrapment Efficiency and Drug Loading.
Entrapment efficiency (EE) and DL were quantified using an
HPLC analysis. The procedure was as follows: 1 mg of NPs
was accurately weighed, followed by the addition of 1 mL of
dichloromethane. The mixture was vortexed for 10 s at 1000
rpm and sonicated at 500 W for 10 min. Dichloromethane was
then completely removed by blowing nitrogen at room
temperature. Subsequently, 2 mL of chromatographic meth-
anol was added to the test tube, and the mixture was vortexed
for 10 s at 1000 rpm, followed by sonication at 500 W for an
additional 10 min.

The resulting solution was filtered through a 022 um
membrane filter and transferred to an HPLC sample vial. Each
NP formulation was analyzed in triplicate. The concentrations
of RPT and INH were determined by detecting the peak area
using HPLC, using a preestablished standard curve equation
under specified chromatographic conditions. EE and DL values
were computed using the following formulas: %EE = (drug
content in NPs)/(drug added), %DL = (drug content in
NPs)/(NP weight).

To evaluate the stability of NPs, samples were kept in a
sealed stable chamber at a temperature of 25 °C for a duration
of 90 days. Periodically, samples were gathered to determine
PDI, EE, and PS.

2.8. In Vitro Drug Release. The drug release profile of
NPs was evaluated using the dialysis bag method. NPs or an
equivalent mass of the free drug (corresponding to the amount
encapsulated within the NPs) was mixed with 3 mL of
phosphate-buffered saline (PBS). The mixture was placed into
a dialysis bag with a molecular weight cutoff of 8000—14,000
Da. The dialysis bag was then immersed in a centrifuge tube
containing 20 mL of dialysis fluid (0.2% v/v Tween 80 in PBS,
pH 7.4). The tube was incubated at 37 °C in the dark with
continuous shaking at 100 rpm.

At predetermined time intervals, 1 mL of the dialysate was
withdrawn from the centrifuge tube and replaced with an equal
volume of fresh dialysis fluid. The concentration of the released
drug in the dialysate was determined using HPLC under the
previously described chromatographic conditions. Each sample
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group was tested using three independent release setups, and
the average values were used to construct the drug release
curve.

2.9. Anti-TB Studies. The antitubercular activity of NPs
against MTB was assessed using a 96-well plate resazurin
staining method, modified from a previously reported
protocol.”* In this assay, 200 uL of sterile PBS was added to
the peripheral wells of a 96-well plate. The NPs or free drug
were suspended in 7H9 broth and added to column 3. Serial
dilutions were conducted from column 3 to column 10, and
100 uL of an MTB bacterial suspension was added to each
well.

Negative controls were prepared by adding 200 uL of sterile
broth to each well in column 2, while positive controls
consisted of 100 yL of MTB bacterial suspension combined
with 100 uL of sterile broth in each well of column 11. Six
replicate rows were established for each set of samples. The
plates were incubated at 37 °C for 7 days. After incubation, 20
uL of the 0.02% (w/v) resazurin indicator was added to each
well, and the plates were incubated overnight to observe color
changes indicative of metabolic activity. The minimum
inhibitory concentration (MIC) was defined as the lowest
concentration of the NPs or free drug that prevented a color
change in the resazurin indicator from blue to pink.

2.10. Cell Culture Studies. 2.70.1. Cytotoxicity Test. The
cytotoxicity of NPs and free drugs was evaluated by using the
CCK-8 assay. RAW 264.7 cells were incubated with NPs or
free drugs (equivalent to the drug amount contained in
PLGA—PEG-MAN (RPT/INH) NPs) at 37 °C for 24 h at
final NP concentrations of 50, 100, 200, and 400 yg/mL. The
concentrations of NPs were selected based on previously
reported findings.”’ Following incubation, 10 uL of a CCK-8
solution was added to each well, and the incubation was
continued for an additional hour. The absorbance at 450 nm
was measured by using a microplate reader.

2.10.2. Hemolytic Study. The biocompatibility of NPs with
erythrocytes was assessed by using a hemolytic toxicity assay.
Rats were intraperitoneally anesthetized with 3 mg/100 g of
pentobarbital sodium, followed by blood sampling from the
abdominal aorta, which was completed, and sacrificed by
carbon dioxide asphyxiation. Red blood cells were isolated
from fresh blood by centrifugation and resuspended in normal
saline. The NPs were resuspended in saline to prepare
nanosuspensions at various concentrations (0.5—3.0 mg/
mL), which were then mixed with the erythrocyte suspension
to allow interaction. Triplicate samples were prepared for each
concentration of the NP formulation.

