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Abstract

Background: Traumatic osteomyelitis remains a prevalent and intractable clinical disorder in orthopedics. Treatment of this condition
is severely hindered by multiple factors, including multidrug-resistant bacterial infections (predominantly methicillin-resistant Staphylo-
coccus aureus, MRSA), the blood-bone barrier, infection-induced bone necrosis, and the internalization capacity of bone cells. Current
therapeutic strategies mainly consist of debridement, systemic antibiotic administration, and local sustained-release antibiotic delivery.
Local biodegradable materials with sustained antibiotic release may help maintain effective antibacterial exposure at infectious sites and
may be associated with favorable changes in the inflammatory microenvironment during infection resolution and tissue repair. Materi-
als and Methods: Our research team has previously constructed rifampicin/moxifloxacin-loaded Poly(lactic-co-glycolic acid) (PLGA)
sustained-release microspheres and validated their favorable sustained-release characteristics and antibacterial properties in vitro. In
the present study, we further investigated their therapeutic efficacy against traumatic osteomyelitis, with a focus on infection-related
pathological changes and macrophage polarization-associated inflammatory responses. A murine femoral traumatic osteomyelitis model
was established, and animals were assigned to three groups (control, model, and rifampicin–moxifloxacin (RM)-PLGA treatment) for
comparative intervention. General observation, X-ray examination, and histopathological staining were performed for evaluation. Ad-
ditionally, serological analysis, histopathological assessment, western blotting, and immunofluorescence were used to detect relevant
indicators. In vitro experiments using infected RAW264.7 macrophages co-cultured with microspheres were conducted to further verify
the effects. Results: General observation, X-ray examination, and histopathological staining revealed that local infection was markedly
alleviated in the microsphere group, whereas persistent infection-related changes were observed in the model group, and the control
group remained largely normal. Serological analysis, histopathological assessment, Western blot, and immunofluorescence showed that
RM-PLGA treatment attenuated inflammatory responses and was associated with changes in macrophage polarization-associated mark-
ers. In vitro, RM-PLGA treatment reduced IL-6 and IL-1β levels, increased IL-10 levels, and significantly decreased the fluorescence
intensities of both CD38 and CD206. In vivo, RM-PLGA treatment reduced serum pro-inflammatory cytokine levels and CD38 fluores-
cence intensity. CD206 fluorescence intensity was comparable to that in the model group on day 7 but was significantly lower on days 14
and 28; serum IL-10 levels were significantly lower on days 7 and 28 and did not differ significantly on day 14. In addition, RM-PLGA
treatment was accompanied by changes in the expression of YTHDC1, PDPK1, and PTGS2, suggesting that these molecules may be
associated with infection resolution and inflammatory microenvironment remodeling. However, further functional validation is required
to confirm their causal roles. Conclusion: Collectively, these findings suggest that rifampicin/moxifloxacin-loaded PLGAmicrospheres
may represent a promising local therapeutic strategy for traumatic osteomyelitis by alleviating infection-related pathological changes and
promoting favorable changes in macrophage polarization markers.
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spheres

https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL52014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0007-3119-1793
https://orcid.org/0009-0009-4138-5844
https://orcid.org/0009-0002-5317-2124
https://orcid.org/0009-0009-7481-1491
https://orcid.org/0009-0007-0578-4827
https://orcid.org/0009-0009-7703-195X
https://orcid.org/0009-0000-2418-4105
https://orcid.org/0009-0002-7683-0409
https://orcid.org/0000-0002-4028-4410


1. Introduction
Traumatic osteomyelitis is currently one of the most

common bone infectious diseases in clinical practice [1].
Approximately 5–30% of severe open fractures develop
into traumatic osteomyelitis, whereas implant surgeries
are associated with infection rates of approximately 2–
5% [2,3]. In clinical practice, patients with traumatic os-
teomyelitis face challenges such as multiple surgeries, pro-
longed treatment courses, high recurrence rates, and poor
prognosis, thereby imposing significant mental and eco-
nomic burdens on patients, doctors, and society [4,5,6].

The complete cure of traumatic osteomyelitis is highly
challenging [7]. Repeated debridement and systemic appli-
cation of antibiotics do not effectively shorten the treatment
course or reduce recurrence [8,9,10]. Local bone and soft-
tissue injuries caused by trauma provide an environment
more susceptible to bacterial invasion and rapid spread to
surrounding areas [11,12]. Ischemia in the lesion area and
the presence of the blood-bone barrier make it difficult for
intravenously administered antibiotics to reach bactericidal
concentrations [9,10]. Low concentrations of antibiotics
at the infection site are ineffective and prone to inducing
bacterial resistance, while increasing antibiotic concentra-
tions further exacerbates adverse drug reactions [13]. Stud-
ies show that 75% of traumatic osteomyelitis is caused by
Staphylococcus aureus [14,15]. S. aureus can evade host
immune responses and antibiotic-mediated killing by form-
ing biofilms and intracellular internalization [14]. Biofilms
are microenvironments composed of extracellular matrix
and bacteria formed within hours of bacterial invasion, en-
hancing bacterial defense capabilities and providing nutri-
ents for their proliferation and spread [16,17]. Addition-
ally, Staphylococcus aureus can invade non-professional
phagocytic cells such as osteoblasts, fibroblasts, and en-
dothelial cells [18]. Internalized bacteria can evade immune
responses and kill host cells by disrupting cell membranes,
leading to tissue necrosis [19,20]. Necrotic bone tissue can
then serve as an attachment site for bacteria, perpetuating
new infections [21]. Therefore, in addition to thorough sur-
gical debridement, current research focuses on how to in-
crease antibiotic concentration and bactericidal efficiency
in the lesion area while restoring the immune microenvi-
ronment to promote tissue regeneration [9,22].

Local sustained-release antibiotic therapy for os-
teomyelitis is designed to increase antibiotic exposure at
the lesion site and reduce systemic toxicity. Poly(lactic-co-
glycolic acid) (PLGA) is a biodegradable high-molecular-
weight organic compound composed of lactic acid (LA) and
glycolic acid (GA). After entering the body, PLGA under-
goes ester bond hydrolysis to generate corresponding lac-
tic acid, glycolic acid, and monomeric acids, which are
then converted into water and carbon dioxide via the tricar-
boxylic acid cycle [9,23]. Therefore, PLGA offers advan-
tages such as low immunogenicity, good biocompatibility,
and controllable biodegradability, making it a key research

focus as a sustained-release carrier for drugs, proteins, pep-
tides, and even genes [24]. PLGA has also been extensively
studied as an antibiotic carrier for osteomyelitis treatment.
Gatifloxacin-PLGA composite with β-tricalcium phosphate
has demonstrated antibacterial activity against Streptococ-
cus milleri and Bacteroides fragilis in clinical settings. In
vivo animal experiments have found that this composite can
inhibit inflammatory responses and exert therapeutic effects
on osteomyelitis animal models [25,26,27].

