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A B S T R A C T

Intracellular pathogens persist because they hide within host cells, shielding themselves from immune surveil
lance and limiting antibiotic exposure. Herein, a mannose-functionalized, carrier-free nanodrug (MTBN) is re
ported that executes a cascade-targeting strategy against intracellular Staphylococcus aureus (S. aureus). MTBN is 
generated through a dynamic Schiff-base-driven co-assembly of tobramycin (Tob) and borneol 4-formylbenzoate 
(BF), followed by mannose conjugation, affording high drug loading, minimal structural complexity, and long- 
term colloidal stability. Upon administration, MTBN preferentially homes to infected macrophages via 
mannose-receptor-mediated endocytosis and subsequently escapes lysosomes after acid-triggered de-man
nosylation. In the mildly acidic, infection-associated microenvironment, the nanodrug disassembles into smaller 
fragments that are readily internalized by S. aureus, boosting intrabacterial drug accumulation. Cleavage of the 
Schiff-base linkages then releases Tob and BF in a synchronized manner, producing synergistic bactericidal ac
tivity that efficiently eradicates intracellular bacteria. MTBN achieved 99.99% and 99.9% intracellular bacterial 
killing in vitro and in vivo, respectively, with efficacy superior to that of free drugs, the physical mixture, and non- 
targeted TBN. This carrier-free platform provides a promising therapeutic strategy for the treatment of refractory 
intracellular infections.

Introduction

Intracellular parasitic bacteria are major drivers of chronic infectious 
diseases, which are often marked by recurrent episodes and difficulty in 
achieving complete eradication, thereby posing a persistent threat to 
human health [1–3]. A key pathogenic feature is their ability to invade 
eukaryotic host cells, which enables escape from humoral immune 
surveillance and subsequent clearance [4–6]. Once internalized, host 
cells provide a protected niche that supports bacterial persistence, la
tency, and relapse, making sterilizing cure challenging [7]. For example, 
after uptake by macrophages, Staphylococcus aureus (S. aureus) can adopt 
a quiescent phenotype that resists lysosomal degradation and perturbs 
host immune functions, ultimately establishing a stable intracellular 
reservoir [8–10]. Such intracellular S. aureus is associated with severe 
clinical manifestations, including osteomyelitis, sepsis, and necrotizing 

pneumonia [11–13]. However, many conventional antibiotics, 
including β-lactams and aminoglycosides, penetrate macrophage mem
branes inefficiently and therefore fail to reach therapeutic intracellular 
concentrations [2,14,15]. Consequently, improving intracellular anti
biotic delivery to achieve effective clearance of intracellular bacteria 
remains a critical challenge in contemporary anti-infective therapy [16].

The utilization of drug-delivery systems (DDS), particularly nano
carriers such as liposomes, polymers, and metal–organic frameworks, 
offers substantial promise for treating intracellular bacterial infections 
[17–21]. By rationally tuning particle size, surface charge, and 
stimulus-responsive behavior, these platforms can be engineered to 
promote preferential accumulation in infected cells and to enable 
controlled, on-demand antibiotic release [16,22,23]. As a result, 
nanocarrier-based delivery can increase intracellular antibiotic expo
sure and improve antibacterial efficacy, helping to address the poor 
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intracellular performance of many conventional agents [24–26]. Despite 
these advances, several barriers still limit broader translation. Many 
systems suffer from low drug loading, which restricts achievable intra
cellular doses, while material-associated toxicity and unintended im
mune activation can compromise biocompatibility [27–30]. In addition, 
complicated formulations and manufacturing workflows often impede 
scalable production and clinical implementation [31–33]. Therefore, 
there remains a strong need for innovative DDS that combine high 
loading efficiency, favorable biocompatibility, and simplified design 
and fabrication to effectively combat intracellular bacterial infections.