After coincubation for 30 min, the mixtures were
centrifuged, and the supernatants were transferred to quartz
cuvettes for absorbance measurement at 4 = 541 nm. The
hemolysis ratio was calculated by using the following formula:
hemolytic rate (%) = (absorbance of sample — absorbance of
saline)/(absorbance of water — absorbance of saline) X 100%.

2.10.3. Cell Uptake Studies. The phagocytosis of NPs by
macrophages was assessed using confocal laser scanning
microscopy (CLSM) and flow cytometry with RAW 264.7
cells at a concentration of 3 X 10° cells/mL. Fluorescently
labeled NPs were prepared by incorporating coumarin 6 (C6)
into the oil phase, producing PLGA-PEG@C6 NPs and
PLGA—PEG-MAN@C6 NPs. RAW 264.7 cells were seeded in
12-well plates and cultured for 24 h before being cocultured
with these fluorescently labeled NPs. The cells were collected

https://doi.org/10.1021/acs.bioconjchem.5c00062
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Figure 1. Infrared spectra (A), '"H NMR spectrum (B), and XPS spectra (C—E) of MAN, PLGA—PEG, and PLGA—PEG-MAN.

at 1, 3, 6, 12, and 24 h intervals, washed with PBS, centrifuged,
and resuspended for further analysis.

To investigate the role of mannose receptors in the uptake of
PLGA-PEG-MAN@C6 NPs, a parallel experiment was
conducted in which macrophages were preincubated with
0.05 M mannose for 1 h before exposure to the NPs. All
experimental setups included three replicates. Fluorescence
intensity was measured by using a flow cytometer (BD
Biosciences).

For CLSM analysis, RAW 264.7 cells were seeded on
confocal laser scanning dishes at a density of S X 10* cells per
dish. The cells were incubated with fluorescent NPs for 6 h,
washed three times with PBS, fixed with 4% paraformaldehyde,
and stained with 5 pg/mL DAPI for 15 min. Cells without
fluorescent NPs served as negative controls. Images were
captured using a confocal laser scanning microscope (Leica,
Germany), with coumarin 6 fluorescence appearing as green
and DAPI staining marking the nuclei in blue.

2.10.4. Drug Accumulation in Cultured RAW 264.7 Cells.
The intracellular accumulation of drugs following NP uptake

was evaluated using RAW 264.7 cells. A cell suspension at a
concentration of 1 X 10° cells/mL was seeded in 12-well
culture plates and incubated for 12 h. The culture medium was
then replaced with a complete medium containing 100 pg/mL
PLGA—PEG (RPT/INH) or PLGA—PEG-MAN (RPT/INH)
NPs. For comparison, the control group received a complete
medium containing the equivalent dose of the free drug
present in the PLGA—PEG-MAN (RPT/INH) NPs. Each
group was tested in triplicate.

After 1 h of incubation, cells and culture media were
collected from the wells. The cells were washed with PBS and
centrifuged three times to remove NPs and free drugs from
their surfaces. The collected media and wash solutions were
analyzed for extracellular drug content using HPLC. The
washed cells were resuspended in deionized water and
subjected to ultrasonic lysis in an ice bath.”° The lysates
were centrifuged to remove any cellular debris that could
interfere with drug quantification. The resulting supernatants
were analyzed for intracellular drug content using HPLC.
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Table 1. Physicochemical Characterization of NPs”
sample PS (nm) PDI ZP (mV) EE (%) DL (%)
RIF INH RIF INH
PLGA—-PEG NPs 107.07 + 0.49 0.19 + 0.03 —19.97 + 043
PLGA—PEG-MAN NPs 109.23 + 0.71 0.15 + 0.04 —16.04 + 1.84
PLGA—PEG-MAN(RPT) NPs 111.77 + 0.61 0.19 + 0.04 —16.05 + 0.45 81.83 + 3.26 11.74 + 0.22
PLGA—PEG-MAN(INH) NPs 112.93 + 0.33 0.16 + 0.02 —15.80 + 0.26 41.76 + 6.40 6.13 + 0.73
PLGA-PEG (RPT/INH) NPs 113.6 + 0.22 0.16 + 0.02 —20.00 + 0.41 80.37 + 3.35 40.30 + 2.42 11.39 + 0.31 5.71 + 0.14
PLGA—PEG-MAN(RPT/INH) NPs 117.67 + 0.98 0.19 + 0.01 —15.89 + 0.21 81.80 + 2.36 40.87 + 3.56 11.73 + 0.30 5.85 + 0.24