Rifampicin and moxifloxacin are highly effective
broad-spectrum antibiotics that are characterized by high
bioavailability in bone and good penetration of biofilms
[13,20,28]. Studies have shown that the combined applica-
tion of rifampicin and moxifloxacin significantly improves
the cure rate of osteomyelitis and reduces the occurrence
of drug resistance, making them widely used in treating
bone infections [12]. Recent research has suggested that ri-
fampicin and moxifloxacin may be associated with changes
inmacrophage polarization-related inflammatory responses
during bacterial clearance and tissue repair. PTGS2-related
pathways may be involved in this process, although direct
causal evidence remains limited [29,30].

In our previous study, rifampicin/moxifloxacin-
loaded PLGA microspheres were successfully prepared us-
ing a water-in-oil-in-water double emulsion solvent evap-
oration technique. These microspheres showed favor-
able morphology, sustained drug-release behavior, and
improved encapsulation efficiency. More importantly,
their direct in vitro antibacterial and anti-biofilm activities
against Staphylococcus aureus were systematically con-
firmed by time-kill assays, Kirby–Bauer inhibition-zone
tests, crystal violet biofilm quantification, and confocal
laser scanning microscopy. Rifampicin (RIF)/moxifloxacin
(MOX)–PLGA microspheres demonstrated stronger an-
tibacterial activity and biofilm-inhibition capacity than
MOX–PLGA or blank PLGA microspheres [31]. Based on
these previous findings, the present study further investi-
gated the in vivo therapeutic efficacy of RIF/MOX–PLGA
microspheres in a traumatic osteomyelitis model, with par-
ticular emphasis on infection-related pathological outcomes
and macrophage polarization.

2. Materials and Methods
2.1 Materials

PLGA (LA/GA = 50/50, MW = 9 × 104 Da) was
purchased from Shandong Medical Instrument Co., Ltd.,
China (Cat. No. P875232). RIF and MOX were pur-
chased from Shandong Sparkjade Biotechnology Co., Ltd.
The Cell Counting Kit-8 (CCK-8, 500 assays, C0038, Bey-
otime Biotechnology, Shanghai, China) and alkaline phos-
phatase (ALP, 100 assays, P0321S, Beyotime Biotechnol-
ogy, Shanghai, China) kit were purchased from Beyotime
Biotechnology, Shanghai, China. Other reagents used in
the experiments were purchased from Sigma without pu-
rification.
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2.2 Microsphere Preparation
Blank PLGA microspheres and rifampicin (SJ-

MA0141, lot no. V1-1-005FMQTU, Shandong
Sparkjade Biotechnology Co., Ltd., Jinan, Shandong,
China)/moxifloxacin (SJ-MA0386, lot no. M2-2-
029WDGMF, Shandong Sparkjade Biotechnology Co.,
Ltd., Jinan, Shandong, China)-loaded PLGA microspheres
were prepared according to our previously reported
method. Briefly, 240 mg PLGA and 30 mg Rifampin
were dissolved in dichloromethane (DCM) as the oil phase
(o). 1 mL of 30 mg/mL moxifloxacin solution was taken
as the inner aqueous phase and mixed into the oil phase
with stirring to obtain a uniform primary emulsion (w/o).
Continuous stirring was maintained while 40 mL of 1%
PVA solution was added to obtain a double emulsion
(w/o/w), followed by the addition of 800 mL of 0.5%
PVA and continued stirring for 10 hours. The prepared
microspheres were collected at the bottom of the container.
The microspheres were lyophilized for 24 h before use.

2.3 Cell Preparation and Viability Assay
RAW264.7 murine monocyte/macrophage cells were

obtained from Zishan Biotechnology Co., Ltd. (Wuhan,
China; cat. no. STCC20020). According to the
supplier’s datasheet, RAW264.7 cells are mouse-derived
monocyte/macrophage cells with irregular morphology
and adherent growth. Cell line identity was con-
firmed by the supplier-provided STR authentication re-
port, which showed a 95.20% match with RAW264.7 in
Cellosaurus/CLASTR. All cell lines were validated by
STR profiling and tested negative for mycoplasma. Cells
were maintained in DMEM-H supplemented with 10% fe-
tal bovine serum (FBS) at 37 °C in a humidified incu-
bator with 5% CO2. During passaging, trypsin was not
used; cells were detached by gentle pipetting or with a
cell scraper according to the supplier’s instructions. Then,
mouse macrophages were seeded in a 96-well plate (5 ×
105 cells/well) and cultured for 24 hours. Subsequently,
the medium was replaced with medium containing differ-
ent concentrations of RIF/MOX-PLGA microspheres (1
mg/mL, 4 mg/mL, 8 mg/mL, 12 mg/mL) and cultured for
an additional 24 hours. Then, 10 μL of CCK-8 reagent was
added to each well, and the cells were further incubated
in a 37 °C incubator for 2 hours. The 96-well plate was
then placed in a microplate reader (Multiskan FC, Thermo
Fisher Scientific, Waltham, MA, USA), and the absorbance
was measured at 450 nm according to the manufacturer’s
instructions. Based on the CCK-8 assay, a cytocompatible
working concentration of RIF/MOX-PLGA microspheres
for subsequent in vitro macrophage experiments was se-
lected. This in vitro concentration was used only for cell-
culture experiments and was not used as a direct basis for
calculating the in vivo implanted microsphere mass.

2.4 In Vitro Experiments
2.4.1 Cell Infection and ELISA Assay

RAW264.7 cells in good condition/in the logarithmic
growth phase were seeded in a 96-well plate at a density
of 5 × 105 cells/mL and cultured in an incubator at 37 °C
with 5% CO2. When the cells reached approximately 50%
confluence, the old medium was replaced with 100 μL of
medium without FBS for serum starvation for 12 hours. A
control group and a microsphere group were established.
Each well was inoculated with 20 μL of a 1 × 106 CFU/mL
bacterial suspension. After 30minutes of infection, the bac-
terial suspension was discarded, and the cells were washed
three times with pre-warmed sterile PBS at 37°C. The mi-
crosphere group was then cultured in medium containing
RIF/MOX-PLGA microspheres at 4 mg/mL for 24 hours,
whereas the infected control group received an equal vol-
ume of microsphere-free medium. After treatment, the cell
culture supernatants were collected. The levels of inter-
leukin (IL)-6, IL-1β, and IL-10 in the macrophage super-
natant were detected strictly according to the kit instruc-
tions.