Carrier-free nanodrugs represent an emerging class of nano–drug 
delivery systems in which multiple therapeutic agents or bioactive 
components self-assemble into nanoscale formulations with minimal or 
no inert excipients [34–36]. Owing to their carrier-free architecture, 
these systems not only achieve exceptionally high drug-loading capacity 
while avoiding carrier-associated toxicity, but also enable intrinsic 

combination therapy: the co-assembled components act cooperatively to 
generate therapeutic outcomes that can surpass the sum of individual 
effects [37–39]. Accordingly, carrier-free nanodrugs have attracted 
increasing interest for cancer therapy and for infections caused by 
drug-resistant bacteria [40–42]. For example, Hu et al. reported a 
self-assembled PMBA₄ nanodrug composed of polymyxin B and (E)−
2-heptenal, which reduced the minimum inhibitory concentration 
against multidrug-resistant Pseudomonas aeruginosa by 100-fold and 
effectively disrupted bacterial biofilms [43]. Despite these advances, the 
use of carrier-free nanodrugs for intracellular bacterial infections re
mains largely unexplored. Most reported systems rely primarily on 
passive accumulation via the enhanced permeability and retention 
(EPR) effect and therefore lack active, cell-specific delivery to infected 
host cells [44]. As a consequence, their targeting efficiency is often 
insufficient for intracellular infections, and efficient translocation across 
host cell membranes with controlled drug release at pathogen-relevant 

Fig. 1. (A) Schematic illustration of MTBN synthesis. (B) Mechanism of MTBN for treating intracellular bacterial infection: i) MTBN enters cells via mannose 
receptor–mediated endocytosis. ii) Mannose moieties are removed in lysosomes, allowing MTBN to escape into the cytosol. iii) MTBN targets intracellular bacteria. 
iv) In the weakly acidic microenvironment at the infected site, TBN disassembles into smaller nanofragments that are readily internalized by bacteria, resulting in 
enhanced intrabacterial drug accumulation. Subsequent cleavage of Schiff-base bonds enables BF and Tob to act synergistically to disrupt bacterial membranes and 
efficiently kill intracellular bacteria. v) Upregulation of M1/M2 polarization.
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subcellular sites remains challenging, ultimately limiting therapeutic 
efficacy.

To address the above limitations, tobramycin (Tob) and borneol 4- 
formylbenzoate (BF) are first co-assembled via dynamic Schiff base 
chemistry to form carrier-free nanodrugs (TBN), while a fraction of 
unreacted primary amines remains exposed on the particle surface [39]. 
These residual amines subsequently serve as reactive handles for 
mannose conjugation through Schiff base formation, yielding actively 
targeted MTBN (Fig. 1). The mannose decoration is designed to promote 
selective uptake by infected macrophages via specific recognition of the 
CD206 receptor expressed on their surface [45–47]. After internaliza
tion, mannose moieties are cleaved in the acidic lysosomal milieu, 
exposing positively charged amino groups that facilitate lysosomal 
escape into the cytosol [48,49]. In the weakly acidic microenvironment 
associated with intracellular infection, TBN further disassembles into 
smaller nanofragments, which are more readily internalized by S. aureus 
and thereby enhance intrabacterial drug accumulation. Subsequent 
cleavage of the Schiff base linkages allows Tob and BF to act coopera
tively and exert synergistic antibacterial activity. In parallel, MTBN 
enhances antibacterial efficacy by modulating innate immune responses 
and shifting macrophage polarization toward a pro-inflammatory 
phenotype. Collectively, the combination of efficient intracellular de
livery, infection-responsive disassembly, synergistic antibacterial ac
tion, and immunomodulation enables MTBN to function as a 
cascade-targeted therapeutic strategy for refractory intracellular bacte
rial infections.

Results and discussion

Synthesis and characterization of MTBN

The preparation of MTBN is schematically depicted in Fig. 1A. 
Briefly, hydrophilic Tob is anchored at the dichloromethane/water 
emulsion interface through association with hydrophobic BF, leading to 
the formation of carrier-free TBN with a hydrophilic surface. Benefiting 
from this oil-water interfacial templating effect, Tob is enriched on the 
outer layer, thereby retaining a fraction of accessible amine groups. 
Mannose is then conjugated to these surface amines via dynamic Schiff 
base chemistry to yield mannose-functionalized MTBN. Scanning elec
tron microscopy (SEM) images show that both TBN and MTBN are 
uniformly spherical, with particle sizes of 100–400 nm (Fig. 2A). 
Transmission electron microscopy (TEM) further reveals a solid interior 
for TBN, whereas MTBN displays a distinct core-shell architecture, 
consistent with surface mannosylation (Fig. 2B). Dynamic light scat
tering (DLS) measurements indicate an increase in hydrodynamic 
diameter from 191 nm (TBN) to 232 nm (MTBN), and a concomitant 
decrease in zeta potential from + 42.9 mV to + 32.5 mV, confirming 
successful conjugation (Fig. 2C, D). In addition, MTBN remains colloi
dally stable in phosphate-buffered saline (PBS) and fetal bovine serum 
(FBS) for at least 7 days, maintaining a diameter below 300 nm and a 
polydispersity index (PDI) consistently below 0.25 (Fig. 2E, F).