“Abbreviations: PLGA, poly b, l-lactide-co-glycolide; PEG, polyethylene glycol; MAN, mannosamine; NPs, nanoparticles; PS: particle size; PDI,
polydispersity index; ZP, zeta potential; EE, encapsulation efficiency; DL, drug loading; RPT, rifapentine; and INH, isoniazid.

2.10.5. Intracellular Inhibition of M. tuberculosis by NPs.
RAW 264.7 macrophages were seeded at a density of 1 X 10°
cells/mL in 12-well plates and infected with the H37Rv strain
at a multiplicity of infection of 1 for 4 h after cell attachment.
Following infection, cells were washed with PBS, and fresh
medium containing gentamicin was added to eliminate
extracellular bacteria. For imaging purposes, RAW 264.7 cells
were also cultured in confocal laser scanning dishes and
infected with a green fluorescent protein (GFP)-tagged H37Rv
strain, following the same protocol. After infection, cells were
fixed with 4% paraformaldehyde and stained with DAPL
CLSM was used to capture images, with green fluorescence
indicating GFP-labeled bacteria and blue fluorescence marking
the nuclei of RAW 264.7 cells. This allowed confirmation of
the successful establishment of the intracellular H37Rv
infection model in RAW 264.7 macrophages.

PLGA—PEG (RPT/INH) and PLGA—PEG-MAN (RPT/
INH) NPs were resuspended in complete medium to a final
concentration of 2 yig/mL. Free INH and RPT were diluted to
match the drug concentrations present in the PLGA—PEG-
MAN (RPT/INH) NP group. Both the NP suspensions and
free drug solutions were added to RAW 264.7 cells infected
with intracellular H37Rv and incubated for 72 h. After
incubation, the cells were washed three times with PBS and
lysed with 0.03% SDS for 10 min. The resulting lysates were
serially diluted and plated on Middlebrook 7HI11 agar.
Bacterial colonies were counted after incubation for 21 days
at 37 °C. A RAW 264.7 intracellular H37Rv-infected group
without treatment was included as a control.

2.11. In Vivo Biosafety Study. Sprague—Dawley rats
(body weight 265 + 24 g) were obtained from the Animal
Center of Xinjiang Medical University. Animal anesthesia,
handling, and welfare procedures were consistent with those
described in the Hemolysis Study section. The rats were
randomly divided into three groups: a PLGA—PEG-MAN
(RPT/INH) NPs group, a free RPT and INH group, and a
control group. Each rat received a single intravenous injection,
with the NPs group administered 10 mg/100 g of NPs. The
free drug group received RPT and INH at equivalent doses to
those encapsulated in the NPs group. The control group was
given the same volume of normal saline. Three days after
administration, blood samples were collected from the
abdominal aorta under pentobarbital anesthesia. The heart,
liver, spleen, lungs, and kidneys were then harvested. These
organs were sectioned and stained with hematoxylin and eosin
(H&E) for histopathological examination using an optical
microscope. Blood biochemical analyses were performed for all
groups, focusing on five indicators: alanine aminotransferase
(ALT), aspartate aminotransferase (AST), blood urea nitro-
gen, total bilirubin, and uric acid.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Polymers. The infrared spectra
of PLGA—-PEG, MAN, and PLGA—PEG-MAN are depicted in
Figure 1A. In the PLGA—PEG spectrum, the absorption peak
at 1751 cm™" corresponds to the carbonyl group (C=O0)
present in the PLGA ester and carboxyl groups. The peak
observed at 3493 cm™' is attributed to the terminal O—H
group of the copolymer. Peaks near 2964 cm™ are associated
with the C—H bonds of methyl and methylene groups in the
PLGA and PEG chain segments, while the absorption in the
range of 1083—1187 cm™' corresponds to the C—O—C and
C—O bonds of the carboxylic bond, consistent with previous
findings.”” In the MAN spectrum, two distinct peaks were
observed: one at 3260 cm™’, representing the O—H groups,
and another at 1030 cm ™, corresponding to the C—N groups.
The amino group absorption peak was not detected, likely due
to the hydrochloride salt form of MAN. The PLGA—PEG-
MAN spectrum displays all of the characteristic peaks of
PLGA-PEG and MAN, but with noticeable changes and
shifts, indicative of the reaction between the two. Notably, the
absorption peak at 1646 cm™' in the PLGA—PEG-MAN
spectrum represents the carbonyl group (C=0) in the amide
bond, confirming that amidation occurred between the
carboxyl group of PLGA—PEG and the amino group of
MAN, resulting in the formation of the amide bond.