2.4.2 Cell Immunofluorescence Staining
Three wells each from the microsphere group and

the control group were selected for CD38 and CD206 im-
munofluorescence staining. The culture medium was re-
moved using a pipette, and the cells were washed three
times with PBS solution. Then, the cells were fixed with
4% paraformaldehyde (500 mL, P0099-500 mL, Beyotime
Biotechnology, Shanghai, China) at room temperature for
20 minutes. The cells were permeabilized with 0.4% Triton
X-100 solution for 10 minutes. After washing three times
with PBS, The cells were incubated with anti-CD38 and
anti-CD206 antibodies overnight at room temperature. The
cells were washed three times with PBS, then DAPI solu-
tion was added and incubated for 20 minutes at room tem-
perature. After washing with PBS, images were captured
using an inverted fluorescence microscope. CD38 was
used here as a marker associated with pro-inflammatory
macrophage activation, although it is not specific to M1
macrophages; additional markers such as iNOS and CD86
are required for definitive classification.

2.4.3 Protein Assay
The expression levels of PTGS2, YTHDC1, and

PDPK1 proteins were quantitatively analyzed by Western
blot, with β-actin serving as the internal reference control.
The treated Raw264.7 cells were lysed, and protein con-
centration was determined using the BCA method. First,
protein samples were separated by SDS-PAGE gel elec-
trophoresis, and the separated proteins were transferred
onto a PVDF membrane. Subsequently, the membrane was
blocked to reduce non-specific binding. Themembranewas
then incubated with primary antibodies against for PTGS2,
YTHDC1, PDPK1, and the internal reference antibody β-
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actin. After incubation, the membrane was washed and de-
veloped using ECL chromogenic reagent. Finally, quanti-
tative analysis of the developed bands was performed using
ImageJ image analysis software (version 1.54k, National
Institutes of Health, Bethesda, MD, USA), and the experi-
mental data were normalized to the expression level of β-
actin.

2.5 In Vivo Experiments
2.5.1 Bacterial Culture

Methicillin-resistant Staphylococcus aureus (MRSA;
ATCC43300; cat. no. B80950; NingboMingzhouBiotech-
nology Co., Ltd., Ningbo, Zhejiang, China) was inoculated
onto agar plates and cultured at 37 °C for 24 hours. Af-
ter inoculation, a bacterial suspension containing 1.2 × 107
CFU/mL was prepared for subsequent use.

2.5.2 Establishment of a Traumatic Osteomyelitis Animal
Model

The animal experiments were reviewed and approved
by the Medical Research Ethics Review Committee of the
General Hospital of Ningxia Medical University (approval
no. KYLL-2022-0731). All surgical procedures were con-
ducted in accordance with the regulations of the Ethics
Committee. The animal procedures were also performed
in accordance with the Guide for the Care and Use of Lab-
oratory Animals (8th edition; National Research Council,
2011). Fifty-four male SPF mice (provided by the Ani-
mal Experiment Center of Ningxia Medical University; 4
weeks old; body weight, approximately 20 g) were ran-
domly divided into three groups: the control group, model
group, and microsphere treatment group, with 18 mice in
each group.

To ensure animal welfare, a rigorous monitoring and
pain management protocol was implemented. In addition to
isoflurane anesthesia during surgery, mice received subcu-
taneous injections of meloxicam (5 mg/kg) postoperatively
and once daily for the following three days to provide anal-
gesia. The clinical status of eachmouse, includingmobility,
food and water consumption, and wound healing or infec-
tion signs, was monitored once daily by trained personnel.
Humane endpoints were established as weight loss exceed-
ing 20% of baseline, persistent inability to eat or drink, or
severe, spreading wound suppuration. In this study, all 54
mice (18 per group) successfully tolerated the FRI induc-
tion and treatment procedures, surviving until their sched-
uled observation time points (7, 14, or 28 days). No animals
reached the humane endpoints, and none were euthanized
early due to excessive suffering.

Before surgery, animals were anesthetized with isoflu-
rane (3% for induction and 1.5%–2% for maintenance,
R510-22, RWD Life Science Co., Ltd., Shenzhen, Guang-
dong, China). Mice were anesthetized with 3% isoflurane
for induction and maintained under 1.5–2% isoflurane in
oxygen during surgery. After anesthesia, the limbs were

immobilized, and the right lower limb was shaved and dis-
infected. A 5 mm incision was made on the dorsal side of
the femur to expose the bone surface. A 25-gauge needle
was used to drill a hole through the cortical bone at the mid-
shaft of the femur. A sterile stainless steel needle with a
diameter of 0.3 mm was inserted into the medullary cav-
ity through the hole. The model group received an injec-
tion of 2 μL of a 1 × 106 CFU/mL Staphylococcus aureus
suspension into the medullary cavity using a microsyringe.
The control group received an injection of the same vol-
ume of sterile PBS after drilling. The microsphere treat-
ment group received an injection of an equal amount of S.
aureus suspension, followed by the placement of 8 mg of
microspheres. The in vivo dose was selected as a fixed lo-
cal implant mass rather than being converted from the in
vitro CCK-8 concentration. The 4 mg/mL concentration
obtained from the CCK-8 assay represented a cytocompati-
ble working concentration for macrophage culture, whereas
the 8 mg dose represented the total mass of microspheres
locally implanted into the femoral defect to serve as a de-
pot formulation. Therefore, these two values reflect differ-
ent experimental systems and are not directly interchange-
able. The skin was closed, and postoperative disinfection
was performed.

2.5.3 Imaging Examination
On postoperative days 7, 14, and 28, experimental

mice were randomly selected from the three groups to ob-
serve signs including incision redness, swelling, healing,
abscess formation, and sinus tract formation. X-ray exam-
ination was performed to assess bone resorption, bone de-
struction, and new bone formation. Scoring was conducted
according to the Rissing scoring criteria to evaluate the ther-
apeutic effect after intervention.

2.5.4 Western Blot Detection of Protein Expression
On postoperative day 14, bone tissue from the model-

ing area was thoroughly scraped and placed in a mortar con-
taining liquid nitrogen to grind the bone tissue into powder.
Total protein was extracted from the bone tissue using pro-
tein extraction buffer. Western blot was performed to detect
the expression levels of YTHDC1, PDPK1, and PTGS2.