X-ray photoelectron spectroscopy (XPS) was used to probe the sur
face chemistry of MTBN and to verify mannose installation. Compared 
with TBN, MTBN exhibits a pronounced increase in the C3 (C––N) 

Fig. 2. Characterization of MTBN nanodrugs. (A) SEM images of TBN and MTBN. (B) TEM images of TBN and MTBN. (C) Hydrodynamic size distributions of TBN 
and MTBN measured by DLS (n = 3). (D) Zeta potential measurements of TBN and MTBN (n = 3). (E) Time-dependent size changes of TBN and MTBN in different 
culture media (n = 3). (F) Time-dependent PDI variations of TBN and MTBN in different culture media (n = 3). (G) XPS C1s spectra of TBN and MTBN. (H) pH- 
responsive release profiles of tobramycin from TBN and MTBN under various pH conditions (n = 3).
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component together with a concomitant decrease in the C2 (C-N) 
component in the C1s spectrum, which is attributed to the higher 
abundance of Schiff base linkages introduced during mannose conju
gation (Fig. 2G). Consistent evidence is provided by 1H NMR spectros
copy (Fig. S2). The characteristic -CHO resonance at δ 10.1 ppm 
disappears in TBN, while new signals assigned to Schiff base formation 
emerge at δ 8.35–8.65 ppm, indicating successful conjugation of Tob 
and BF into TBN. After mannose grafting, MTBN shows an additional 
Schiff base resonance at δ 8.52 ppm, accompanied by distinct mannose- 
derived hydroxyl proton signals at δ 4.07–4.82 ppm. Further support is 
obtained from Fourier-transform infrared (FTIR) spectroscopy (Fig. S3), 
where the C––N stretching band at 1600 cm⁻¹ is markedly enhanced in 
MTBN relative to TBN. Meanwhile, intensified O-H stretching 
(3421 cm⁻¹) and C-H vibration (1435 cm⁻¹) bands are observed, 
consistent with the introduction of mannose-associated functional 
groups. Collectively, these spectroscopic results confirm that mannose is 
covalently anchored to the TBN surface through Schiff base bonds.

The drug loading of Tob in MTBN is determined to be 38.47% using 
the o-phthalaldehyde method [50], whereas the mannose content is 
quantified as 15.66% by the phenol-sulfuric acid assay [51]. Based on 
these measurements, the BF loading is calculated to be 45.87% 
(Table S1). From the loading contents, the molar composition of MTBN 

is further derived, giving a Tob: BF molar ratio of 1:2 and a Tob: 
mannose molar ratio of 1:1, which is consistent with the proposed 
core-shell structural model. The pH-responsive release behavior of TBN 
and MTBN is then evaluated under physiological (PBS, pH 7.4) and 
mildly acidic (PBS, pH 5.5) conditions. Under pH 5.5, Tob is released 
substantially faster, with 49% cumulatively released from MTBN within 
6 h, compared with only 9% at pH 7.4 over the same period. After 48 h, 
cumulative Tob release reaches 74% at pH 5.5 but increases only to 15% 
at pH 7.4. Notably, MTBN exhibits a release profile comparable to that of 
TBN, indicating that mannose modification does not measurably alter 
Tob release and that both nanodrugs retain acid-responsive release 
behavior (Fig. 2H). Additionally, MTBN was pretreated in PBS (pH 5.5) 
for different durations and then examined by SEM to visualize its 
acid-triggered structural evolution. As shown in Fig. S6, approximately 
half of the MTBN assemblies disintegrate into ≤ 100 nm fragments by 
6 h, and this disassembly becomes more pronounced at 9 h. By 12 h, the 
larger spherical architectures are no longer observed, leaving predom
inantly ≤ 100 nm fragments. Collectively, these time-dependent 
morphological changes suggest that the mildly acidic microenviron
ment promotes cleavage of the Schiff base linkages, which drives MTBN 
disassembly into smaller structures and enables acid-responsive drug 
release.