The 'H NMR spectra of PLGA—PEG, MAN, and PLGA—
PEG-MAN are depicted in Figure 1B. The peak observed at
8.09 ppm corresponds to the —OH group in carboxylic acid.
Peaks at 149 and 5.21 ppm represent the methyl and
methylene groups of the glycolic acid moiety, respectively. The
signal at 4.91 ppm is attributed to the methylene group of the
lactic acid fragment, while the peak at 3.62 ppm corresponds to
the repeating —CH,CH,O— units in PEG. Peaks at 5.24 and
5.05 ppm are associated with the mannose amino-terminal
hydrogen signals. Additionally, peaks within the ranges of
3.54-3.41 ppm and 4.04—3.76 ppm are characteristic of
methylene protons. These characteristic peaks were all present
in the '"H NMR spectrum of PLGA—PEG-MAN, albeit with
slight shifts. Furthermore, a new peak at 7.44 ppm in the
downfield region was identified as the characteristic signal of
amide bond hydrogens, confirming the successful synthesis of
PLGA—-PEG-MAN.

Figure 1C—E depicts the C 1s, N 1s, and O 1s spectra of
MAN, PLGA-PEG, and PLGA—PEG-MAN, respectively. In
the C 1s and N 1s spectra of PLGA—PEG-MAN, an N-C=0
peak was observed, corresponding to the amide bond.
Additionally, in the O 1s spectra, the proportion of C—O
bonds in PLGA—PEG-MAN (65.2%) was higher than that in
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Table 2. Stability Evaluation of NPs“
sample time PS (nm) PDI EE (%)
RIF INH
PLGA—-PEG-MAN(RPT) NPs initial 111.77 + 0.61 0.19 + 0.04 81.83 + 3.26
1 month 112.35 + 0.72 0.19 + 0.06 81.04 + 3.84
3 months 113.17 + 0.84 0.20 + 0.05 79.95 + 4.17
PLGA—PEG-MAN(INH) NPs initial 11293 + 0.33 0.16 + 0.02 41.76 + 6.40
1 month 113.26 + 0.69 0.17 + 0.03 40.96 + 6.37
3 months 113.98 + 0.57 0.16 + 0.05 39.58 + 7.02
PLGA-PEG (RPT/INH) NPs initial 113.6 + 0.22 0.16 + 0.02 80.37 + 3.35 40.30 + 2.42
1 month 114.18 + 0.59 0.16 + 0.02 79.74 + 3.56 39.46 + 5.37
3 months 111.35 + 0.82 0.17 + 0.0 78.58 + 4.54 37.59 + 6.40
PLGA-PEG-MAN(RPT/INH) NPs Initial 117.67 + 0.98 0.19 + 0.01 81.80 + 2.36 40.87 + 3.56
1 month 116.59 + 1.23 0.18 + 0.03 81.0S + 3.13 39.26 + 4.32
3 months 11828 + 1.04 0.19 + 0.04 80.42 + 4.65 38.48 + 5.12

“Abbreviations: PLGA, poly d, l-lactide-co-glycolide; PEG, polyethylene glycol; MAN, Mannosamine; NPs, Nanoparticles; PS: particle size; PDI,
polydispersity index; EE, encapsulation efficiency; RPT, rifapentine; and INH, isoniazid.

PLGA-PEG (56.9%), further corroborating the successful
conjugation of MAN with PLGA—PEG.