2.5.5 Measurement of Inflammatory Factors in Serum
On postoperative days 7, 14, and 28, experimental

mice were randomly selected for the detection of TNF-
α, IL-6, IL-1β, and IL-10. Blood was collected from the
mice via enucleation and centrifuged at 3000 rpm for 10
minutes at 4 °C to collect serum samples. The levels of
TNF-α, IL-6, IL-1β, and IL-10 in the serum were mea-
sured using ELISA kits (purchased from Beijing Solarbio
Science & Technology Co., Ltd.). All operations were
strictly performed according to the kit instructions. First,
serum samples and standards were added to a 96-well plate
pre-coated with antibodies. Then, biotin-labeled antibod-
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ies were added. After incubation and washing, horseradish
peroxidase-labeled avidin was added, followed by another
incubation and washing step. Finally, a chromogenic sub-
strate was added. Qualitative or quantitative analysis was
performed based on the intensity of the color reaction. Ab-
sorbance (OD value) was measured at a wavelength of 450
nm using a microplate reader, and the concentrations of
the inflammatory factors were calculated using a standard
curve.

2.5.6 Histopathological Examination
The mice were deeply anesthetized via intraperitoneal

injection of an excessive dose of pentobarbital sodium
(150 mg/kg, 50 mg/mL, P3761, Sigma-Aldrich, St. Louis,
MO, USA). After complete loss of consciousness and re-
flexes, cervical dislocation was used as an auxiliary phys-
ical method to confirm death. The cessation of heartbeat
and respiration was verified to ensure that the animals were
euthanized. Bone tissue from the femoral lesion area was
collected. The tissue was first fixed in 4% paraformalde-
hyde and then decalcified with 10% EDTA for 6 weeks.
Subsequently, the tissue was dehydrated using an ethanol
gradient. The dehydrated tissue was embedded in paraffin,
sectioned, and finally stained. Hematoxylin and eosin (HE)
staining was used to observe bone infection.

2.5.7 Immunofluorescence Staining of Histopathological
Sections

Fixed, decalcified, and sectioned bone tissue sam-
ples were subjected to immunofluorescence staining for
CD38 and CD206. First, the sections were placed on glass
slides and incubated with specific antibodies against CD38
and CD206 [anti-CD38 antibody (rabbit monoclonal, clone
E9F5A; 1:100-1:400; Cat. No. 68336; Cell Signaling Tech-
nology, Danvers, MA, USA) and anti-CD206/MRC1 anti-
body (rabbit monoclonal, clone E6T5J; 1:200-1:800; Cat.
No. 24595; Cell Signaling Technology, Danvers, MA,
USA)] to allow the antibodies to bind to the CD38 and
CD206 proteins in the sections. The sections were washed
to remove unbound antibodies. Fluorescently labeled sec-
ondary antibodies [anti-rabbit IgG (H+L), F(ab′)2 fragment
secondary antibody conjugated to Alexa Fluor 488 (goat;
1:500-1:2000; Cat. No. 4412; Cell Signaling Technology,
Danvers, MA, USA) and goat anti-rabbit IgG Fc fragment
secondary antibody conjugated to Alexa Fluor 594 (1:2000
for paraffin-embedded sections; Cat. No. 70872; Cell Sig-
naling Technology, Danvers, MA, USA)] were used to in-
cubate the sections, allowing the secondary antibodies to
bind to the already bound specific antibodies, thus forming
an antigen-antibody-fluorescently labeled secondary anti-
body complex. The sections were washed again to remove
unbound fluorescently labeled secondary antibodies. A flu-
orescence microscope was used to observe the expression
and distribution of CD38 and CD206 proteins in the lesion
bone tissue.

2.5.8 HE Staining of Internal Organs.
The heart, lung, kidney, liver, and spleen tissues were

collected, and perform H&E staining to assess the potential
toxicity of RM-PLGA in vivo.

2.6 Statistical Analysis
Statistical analysis was performed using IBM SPSS

25.0 software (version 25.0, IBM Corp., Armonk, NY,
USA). Quantitative data are presented as mean ± standard
deviation (SD) (n ≥3). For multiple-group comparisons,
one-way ANOVA followed by post hoc tests should be
used. A p-value < 0.05 was considered statistically signifi-
cant. All in vitro experiments were independently repeated
three times. Technical replicate measurements within each
experiment were averaged, and the resulting mean was
treated as one biological replicate for statistical analysis.

3. Results
3.1 Phenotypic Changes of Macrophages in In Vitro
Experiments

Rifampicin/moxifloxacin-loaded PLGAmicrospheres
were successfully prepared according to previous meth-
ods. In vitro, the CCK-8 assay showed that 4 mg/mL was
a cytocompatible working concentration for RAW264.7
macrophages among the tested concentrations (Fig. 1A).
Therefore, 4 mg/mL was selected for subsequent in vitro
macrophage experiments. This concentration was not used
as a direct basis for determining the in vivo implanted
microsphere mass. After infecting macrophages with S.
aureus, for 30 minutes, the cells were washed and then
treated with RM-PLGAmicrospheres (4 mg/mL) or control
medium for 24 hours. Compared with the control group, the
levels of IL-6 and IL-1β factors (Fig. 1B,C) were signifi-
cantly reduced in the microsphere treatment group, while
the level of IL-10 was significantly increased (Fig. 1D).
These findings suggest that RM-PLGA treatment was as-
sociated with decreased pro-inflammatory cytokine levels
and increased IL-10 levels under infected conditions. How-
ever, these results do not distinguish whether the observed
changes resulted from direct macrophage modulation or
from reduced bacterial burden and subsequent inflamma-
tory resolution. Cell immunofluorescence staining was fur-
ther used to assess CD38 and CD206 expression. Com-
pared with the control group, the RM-PLGA group showed
significantly lower fluorescence intensities of both CD38
and CD206 (Fig. 1E,F). Together with the cytokine find-
ings, these results suggest that RM-PLGA treatment was
associated with changes in macrophage polarization-related
marker expression and the inflammatorymicroenvironment
under infected conditions.