Fig. 3. Evaluation of the extracellular antibacterial activity of MTBN. (A) MICs of BF, Tob, Mix, TBN, and MTBN against S. aureus (n = 3). (B) Representative colony 
images and (C) quantitative CFU analysis of extracellular antibacterial assays after treatment with BF, Tob, Mix, TBN, and MTBN (n = 3). (D) Live/dead staining 
images of S. aureus following different treatments. (E) ImageJ quantification of live/dead fluorescence fractions (n = 3). (F) Growth curves of S. aureus treated with 
BF, Tob, Mix, TBN, and MTBN at 0.5 × MIC, 1 × MIC, and 2 × MIC (n = 3).
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Extracellular antibacterial activity

To evaluate extracellular antibacterial activity against S. aureus, the 
minimum inhibitory concentrations (MICs) of BF, Tob, their physical 
mixture (Mix), TBN, and MTBN were determined. As shown in Fig. 3A, 
the MICs are 4 μg/mL for BF, 0.5 μg/mL for Tob, 0.5 μg/mL for Mix, 
0.25 μg/mL for TBN, and 0.5 μg/mL for MTBN. TBN exhibits the lowest 
MIC, indicating enhanced inhibitory potency relative to the single drugs 
and Mix. Notably, although the MIC of MTBN matches that of Mix, 
measurable growth inhibition is already observed at 0.25 μg/mL, 
whereas Mix does not exhibit significant antibacterial activity at the 
same concentration. The minimum bactericidal concentrations (MBCs) 
further support this trend. BF, Tob, and Mix display MBCs of 8, 2, and 
2 μg/mL, respectively, whereas both TBN and MTBN achieve an MBC of 
1 μg/mL (Fig. S7). Consistent with these results, colony-counting assays 
performed after incubating S. aureus with BF, Tob, Mix, TBN, or MTBN at 
an identical dose concentration (1 μg/mL) show that BF produces no 
statistically significant reduction in colony-forming unit (CFU) relative 
to the control, while Tob and Mix reduce bacterial burdens by 4.4 and 
5.0 log10 CFU, respectively (Fig. 3B, C). In contrast, no viable colonies 
are detected after treatment with either TBN or MTBN, demonstrating 
complete bacterial eradication at this dose. Collectively, these findings 
indicate that the assembled carrier-free nanodrugs display potent 
extracellular antibacterial activity against planktonic S. aureus. Live/ 
Dead staining further corroborates these quantitative results, both 
nanodrugs induce predominant red fluorescence with an almost com
plete loss of green signals (Fig. 3D, E), indicative of severe membrane 
damage and near-total loss of viability [52]. By contrast, BF retains 
predominantly green fluorescence similar to the control, whereas Tob 
and Mix induce only a modest increase in red signals, consistent with 
their limited bactericidal activity.

Systematic assessment of antibacterial kinetics was further con
ducted by monitoring S. aureus growth at three dose levels (0.5 × MIC, 
1 × MIC, and 2 × MIC), with BF, Tob, Mix, TBN, and MTBN evaluated in 
parallel (Fig. 3F). At 0.5 × MIC, neither Tob nor BF produces appre
ciable growth inhibition, whereas Mix delays the onset of the logarith
mic phase from 4 h to 8 h. A more pronounced delay is observed for both 
TBN and MTBN, with the exponential growth phase postponed to 12 h. 
When the dose is increased to 1 × MIC, TBN completely suppresses 
bacterial proliferation over the monitored period, while MTBN main
tains sustained growth inhibition; by contrast, the Mix group exhibits 
regrowth after 12 h, indicating limited durability. At 2 × MIC, MTBN, 
TBN, and Mix all display strong antibacterial activity, whereas Tob and 
BF only transiently inhibit growth at early time points, followed by 
gradual regrowth after 12 h. Overall, TBN and MTBN consistently 
outperform the single-drug formulations and their physical mixture, 
achieving substantial growth delay even at reduced concentrations.