3.2. NPs Physicochemical Characterization. The
physicochemical characteristics of the NPs produced in this
study are summarized in Table 1. NPs smaller than 10 nm are
typically eliminated through renal filtration and are not
reabsorbed.”” Conversely, NPs larger than 200 nm tend to
trigger the complement system, clear quickly from circulation,
and accumulate in organs such as the liver and spleen.”**’
Moghimi et al. proposed that the maximum diameter of
spherical NPs should be restricted to 150 nm to prevent
splenic filtration.”® In this study, all the NPs exhibited a PS
range between 107 and 117 nm with narrow size distributions
(PDI < 0.20), indicating their suitability for therapeutic
administration. Chan et al. noted that NPs within this size
range are likely to remain in circulation for extended durations,
avoid rapid clearance, and are effectively phagocytosed by
macrophages, allowing them to remain in tissues for prolonged
periods.”

The ZP of NPs significantly influences their drug delivery
efficiency, particularly their interactions with biological systems
and cellular internalization rates. Higher positive or negative
ZP values are associated with improved NP stability and
uptake compared to neutral or less charged NPs.””** In this
study, the ZP values of the prepared NPs ranged from —15 to
—20 mV. MAN-modified NPs exhibited lower ZP values
compared to their non-MAN-modified counterparts, both for
unloaded NPs (—19.97 &+ 0.43 mV vs —16.04 + 1.84 mV) and
dual-drug-loaded NPs (—20 + 0.41 mV vs —15.89 + 0.21
mV). This difference is attributed to the replacement of the
ionizable carboxyl group at the PLGA—PEG terminus with a
mannose moiety, forming an amide bond and altering the
surface potential.’* It is generally considered that a ZP in the
range of —25 mV to +25 mV indicates good colloidal
stability.” Positively charged NPs tend to interact more readily
with negatively charged serum proteins, leading to higher
plasma clearance and potentially triggering capillary emboliza-
tion.***” In addition, a study on hepatic NP uptake found that
PEGylated NPs effectively evaded uptake by liver Kupffer cells
due to their low ZP, thereby reducing NP accumulation in the
liver.’® On the other hand, the anionic repulsion on the surface
of negatively charged NPs promotes their accumulation in
positively charged regions, thereby enhancing their uptake by
macrophages.” Based on these findings, the NPs we developed
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not only exhibit stability for prolonged circulation in the
bloodstream but also may offer potential advantages in
enhancing macrophage uptake.

In all four drug-loaded NPs, the loading rate of the RPT
exceeded 11%, while that of the INH was above 5%. A
comparison between single-drug and dual-drug NPs revealed
no mutual interference in the DL or EE of RPT and INH.
Carriers such as polymeric NPs, polymeric micelles, liposomes,
and chitosan NPs have been used to deliver drugs including
INH, rifampicin, RPT, levofloxacin, and verapamil over the
past decade.*”*' However, most studies have focused on
single-drug delivery, with fewer investigations exploring
multidrug delivery. Shrivastava et al.*> reported liposomes
coloaded with rifampicin and INH prepared via lipid film
hydration. These liposomes had a PS of 1290 nm, a PDI of
0.11, a ZP of —9.1 mV, and encapsulation efficiencies of 84.7%
for rifampicin and 31.8% for INH. Compared to these findings,
the NPs produced in this study demonstrated superior
characteristics, including optimal PS and higher negative ZP,
facilitating prolonged circulation and improved macrophage
uptake. While the EE for lipid-soluble drugs was comparable,
the encapsulation of water-soluble drugs was significantly
higher in the present study. Sumaila et al.”’ described lipid-
polysaccharide NPs coloaded with rifampicin and INH,
modified with mannose residues, and prepared via solvent
injection. Although the PS, PDI, and ZP of these NPs were
similar to those reported here, their DL rates for rifampicin and
INH were only 3.03% and 4.55%, respectively, which are
considerably lower than those achieved in the current study,
thereby limiting their therapeutic potential.

We monitored PS, PDI, and EE % of NPs for three months.
The results showed only minor changes in these parameters,
and the statistical analysis showed that these changes were not
significantly different (P > 0.05) (Table 2). Therefore, it can be
concluded that NPs showed good stability over an observation
period of at least three months, indicating their potential in
practical applications.

3.3. Surface Morphology by TEM. The surface
morphology of NPs was analyzed by using TEM, as depicted
in Figure 2. All NPs displayed a uniform spherical shape with
smooth surfaces and an average diameter of approximately 100
nm. No evidence of particle aggregation was observed, aligning
with the PS measurements obtained through DLS. The
modification with MAN did not alter the structural integrity
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Figure 2. TEM images of NPs (A) PLGA-PEG NPs. (B) PLGA—
PEG-MAN NPs. (C) PLGA—PEG (RPT/INH) NPs. (D) PLGA—
PEG-MAN (RPT/INH) NPs.

or morphology of the NPs. Similarly, the drug encapsulation
process did not affect NP morphology. Spherical NPs have
been reported to exhibit the highest cellular uptake by weight,
which supports the suitability of the NPs developed in this
study for drug delivery applications.”