3.2 Expression of YTHDC1 and PDPK1 in Macrophages
in In Vitro Experiments

The results indicated that the expression levels of
YTHDC1 and PDPK1 in the control group were higher than
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Fig. 1. Effects of RM-PLGA microspheres on macrophage viability, inflammatory cytokines, polarization-associated markers,
and YTHDC1/PDPK1 expression in vitro. (A) The CCK-8 results of co-culture of the four concentrations of RIF/MOX-PLGA micro-
spheres (1, 4, 8, and 12 mg/mL) with macrophages. (B) ELISA results for IL-6. (C) It represents the ELISA results of the IL-1β factor.
(D) It represents the ELISA results of the IL-10 factor. (E) Cellular immunofluorescence staining of CD38 and CD206. Scale bar = 50
μm. (F) Quantification of CD38 and CD206 fluorescence intensities. (G) Immunoblotting detection of two proteins in macrophages. (H)
Quantitative analysis of YTHDC1 protein. (I) Quantitative analysis of PDPK1 protein. Abbreviations: PLGA, poly(lactic-co-glycolic
acid) copolymer; RM, rifampicin–moxifloxacin; CCK-8, Cell Counting Kit-8; ELISA, enzyme-linked immunosorbent assay; IL, inter-
leukin; YTHDC1, YTH domain-containing protein 1; PDPK1, 3-phosphoinositide-dependent protein kinase 1. In panel (A), comparisons
were made between 4 mg/mL and 8 or 12 mg/mL, as indicated by the brackets. In panels (B–D,F,H,I), comparisons were made between
the S. aureus-infected control group without microspheres and the S. aureus-infected RM-PLGA group treated with 4 mg/mL micro-
spheres. *p < 0.05, **p < 0.01, ***p < 0.001; Data are presented as mean ± SD from three independent experiments (n = 3 biological
replicates). Technical replicate wells within each experiment were averaged before statistical analysis.

6

https://www.imrpress.com


Fig. 2. Establishment and gross evaluation of the mouse femoral osteomyelitis model. (A) Flowchart for establishing an infectious
osteomyelitis model in mice. (B) Growth of the modeling area in the control group, model group, and microsphere group at days 0, 7,
14, and 28. (C) Rissing scores of the control group, model group, and microsphere group. Abbreviations: PLGA, poly(lactic-co-glycolic
acid) copolymer; RM, rifampicin–moxifloxacin. ###p < 0.001 versus the control group; ***p < 0.001 versus the model group; n = 3.
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Fig. 3. X-ray examination results, including frontal and lateral films. (A) X-ray conditions of the control group, model group and
microsphere group on the 7th day after surgery. (B) X-ray conditions on the 14th day after surgery. (C) X-ray conditions on the 28th day
after surgery. Abbreviations: PLGA, poly(lactic-co-glycolic acid) copolymer; RM, rifampicin–moxifloxacin.

those in the microsphere group (Fig. 1G–I). In vitro West-
ern blot analysis showed that YTHDC1 and PDPK1 expres-
sion levels differed between the control and microsphere-
treated groups (Fig. 1G–I). These results indicate that
YTHDC1 and PDPK1 expression was reduced in RM-
PLGA-treated infected RAW264.7 macrophages. Because
RAW264.7 cells are macrophages and do not represent os-
teoblasts or other bone-resident cells, these in vitro find-
ings should be interpreted as macrophage-specific expres-
sion changes under infected conditions. However, because
no pathway inhibition, knockdown, overexpression, or res-
cue experiments were performed, the present data can-
not determine whether YTHDC1 or PDPK1 directly medi-
ates the macrophage polarization induced by RM-PLGA.
Therefore, these results should be interpreted as prelimi-
nary expression-level evidence.PTGS2 expression was not
clearly detected under the present in vitro conditions, which
may be related to the timing of detection or the transient

nature of PTGS2 expression. Further time-course experi-
ments are needed to clarify this issue.

3.3 In Vivo Experiments
3.3.1 Gross Appearance Observations

All mice survived the surgical procedure (Fig. 2A).
Gross observations of the animals were conducted at 7, 14,
and 28 days (Fig. 2B) and assessed using the Rissing score
(Fig. 2C). In the control group animals, the wounds showed
no significant redness, swelling, or exudation and tended
to heal. The model group exhibited significant redness
and swelling, with some experimental mice developing pus
discharge, and sinus tracts gradually formed at the wound
sites. Animals in the microsphere treatment group showed
no wound redness, swelling, or exudation, and the wounds
had largely healed by day 14. In the mouse femora/femoral
specimens, the model group had purulent secretions within
the needle tracts, with the diameter gradually increasing.

8

https://www.imrpress.com


Themicrosphere treatment group showed no significant pu-
rulent secretions, and the needle tract diameter did not ex-
pand.

3.3.2 Imaging Findings

X-ray examinations were performed on the surgical
sites of the mice at 7, 14, and 28 days postoperatively to
observe the presence of subperiosteal abscesses, bone de-
struction, and sequestrum formation. At 7 days, the control
group and the microsphere group showed the presence of
Kirschner wire bone channels, with no formation of sub-
periosteal abscesses. In the model group, periosteal thick-
ening and subperiosteal abscess formation were observed
(Fig. 3A). At 14 days, the control group and the micro-
sphere group still showed no abscess formation, with the
bone channels gradually showing signs of healing. In the
model group, the extent of abscess formation in the lesion
area increased, with partial bone sclerosis(Fig. 3B). At
28 days, the bone channels in both the control group and
the microsphere group had healed, with no sequestrum for-
mation. In contrast, the model group exhibited bone de-
struction, sequestrum formation, and showed typical radio-
graphic features of chronic osteomyelitis(Fig. 3C).

3.3.3 Western Blot Detection of Protein Expression
Results

On day 14, the microsphere group showed the highest
YTHDC1 expression, followed by the control group, while
the model group had the lowest expression. On day 14,
Western blot analysis showed that YTHDC1 and PDPK1
expression levels were higher in the microsphere treatment
group than in the model group, whereas PTGS2 showed
the opposite trend (Fig. 4A–D). These expression changes
were consistent with reduced inflammation and improved
tissue repair observed in the microsphere group. However,
the current results only indicate an association between
RM-PLGA treatment and changes in YTHDC1, PDPK1,
and PTGS2 expression. Further functional experiments are
required to determine whether these molecules directly reg-
ulate macrophage polarization or bone repair in this model.
In contrast to the in vitro macrophage model, in vivo bone
tissue samples showed higher YTHDC1 and PDPK1 ex-
pression in the RM-PLGA group. This difference may
reflect the complexity of the in vivo osteomyelitis mi-
croenvironment, which contains multiple cell populations
and dynamic inflammatory-repair processes (Fig. 4A,B).
PDPK1 expression followed the same trend as YTHDC1
(Fig. 4C), while PTGS2 showed the opposite pattern (Fig.
4D). PTGS2 is an inflammation-related enzyme that has
been implicated in bone inflammatory responses. In the
present study, PTGS2 expression was lower in the RM-
PLGA group than in the model group, which may reflect at-
tenuation of infection-associated inflammatory stimulation.
However, because bacterial burden and PTGS2 pathway ac-
tivity were not directly quantified, this finding should be in-

terpreted as an association rather than evidence of a direct
causal mechanism.