Antibacterial mechanism of MTBN

To assess the ability of MTBN to target planktonic bacteria, GFP- 
labeled S. aureus (GFP-S. aureus) is co-incubated with Nile Red-labeled 
MTBN (NR@MTBN) and analyzed by confocal laser scanning micro
scopy (CLSM). CLSM images show pronounced overlap between the 
green (GFP-S. aureus) and red (NR@MTBN) signals, indicating strong 
colocalization (Fig. S8A). This spatial correspondence is further quan
tified using ImageJ, where the red fluorescence profile of NR@MTBN 
closely matches the green fluorescence profile of GFP-S. aureus 
(Fig. S8B), yielding Pearson’s correlation coefficient (PCC) above 0.6 
(Fig. S8C). These results support efficient bacterial association of MTBN. 
Consistent with this observation, zeta potential measurements reveal 
that the bacterial surface potential increases markedly after incubation 
with positively charged MTBN, due to electrostatic interactions with 
negatively charged phosphate ester groups on the bacterial cell wall 
(Fig. S9). MTBN adsorbs onto the bacterial surface through electrostatic 
attraction, thereby promoting bacterial accumulation and perturbing 

bacterial surface properties [53]. After MTBN is shown to efficiently 
associate with bacterial surfaces, synchrotron X-ray imaging is further 
applied to resolve its spatial distribution and internalization behavior at 
the bacterial scale. TBN is first labeled with Tetra(4-iodophenyl) 
ethylene to afford iodine-tagged nanodrugs (I@TBN), and successful 
iodine incorporation is verified by DLS and energy-dispersive X-ray 
spectroscopy (EDS) (Figs. S10 and S11). I@TBN is then incubated with 
S. aureus prior to synchrotron imaging. In the two-dimensional cross-
sectional images (Fig. 4A), bacteria in the control group show relatively 
higher X-ray absorption at the cell envelope and lower absorption in the 
cytoplasmic region. By contrast, the I@TBN-treated group exhibits 
markedly enhanced absorption signals within the bacterial interior, 
suggesting that I@TBN crosses the cell-wall barrier and accumulates 
intra bacterially. This inference is further strengthened by 
three-dimensional reconstructions, which reveal continuously distrib
uted iodine signals throughout the bacterial volume in the treated group 
(Fig. 4B, Video S1). Consistently, quantitative analysis of the linear 
absorption coefficient (LAC) shows significantly higher LAC values in 
the I@TBN-treated group than in the control (Fig. 4C), providing 
quantitative support for intrabacterial enrichment and effective inter
nalization of the iodinated nanodrugs.

To clarify the synergistic antibacterial interactions among the MTBN 
components, the combined activity of BF and Tob was first evaluated 
using a checkerboard assay. As shown in Fig. 4D, fractional inhibitory 
concentration index (FICI) of 0.5 was obtained when BF and Tob were 
applied at 1 μg/mL and 0.25 μg/mL, respectively, confirming synergis
tic interaction [54]. The contribution of mannose to Tob-mediated 
antibacterial efficacy was then examined [55]. As shown in Fig. 4E 
and Fig. S12, increasing the mannose concentration to ≥ 16 mM 
reduced the S. aureus survival rate from 55% to 30% relative to 
mannose-free conditions, indicating that mannose markedly potentiated 
Tob activity. Exogenous carbohydrates and metabolites have been re
ported to enhance aminoglycoside activity by promoting bacterial 
metabolism and antibiotic uptake [55–57]. Therefore, the 
mannose-enhanced Tob activity may be partially attributed to 
metabolite-assisted sensitization. Collectively, these results suggest that 
the MTBN constituents’ function cooperatively to achieve enhanced 
antibacterial performance.

To determine whether such cooperation translated into structural 
damage, bacterial morphology after each treatment was examined by 
SEM. PBS-treated S. aureus maintained intact cell morphology with clear 
boundaries, whereas only minor surface deformation was observed after 
exposure to BF or Tob. In the Mix group, moderate membrane disruption 
was detected. By contrast, treatment with TBN or MTBN caused severe 
structural collapse accompanied by evident cytoplasmic leakage, 
consistent with pronounced bactericidal activity (Fig. 4F). Membrane 
depolarization was further assessed using the potential-sensitive probe 
3,3′-Diethyloxacarbocyanine (DiOC₂(3)) [58]. Both TBN and MTBN 
induced substantial depolarization, and the effect was markedly stron
ger than that produced by the single-drug and Mix groups (Fig. 4G). 
Consistently, ortho-Nitrophenyl-β-galactoside (ONPG) assays showed 
that TBN and MTBN significantly increased membrane permeability 
(Fig. 4H). [59] Protein leakage measurements provided additional 
support: the BCA assay revealed significantly elevated extracellular 
protein levels in the TBN- and MTBN-treated groups, exceeding those 
observed in the Mix group (Fig. 4I).