3.4. In Vitro Release Study. The cumulative release
profiles of RPT and INH from NPs and free drugs are
presented in Figure 3. The free drug release profile exhibited a
rapid burst release, with 84% of the RPT released within 3 h
and over 95% by 6 h. INH demonstrated a similar rapid release
with 95% released within the first hour. In contrast, drug
release from NPs was characterized by an initial burst release,
followed by a slower, sustained release phase. The drug release
data from the NPs were fitted to zero-order, first-order,
Higuchi, and Weibull models. The results indicated that the
release profiles of both drugs best fit the Weibull model, with
correlation coeflicients exceeding 0.96. All shape parameters
were less than 1, suggesting an initial burst release, followed by
a sustained release phase. Notably, the scale parameter for INH
release in the dual-drug NPs was smaller than that in the
single-drug formulation, indicating a reduced burst release of
INH in the dual-drug system.”’ To elucidate the drug release
mechanism from the drug-loaded NPs, the release data were
fitted by using the Korsmeyer—Peppas model. In this study,

the release exponent (n) for all NP formulations ranged
between 0.43 and 0.85, indicating a non-Fickian diffusion
process.”* In other words, drug release was governed by a
combination of polymer erosion and drug diffusion.

The reduced burst release of INH in dual-drug NPs was also
reported by Yunus et al,”' who found that the presence of
rifampicin in the NPs inhibited the release of levofloxacin. In
this study, this effect was beneficial, as it reduced the initial
burst release of INH and prolonged the subsequent sustained
release phase. As a result, less INH was released prior to
macrophage phagocytosis, allowing for higher drug concen-
trations within the macrophages. This slow and sustained
release profile of the NPs is particularly advantageous for
tuberculosis treatment, as it helps maintain therapeutic drug
levels over an extended period, reduces the frequency of
dosing, and minimizes dose-dependent toxicity and side
effects.”’

3.5. In Vitro Antibacterial Activity. The MICs of NPs
and free drugs against MTB are presented in Figure 4. The

8+ NPs
mn RPT
6 = INH

MIC(pg/ml)
°

Figure 4. MIC of NPs and free drug.

MIC values for drug-loaded NPs, including PLGA—PEG-MAN
(RPT) NPs, PLGA—PEG-MAN (INH) NPs, PLGA—PEG
(RPT/INH) NPs, and PLGA—PEG-MAN (RPT/INH) NPs,
were 2.33 + 0.82, 6.67 + 2.07, 1.83 + 0.41, and 1.67 + 0.52
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Figure 3. (A) In vitro RIF release from free RPT, PLGA—PEG-MAN (RPT) NPs, PLGA—PEG (RPT/INH) NPs, and PLGA—PEG-MAN (RPT/
INH) NPs. (B) In vitro INH release from free INH, PLGA—PEG-MAN (INH) NPs, PLGA—PEG (RPT/INH) NPs, and PLGA—PEG-MAN
(RPT/INH) NPs.
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respectively.

pug/mlL, respectively. In comparison, the free drugs, RPT and
INH, exhibited MIC values of 0.25 and 0.5 pg/mL,
respectively. These MIC values for free drugs align with
previously reported data, confirming the reliability of the MIC
detection method used in this study.'*® The RPT contents in
the four NP groups were 0.27, 0, 0.21, and 0.20 pug/mL, while
the INH contents were 0, 0.41, 0.10, and 0.10 pug/mlL,
respectively, based on the calculated NP loading rates. The
drug concentrations in the single-drug NPs were comparable
to the MICs of the free drugs, indicating that the antibacterial
activity of the drugs was retained during the loading process.
For dual-drug NPs, the drug concentrations were below the
MIC values of the free drugs, which may be attributed to the
synergistic antibacterial activity of RPT and INH when
delivered at the same time within the NPs.
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Rifapentine, a long-acting rifamycin B antibiotic, targets the
DNA-dependent RNA polymerase of MTB, inhibiting protein
synthesis and suppressing bacterial growth and reproduction.*’
INH inhibits the synthesis of mycolic acid, a key component of
the MTB cell wall, leading to loss of cell wall integrity, leakage
of intracellular components, and ultimately bacterial growth
inhibition or cell death.** Previous studies have demonstrated
that combining rifamycin B antibiotics with INH significantly
reduces MIC50 and MIC90 values compared to their
individual use, highlighting their synergistic antibacterial
effects.”’