3.3.4 Changes in Inflammatory Factors In Vivo
Serum levels of tumor necrosis factor-α (TNF-α), IL-

6, IL-1β, and IL-10 in experimental animals were measured
on days 7, 14, and 28 (Fig. 4E–H). Compared to the con-
trol group, serum levels of TNF-α, IL-6, and IL-1β were
significantly elevated at all three time points (day 7, day
14, and day 28) (p < 0.001). However, intervention with
microspheres significantly reduced serum levels of TNF-α,
IL-6, and IL-1β (p < 0.001), indicating that microspheres
significantly suppressed the inflammatory response in os-
teomyelitis and promote its recovery. Compared to the con-
trol group, serum IL-10 levels were significantly elevated at
all three time points (day 7, day 14, and day 28) (p < 0.05,
p < 0.01, p < 0.001). Compared to the model group, serum
IL-10 levels were significantly reduced at 7d (p < 0.01),
showed no significant change at 14d (p > 0.05), and were
significantly reduced at 28d (p < 0.001).

3.3.5 Histopathological Manifestations
Animals were randomly selected from the control

group, model group, and microsphere group and euthanized
at 7, 14, and 28 days of the experiment, respectively. Le-
sion area tissues were collected for HE staining (Fig. 5).
The control group showed normal cortical bone structure
and osteocytes within the medullary cavity. In the model
group, infiltration by lymphocytes and plasma cells was ob-
served on day 7, which gradually increased by day 14. By
day 28, in addition to lymphocytes and plasma cells, se-
questrum formation and some reactive new bone were vis-
ible. Compared to the model group, the microsphere group
showed a small number of lymphocytes and plasma cells,
with no sequestrum formation observed.

3.3.6 Expression of CD206 and CD38 in Pathological
Tissues

Immunofluorescence staining and fluorescence quan-
tification were performed to evaluate CD38 and CD206
expression in pathological tissues at days 7, 14, and 28
(Fig. 6A–D). In the control group, CD38-positive and
CD206-positive cells were detected at low levels at the
three time points, indicating amild local response after trau-
matic intervention. In the model group, CD38 expression
showed an overall decreasing trend from day 7 to day 28,
whereas CD206 expression increased over the same pe-
riod, indicating distinct temporal changes in macrophage
polarization-associated markers in the lesion area. In the
microsphere group, CD38 expression was lower than that
in the model group, whereas CD206 expression showed a
relatively higher reparative marker profile during treatment
progression.

9

https://www.imrpress.com


Fig. 4. Effects of RM-PLGA treatment on YTHDC1, PDPK1, and PTGS2 expression and serum inflammatory cytokines in vivo.
(A) Western blotting was performed to detect the protein expression levels of YTHDC1, PDPK1, and PTGS2 on the 14th day. (B)
Quantification of YTHDC1 protein expression. (C) Quantitative analysis of the protein of PDPK1. (D) Quantitative analysis of the
protein of PTGS2. (E) Level of IL-6 in serum. (F) Level of TNF-α in serum. (G) Level of IL-1β in serum. (H) Level of IL-10 in serum.
Abbreviations: PLGA, poly(lactic-co-glycolic acid) copolymer; RM, rifampicin–moxifloxacin. In all panels, the control group is shown
in red, the model group in yellow, and the RM-PLGA treatment group in blue. “Con” denotes the control group, and “Test” denotes the
RM-PLGA treatment group. For panels (B–D), *p < 0.05 for the indicated pairwise comparisons. For panels (E–H), #p < 0.05, ##p <
0.01, and ###p < 0.001 versus the control group at the corresponding time point; *p < 0.05, **p < 0.01, and ***p < 0.001 versus the
model group at the corresponding time point; n = 3.

3.3.7 Results of HE Staining of Internal Organs
The results (Fig. 7) show that the morphology of vari-

ous tissues is intact. Comparedwith the control group, there
are no obvious signs of organ damage in the experimental
group, suggesting that RM-PLGA did not cause obvious or-
gan toxicity.

4. Discussion
As the most challenging and highly prevalent com-

plication in the field of orthopedics, the treatment of trau-
matic osteomyelitis always faces multiple challenges. The
core pathological features of this disease are concentrated
in the formation of bacterial biofilms, progressive destruc-
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Fig. 5. The results of HE staining of the modeling area on the 7th, 14th and 28th days after the operation. PLGA, poly(lactic-co-
glycolic acid) copolymer; RM, rifampicin–moxifloxacin; HE, Hematoxylin and eosin. Scale bars = 200 μm in the upper panels and 50
μm in the magnified lower panels.

tion of bone tissue, and dysregulation of the host im-
mune microenvironment [14]. These three factors inter-
twine to form a vicious cycle, making it difficult for tradi-
tional treatment plans to achieve a cure. Through system-
atic in vitro and in vivo validation, this study showed that

rifampicin/moxifloxacin-loaded PLGA microspheres ef-
fectively alleviated infection-related pathological changes
in a traumatic osteomyelitis model and were accompanied
by changes in macrophage polarization markers. How-
ever, because the present study did not include antibiotic-
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Fig. 6. The number of cells was detected on the 7th, 14th, and 28th days using the cell immunofluorescence staining method. (A)
CD38-positive cells. Scale bar = 100 μm. (B) CD206-positive cells. Scale bar = 100 μm. (C) Quantification of CD38-positive cells. (D)
Quantification of CD206-positive cells. Abbreviations: PLGA, poly(lactic-co-glycolic acid) copolymer; RM, rifampicin-moxifloxacin.
*p < 0.05, **p < 0.01, ***p < 0.001; n = 3.
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Fig. 7. HE staining of the heart, lungs, kidneys, liver and spleen of mice. PLGA, poly(lactic-co-glycolic acid) copolymer; RM,
rifampicin-moxifloxacin. Scale bar = 100 μm.

only or blank microsphere plus antibiotic control groups,
the observed macrophage polarization changes should be
interpreted as treatment-associated immunological alter-
ations rather than definitive evidence of an independent im-
munomodulatory activity of the microspheres [32]. RM-
PLGA treatment was associated with a decrease in pro-
inflammatory markers and a relative changes in CD206/IL-

10-associated reparative markers, which may reflect re-
modeling of the inflammatory microenvironment during in-
fection control and tissue repair [33,34].

The RM-PLGA microspheres used in this study were
designed as a local antibiotic delivery system for rifampicin
and moxifloxacin. Our previous in vitro study demon-
strated that RIF/MOX-PLGA microspheres exhibited sus-
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tained drug-release behavior, antibacterial activity, and
biofilm-inhibition effects against S. aureus. In the present
in vivo osteomyelitis model, RM-PLGA treatment allevi-
ated wound swelling, abscess formation, bone destruction,
inflammatory cytokine elevation, and histopathological in-
jury. These findings are consistent with a therapeutic effect
of locally implanted RM-PLGA microspheres.