In summary, MTBN kills S. aureus via a cascade mechanism in which 
electrostatic adsorption promotes bacterial enrichment, disassembly 
under mildly acidic infection microenvironment enables bacterial 
internalization and elevates intrabacterial drug levels, and subsequent 
Schiff-base cleavage allows Tob and BF to act synergistically, ultimately 
causing severe membrane dysfunction and bacterial death.

Evaluation of mannose-mediated cellular uptake and lysosomal escape

Mannose is grafted onto the MTBN surface to promote targeted 
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delivery toward infected macrophages. To examine whether mannose 
functionalization improves cellular uptake, coumarin− 6 (C6) is loaded 
as a fluorescent tracer to generate C6@TBN and C6@MTBN, and time- 
dependent internalization in RAW264.7 cells is monitored by CLSM 
(Fig. 5A, B). C6@MTBN shows strong intracellular accumulation as 
early as 2 h, followed by a further increase at 4 and 6 h, after which the 
signal approaches a plateau. In contrast, C6@TBN exhibits consistently 
weaker intracellular fluorescence, the signal stabilizes after 6 h, and 
remains markedly lower than that of C6@MTBN even at 12 h. These 
observations indicate that mannose decoration substantially enhances 
cellular internalization of the nanodrugs. To verify receptor involve
ment, a competitive inhibition assay is performed using free mannose as 
a blocker of mannose receptors [26]. RAW264.7 cells are pre-incubated 
with free mannose for 1 h and then treated with C6@MTBN or C6@TBN. 
Both CLSM imaging and flow cytometry show that receptor blocking 

significantly reduces C6@MTBN uptake, while exerting little effect on 
C6@TBN internalization (Fig. 5C, D). Together, these results support 
that C6@MTBN enters macrophages predominantly through mannose 
receptor-mediated endocytosis.

Macrophages typically internalize nanodrugs through endocytosis 
and traffic them to lysosomes, where premature degradation can 
markedly reduce cytosolic drug availability and compromise antibac
terial efficacy against intracellular pathogens [48,49]. Therefore, pro
moting lysosomal escape is essential for maximizing intracellular 
bioavailability. To visualize the lysosomal trafficking and escape 
behavior of MTBN, the nanodrug is labeled with the AIE fluorophore 
TPE-CHO to generate AIE@MTBN (Ex/Em = 369/488 nm, Fig. S14A) 
[60,61]. Notably, AIE@MTBN exhibits pH-dependent fluorescence 
attenuation: its emission intensity gradually decreases as the pH is 
lowered from 7.4 to 3.0, consistent with acid-triggered nanodrug 

Fig. 4. Antibacterial mechanism of MTBN. (A) Synchrotron radiation imaging cross-sectional images of the I@TBN group and the control group. (B) 3D recon
struction of synchrotron radiation imaging for the I@TBN group and the control group. The red signal corresponds to the iodine elemental signal from iodine-labeled 
nanodrugs. (C) Statistical comparison of LAC between the I@TBN group and the control group (n = 3). (D) Checkerboard assay evaluating the synergistic anti
bacterial effects of BF and Tob. (E) Mannose-enhanced antibacterial activity of Tob. (F) SEM images of S. aureus after treatment with different formulations, with red 
arrows indicating cell wall and membrane shrinkage or disruption. (G) Bacterial membrane depolarization after treatment with different formulations (n = 3). (H) 
Changes in bacterial membrane permeability after treatment with different formulations (n = 3). (I) Protein leakage from S. aureus after treatment with different 
formulations (n = 3). # indicates statistical significance between the experimental group and the control group.
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disassembly (Fig. S14B), and this trend is also evident under 365 nm UV 
illumination (Fig. S14C). This pH sensitivity enables AIE@MTBN to 
serve as fluorescent reporter for tracking nanodrug behavior within 
acidic organelles. Lysosomal escape is then assessed by CLSM using 
lysosomal markers. At 3 h, AIE@MTBN is largely confined to lysosomes, 
showing strong colocalization with a PCC of 0.7. With prolonged incu
bation, the blue fluorescence becomes increasingly dispersed 
throughout the cytoplasm, accompanied by pronounced reduction in 
lysosomal colocalization, and the PCC drops below 0.3 after 6 h (Fig. 5E, 
F). In parallel, ImageJ-based quantification shows that the intracellular 
fluorescence intensity reaches a maximum at 3 h and remains relatively 
stable thereafter (Fig. 5G), suggesting that AIE@MTBN largely com
pletes cellular entry by 3 h and retains its fluorescence signal during the 
escape process. Accordingly, these results indicate that MTBN is capable 

of effective lysosomal escape.