3.6. Cytotoxicity. The cytotoxicity of free drugs and the
prepared NPs was evaluated by using the CCK-8 assay in RAW
264.7 macrophages (Figure SA). Cell viability exceeded 95% at
a concentration of 400 pg/mL for both drug-loaded and
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Figure 7. Intracellular and extracellular RPT (A) and INH (B) contents after coincubation of NPs or free drug with RAW 264.7 cells for 1 h. (**p

< 0.01, **¥*p < 0.001).

nondrug-loaded NPs. In contrast, the free drug group exhibited
only 72% cell viability at the equivalent drug concentration
found in the PLGA—PEG-MAN (RPT/INH) NP group.

Cell viability above 80% is considered nontoxic according to
the ISO 10993-5 standards.”® These findings indicate that the
prepared NPs were nontoxic and safe for RAW 264.7 cells at
concentrations up to 400 yg/mL. In comparison, free drugs at
equivalent concentrations demonstrated significant cytotox-
icity. This indicates that encapsulating the drugs within NPs
substantially reduces their cytotoxic effects while maintaining
their therapeutic potential.

3.7. Hemolytic Toxicity. Regardless of the administration
route—whether intravenous, oral, inhalation, or transdermal—
NPs ultimately enter the bloodstream and interact with blood
cells, particularly red blood cells, potentially causing
hemolysis.”’ Nanomaterials are considered hemocompatible
if the hemolysis rate remains below 5%, as per the criteria
established by the American Society for Testing and Materials
(ASTM).” The experimental results presented in Figure 5B
demonstrate that the hemolysis rate increased with the NP
concentration but remained well below the ASTM-defined
threshold of 5%, even at concentrations significantly higher
than those typically administered. Therefore, the NPs
developed in this study are considered feasible for intravenous
administration, enabling effective systemic drug delivery via the
bloodstream.

3.8. Cell Uptake in Targeted Macrophages. To verify
the macrophage-targeting ability of MAN-modified NPs, the
uptake of fluorescently labeled NPs by RAW 264.7 macro-
phages was evaluated over 24 h by using flow cytometry and
fluorescence microscopy. The results, presented in Figure 6A,
indicate efficient internalization of both PLGA—PEG@C6 and
PLGA—-PEG-MAN@C6 NPs by macrophages, with PLGA—
PEG-MAN@C6 NPs demonstrating significantly higher
uptake at all time points. The enhanced uptake is attributed
to mannose receptor-mediated phagocytosis. Figure 6B
provides visual confirmation of these results, with macrophages
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treated with PLGA—PEG-MAN@C6 NPs exhibiting higher
green fluorescence intensity compared to those treated with
unmodified PLGA—-PEG@C6 NPs after 6 h of coincubation.
These findings highlight the enhanced macrophage-targeting
capability of MAN-modified NPs, supporting their potential in
targeted drug delivery for TB treatment. After 1 h of
incubation, the fluorescence intensities detected in macro-
phages were 209 X 10° and 73 X 10° for PLGA—PEG-MAN@
C6 NPs and PLGA—-PEG@C6 NPs, respectively, indicating a
1.86-fold increase in macrophage internalization with MAN
modification. The fluorescence intensity of PLGA—PEG-
MAN@C6 NPs peaked at 1 h, with minimal increases
observed thereafter. This observation is consistent with
findings from Maretti et al,>” where mannosylated liposomes
exhibited a fluorescence plateau within 15 min, indicating peak
macrophage internalization. Similarly, Goyal et al.>* reported
peak internalization at 3 h, indicating that mannose receptor-
mediated phagocytosis is a rapid process. At 24 h, MAN-
modified NPs exhibited a 1.96-fold increase in macrophage
internalization compared to unmodified NPs, despite the
continued increase in internalization of the non-MAN-
modified NPs.

To further assess the role of MAN modification in
enhancing NP uptake by macrophages, a competitive
inhibition experiment using free mannose was conducted.
The results demonstrated that the uptake of PLGA—PEG-
MAN@C6 NPs by RAW 264.7 macrophages was significantly
reduced in the presence of free mannose (Figure 6A). These
findings indicate that the enhanced uptake of PLGA—PEG-
MAN@C6 NPs is primarily mediated by mannose receptor-
mediated phagocytosis.