However, the present study did not directly measure
rifampicin or moxifloxacin concentrations in lesion bone
tissue, surrounding soft tissue, or serum after implantation.
Therefore, it cannot be concluded from the current data that
the microspheres maintained local antibiotic concentrations
above the MIC for MRSA over time. The observed ther-
apeutic efficacy should be attributed to RM-PLGA treat-
ment as a whole, rather than definitively ascribed to a veri-
fied in vivo sustained-release pharmacokinetic profile. Fu-
ture studies should use HPLC or LC-MS/MS to quantify ri-
fampicin and moxifloxacin concentrations at the infection
site and in serum at multiple time points, and compare these
concentrations with the MIC values of the infecting MRSA
strain.

Based on our previous in vitro findings, RM-PLGA
microspheres showed sustained-release behavior and anti-
biofilm activity against S. aureus. In the present in vivo
study, the improved pathological outcomes may be related
to local antibacterial effects of RM-PLGA treatment; how-
ever, direct in vivo evidence for continuous drug exposure
and biofilm disruption was not obtained. In terms of drug
synergy, rifampin has unique bactericidal activity against
intracellular bacteria and biofilm-associated bacteria, while
moxifloxacin, as a broad-spectrum fluoroquinolone, ex-
hibits strong antibacterial effects against both aerobic and
anaerobic bacteria. The combination of rifampicin and
moxifloxacin significantly reduced the risk of drug resis-
tance, indicating a synergistic antibacterial effect between
the two antibiotics. In addition, the carrier properties of
PLGA microspheres may prolong local antibiotic exposure
at the infection site, thereby further enhancing the antibac-
terial efficacy of the combined drugs, although this still re-
quires confirmation through in vivo pharmacokinetic anal-
ysis. These findings are highly consistent with the experi-
mental results, including significantly reduced inflamma-
tory factors IL-6 and IL-1β in the microsphere group in
vitro, as well as the absence of purulent secretions and se-
questrum formation in the lesion area in vivo.

An important finding of this study is that RM-PLGA
treatment was associated with changes in macrophage po-
larization markers. The reduction of pro-inflammatory cy-
tokines and CD38-positive cells, together with changes in
CD206 and IL-10, suggests that RM-PLGA may help re-
model the inflammatory microenvironment in traumatic os-
teomyelitis. As the core effector cells of innate immunity,
macrophages play a dual role in inflammatory responses
and tissue repair: classically activated M1 macrophages
are induced by interferon-γ (IFN-γ) or lipopolysaccharide

(LPS), and express high levels of pro-inflammatory factors
such as TNF-α, IL-1β, and IL-6, with the main function of
clearing pathogens. However, excessive and sustained ac-
tivation of M1 macrophages can lead to severe tissue dam-
age and impair the bone repair process. In contrast, alterna-
tively activated M2 macrophages are induced by IL-4 and
IL-13 and play important roles in anti-inflammatory regu-
lation, tissue repair, and bone regeneration, etc., highly ex-
pressing anti-inflammatory factors such as IL-10 and TGF-
β, as well as arginase-1 (Arg-1), with the core role of sup-
pressing excessive inflammation, clearing apoptotic cells,
promoting angiogenesis, and tissue remodeling. CD38 ex-
pression can also be induced in other cell types and under
non-M1 conditions; therefore, this limitation should be con-
sidered when interpreting the immunofluorescence data.

It should be noted that the observed changes in IL-
10 and CD206 and the decrease in pro-inflammatory cy-
tokines and CD38 may represent a natural consequence
of effective bacterial clearance and resolution of acute in-
flammation. Because the present study did not include
antibiotic-only, blank PLGA microsphere, or blank PLGA
plus free-antibiotic control groups, we cannot determine
whether the macrophage polarization-associated changes
were directly induced by the microsphere material, by ri-
fampicin/moxifloxacin, or indirectly caused by reduced
bacterial burden. Therefore, these data should be inter-
preted as treatment-associated immunological alterations
accompanying infection control, rather than definitive ev-
idence of an independent immunomodulatory activity of
RM-PLGA.

In the pathological process of traumatic osteomyeli-
tis, persistent stimulation by pathogens and their toxins
can maintain a sustained pro-inflammatory macrophage-
associated state, thereby contributing to chronic inflam-
mation and impaired bone repair. Therefore, a shift from
a sustained pro-inflammatory macrophage profile toward
a reparative macrophage-associated profile is considered
beneficial for resolving inflammation and supporting bone
repair. The results of this study support an association be-
tween RM-PLGA treatment and changes in macrophage
polarization-related markers. In vitro, RM-PLGA treat-
ment reduced IL-6 and IL-1β levels and increased IL-10
levels after bacterial infection. Immunofluorescence stain-
ing showed significantly lower fluorescence intensities of
both CD38 and CD206 in the RM-PLGA group than in
the control group. In vivo, RM-PLGA treatment was also
associated with reduced inflammatory injury and changes
in macrophage polarization markers. Immunofluorescence
staining showed reduced CD38-positive signals in the RM-
PLGA group, whereas CD206-positive signals were com-
parable to those in the model group on day 7 and were
lower on days 14 and 28. These findings indicate changes
in macrophage polarization-associated marker expression
in the lesion area, but they do not by themselves establish
functional macrophage reprogramming. Pathological ex-
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amination showed reduced inflammatory tissue injury and
no obvious sequestrum formation in the RM-PLGA group.
Together with the macrophage marker findings, these re-
sults suggest that RM-PLGA treatment was associated with
improvement of the local inflammatory microenvironment,
which may provide favorable conditions for bone repair.

5. Limitations
This study has several limitations. First, themechanis-

tic investigation remains preliminary. Although RM-PLGA
treatment was accompanied by changes in YTHDC1,
PDPK1, and PTGS2 expression, the present study did
not include functional validation experiments, such as
YTHDC1 or PDPK1 knockdown/overexpression, PTGS2
inhibition, pathway blockade, or rescue assays. Second,
macrophage polarization analysis in this study was pri-
marily based on immunofluorescence staining of CD38
and CD206, combined with inflammatory cytokine detec-
tion. Although these results consistently indicated that RM-
PLGA treatment was associated with favorable changes in
macrophage polarization-associated marker expression, the
marker panel used remained relatively limited. Incorpo-
rating additional classical M1/M2 markers, such as iNOS,
CD86, Arg-1, and CD163, as well as flow cytometry anal-
ysis, would provide more comprehensive and quantitative
evidence for macrophage polarization. Future studies will
include a broader panel of macrophage markers and flow
cytometry to further validate the immunomodulatory ef-
fects of RM-PLGA. Therefore, the current data cannot es-
tablish a direct causal relationship between these molecules
and RM-PLGA-induced macrophage polarization. Third,
the potential signaling pathway was inferred mainly from
protein expression changes and phenotypic markers. Future
studies should use loss- and gain-of-function approaches,
pathway inhibitors, mRNA-level validation, and rescue ex-
periments to determine whether YTHDC1, PDPK1, and
PTGS2 are necessary and/or sufficient for RM-PLGA-
associated macrophage polarization changes.