3.9. Drug Accumulation in RAW 264.7 Cells. The
antibacterial efficacy of NPs against intracellular MTB depends
significantly on the efficient delivery of encapsulated drugs into
macrophages.” Figure 7 presents the intracellular and
extracellular drug content in RAW 264.7 macrophages
incubated with NPs or free drugs for 24 h. MAN-modified
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drug-loaded NPs demonstrated significantly enhanced macro-
phage uptake with intracellular RPT levels 7.9-fold higher than
the free drug and 2.5-fold higher than unmodified NPs.
Similarly, INH levels were 8.5-fold higher than that of the free
drug and 2.9-fold higher than that of unmodified NPs. These
results highlight the substantial increase in the intracellular
drug content achieved through MAN modification. The
enhanced uptake of drugs into macrophages can be attributed
to mannose receptor-mediated phagocytosis. MAN, by binding
to the mannose receptor, facilitates the internalization of NPs
by macrophages. Mannose-modified polymer NPs prepared by
Patil et al.>° delivered 72.46% of bedaquiline to macrophages
within 12 h, which was significantly slower than the delivery
rate observed in this study. Scanning electron microscopy
revealed that the NPs had a PS exceeding 300 nm with a rough
and irregular surface. Moreover, severe aggregation was
observed, resulting in clusters with diameters larger than 20
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pum. This aggregation likely hindered the rapid phagocytosis of
NPs by macrophages.

Additionally, differences in the intracellular uptake of INH
and RPT by RAW 264.7 cells were observed. Although both
drugs were encapsulated within NPs and subsequently
phagocytosed, in vitro release studies indicated that INH
exhibited a significantly higher burst release rate during the
initial phase compared to RPT. Consequently, a portion of
INH was released into the extracellular culture medium before
phagocytosis occurred, resulting in a relatively lower intra-
cellular uptake of INH by RAW 264.7 cells when compared to
RPT.

3.10. Intracellular Inhibition of M. tuberculosis by
NPs. CLSM revealed green fluorescence surrounding the
nuclei of RAW 264.7 cells, indicating the presence of H37Rv
bacteria and confirming the successful establishment of the
H37Rv infection model in RAW 264.7 cells (Figure 8A). The
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results of the intracellular antibacterial activity of the NPs are
shown in Figure 8B. Compared to those of the control group,
both the free drugs and the dual drug-loaded NPs exhibited
antibacterial effects. Notably, the drug-loaded NPs demon-
strated superior intracellular antibacterial activity compared to
the free drugs, and the mannosamine-modified NPs out-
performed the unmodified ones. These findings from intra-
cellular drug accumulation and antibacterial assays suggest that
mannosamine modification significantly increased drug uptake
by macrophages and effectively enhanced the antibacterial
efficacy of the NPs within macrophages.

3.11. In Vivo Biosafety Study. H&E staining of the heart,
liver, spleen, lungs, and kidneys revealed no apparent
abnormalities (Figure 9A). Additionally, blood biochemical
analysis showed no signs of hepatorenal toxicity in the drug-
loaded NP group compared to the control group (Figure 9B, P
> 0.05).

4. CONCLUSIONS

In this study, we successfully developed and synthesized MAN-
modified RPT and INH-loaded PLGA—PEG NPs. The dual-
drug-loaded NPs had an average PS of 117.67 nm and
exhibited excellent physicochemical properties, with no
observed cellular or hemolytic toxicity. The drug release
profiles indicated a sustained release of both RPT and INH
over 72 h, with no reduction in antimicrobial activity during
the encapsulation process. The loaded drugs also demonstrated
synergistic bactericidal effects. MAN modification significantly
enhanced the phagocytosis of NPs by macrophages through
mannose receptor-mediated internalization, thereby improving
drug delivery efficiency and effectively boosting the anti-
bacterial activity of the NPs within macrophages. In the in vivo
study, pathological staining and biochemical analyses following
intravenous injection revealed that the NPs did not produce
any noticeable toxicity or adverse effects in rats. These findings
indicate that MAN-modified RPT and INH-loaded PLGA—
PEG NPs are promising candidates for macrophage-targeted
anti-TB drug delivery.
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