Another limitation of the present study is that the an-
tibacterial efficacy was mainly evaluated indirectly through
gross observation, imaging findings, histopathological
changes, and inflammatory cytokine levels. Although these
results consistently indicated that RM-PLGA treatment al-
leviated infection-related pathological changes in vivo, di-
rect quantitative bacterial analyses, such as CFU counting,
bacterial load determination, and in vivo biofilm-related
assays, were not performed in the current study. In our
previous work, the same RIF/MOX–PLGA microspheres
were shown to possess direct in vitro antibacterial and anti-
biofilm activities, including stronger bacterial killing, larger
inhibition zones, and significant inhibition of both early
and mature S. aureus biofilms [31]. Therefore, the present
study focused primarily on in vivo therapeutic efficacy and
macrophage polarization. Future studies will incorporate
CFU counting, bacterial burden quantification, and biofilm

evaluation to further confirm the direct antibacterial effi-
cacy of RM-PLGA in vivo.

Another limitation is that the in vivo dose of RM-
PLGA microspheres was not optimized through a dose-
ranging experiment. In the present study, the 4 mg/mL
concentration identified by the CCK-8 assay was used only
as a cytocompatible working concentration for in vitro
macrophage experiments. This concentration cannot be di-
rectly converted into the 8 mg local implant dose used in the
mouse femoral defect model, because the former represents
microsphere mass per culture-medium volume, whereas the
latter represents the total mass of microspheres implanted
locally as a depot formulation. Therefore, although the
present data demonstrate therapeutic efficacy at the selected
8 mg dose, they do not define the minimally effective dose,
optimal dose, or dose-response relationship of RM-PLGA
microspheres in vivo. Future studies should include mul-
tiple in vivo doses to clarify the dose-response profile and
optimize the local implantation dose.

In addition, the present study lacked in vivo pharma-
cokinetic analysis of rifampicin and moxifloxacin after lo-
cal implantation of RM-PLGA microspheres. Although
our previous in vitro study demonstrated sustained drug
release and antibacterial activity of RIF/MOX-PLGA mi-
crospheres, the present study did not measure rifampicin
or moxifloxacin concentrations in lesion bone tissue, sur-
rounding soft tissue, or serum. Therefore, the current data
cannot directly confirm whether local antibiotic concen-
trations remained above the MIC for MRSA over time.
This limitation restricts the ability to attribute the ob-
served therapeutic efficacy specifically to the intended
sustained-release drug-delivery function. Future studies
should quantify local and systemic rifampicin/moxifloxacin
concentrations using HPLC or LC-MS/MS at multiple post-
implantation time points and compare these concentrations
with the MIC of the infecting MRSA strain.

A further limitation of this study is that the current
experimental design cannot fully distinguish the direct im-
munomodulatory effect of RM-PLGA microspheres from
the secondary immunological changes caused by bacterial
clearance. The study did not include several critical con-
trol groups, such as systemic rifampicin/moxifloxacin at
equivalent effective doses, blank PLGAmicrospheres com-
bined with systemic antibiotics, or locally delivered free ri-
fampicin/moxifloxacin. Therefore, the observed decrease
in pro-inflammatory cytokines and CD38-positive cells, to-
gether with changes in CD206/IL-10-associated reparative
markers in the microsphere group, may be partly or largely
attributable to infection control and subsequent resolution
of inflammation. The present findings should therefore be
interpreted as showing that RM-PLGA treatment was asso-
ciated with macrophage polarization-related changes in the
infectedmicroenvironment, rather than proving an indepen-
dent macrophage-polarizing property of the microspheres.
Future studies incorporating these control groups will be
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necessary to clarify the relative contributions of antibac-
terial activity, local sustained drug release, PLGA carrier
effects, and direct macrophage immunomodulation.

Notably, YTHDC1 and PDPK1 showed opposite
trends between the in vitro RAW264.7 macrophage model
and the in vivo osteomyelitis model. This discrepancy may
be explained by the different biological contexts of the two
systems. The in vitro experiments were performed exclu-
sively in macrophages, whereas the in vivo bone lesion tis-
sue contained macrophages, osteoblast-lineage cells, stro-
mal cells, endothelial cells, and infiltrating immune cells.
Therefore, the increased YTHDC1 and PDPK1 expres-
sion observed in vivo cannot be attributed specifically to
macrophages based on the current data. These findings
should be interpreted as tissue-level expression changes as-
sociated with infection resolution and repair, rather than di-
rect evidence of macrophage-specific regulation.

6. Conclusion
In summary, the present study demonstrates that

rifampicin/moxifloxacin-loaded PLGA microspheres al-
leviated infection-related pathological changes and re-
duced inflammatory responses in a traumatic osteomyeli-
tis model. RM-PLGA treatment was associated with favor-
able changes in macrophage polarization-associated mark-
ers, including reduced pro-inflammatory cytokines and
CD38-positive cells together with changes in CD206/IL-
10-associated reparative markers. Together with our pre-
vious in vitro findings showing sustained antibiotic re-
lease, direct antibacterial activity, and biofilm inhibition of
RIF/MOX–PLGA microspheres [31], these results suggest
that RM-PLGA microspheres may serve as a promising lo-
cal therapeutic strategy for traumatic osteomyelitis. How-
ever, antibiotic-only, blank PLGA plus antibiotic, and lo-
cally delivered free antibiotic control groups were not in-
cluded in the present study. Therefore, it remains unclear
whether the observed macrophage polarization-associated
changes were caused by a direct immunomodulatory ef-
fect of RM-PLGA or were secondary to bacterial clearance
and inflammation resolution. Further studies incorporating
these control groups, as well as CFU counting, bacterial
burden quantification, and in vivo biofilm-related assays,
are required to clarify the relative contributions of antibac-
terial activity and macrophage immunomodulation and to
directly confirm the antibacterial efficacy of RM-PLGA in
vivo.
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