Intracellular bacterial targeting and antibacterial activity

MTBN was previously shown to exhibit strong association with 
extracellular S. aureus. To determine whether a similar targeting 
behavior occurs intracellularly, in situ colocalization study is performed 
in GFP-S. aureus infected RAW264.7 macrophages using NR@MTBN. 
After 24 h of incubation, nuclei are counterstained with DAPI and the 
cells are analyzed by CLSM. As shown in Fig. 6A, NR@MTBN red fluo
rescence extensively overlaps with the green GFP-S. aureus signal, 
yielding distinct yellow regions in the merged images and indicating 
close spatial proximity between MTBN and intracellular bacteria. Z- 
stack 3D CLSM imaging further visualizes this overlap throughout the 

Fig. 5. Mannose-mediated endocytosis and lysosomal escape of MTBN. (A) CLSM images of RAW264.7 macrophages incubated with C6@MTBN or C6@TBN for 2, 4, 
6, and 12 h, with nuclei stained by DAPI. (B) Quantitative analysis of cellular uptake based on mean fluorescence intensity (MFI) using ImageJ (n = 3). (C) CLSM 
images of RAW264.7 macrophages incubated with C6@MTBN or C6@TBN for 3 h in the presence of competitive inhibitor mannose. (D) Flow cytometric analysis of 
C6 fluorescence intensity in RAW264.7 macrophages. (E) CLSM images showing the colocalization of AIE@MTBN with lysosomes in RAW264.7 macrophages after 1, 
3, 6, and 12 h of incubation, with lysosomes stained by Lysotracker Green. (F) PCC between AIE@MTBN and lysosomes analyzed by ImageJ (n = 3). (G) Quantitative 
analysis of AIE@MTBN fluorescence intensity in RAW264.7 macrophages using ImageJ (n = 3).
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cellular volume, supporting intracellular colocalization (Fig. 6B). 
Quantitative colocalization metrics revealed substantial spatial overlap 
between NR@MTBN and intracellular GFP-S. aureus (Fig. 6C), as indi
cated by PCC > 0.6 (Fig. S15). Taken together, MTBN enters macro
phages via mannose receptor-mediated endocytosis and, after lysosomal 
escape, colocalizes with intracellular S. aureus, supporting its intracel
lular antibacterial activity.

The intracellular antibacterial efficacy of MTBN is evaluated in 
S. aureus-infected RAW264.7 macrophages. Infected cells are treated 
with MTBN (16 μg/mL), while BF, Tob, Mix, TBN, and PBS serve as 

controls, and intracellular bacteria are quantified by colony counting. 
Across all time points, MTBN achieves the most pronounced intracel
lular clearance, maintaining viable bacterial levels below 3.0 log10 CFU/ 
mL (Fig. 6D, E). At 12 h, the PBS group remains at 5.0 log10 CFU/mL, 
with only marginal reductions observed for BF and Tob. Although Mix 
and TBN reduce intracellular bacteria, MTBN lowers the CFU to 
< 3.0 log10 CFU/mL and remains significantly more effective than Mix 
and TBN (Mix vs MTBN, ***, p = 0.0006; TBN vs MTBN, ***, 
p = 0.0007). At 24 h, bacterial outgrowth is evident in the PBS group, 
whereas MTBN continues to suppress intracellular bacteria to 

Fig. 6. Intracellular targeting and antibacterial activity of MTBN. (A) CLSM images showing the colocalization of NR@MTBN (red) with intracellular GFP-S. aureus 
(green) in RAW264.7 macrophages after 24 h incubation. (B) Z-stack 3D confocal images illustrating the spatial colocalization between NR@MTBN and intracellular 
S. aureus. (C) Fluorescence intensity distribution profiles of NR@MTBN and GFP-S. aureus. (D) Representative colony images of intracellular S. aureus after different 
treatments. (E) Quantitative CFU analysis of intracellular S. aureus in RAW264.7 cells (n = 3). (F) Flow cytometry analysis of M1 (CD80) and M2 (CD206) markers in 
infected RAW264.7 macrophages after different treatments. (G) Statistical analysis of the CD80/CD206 expression ratio in macrophages after treatment (n = 3). # 
indicates statistical significance between the experimental group and the control group.
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< 3.0 log10 CFU/mL, again outperforming Mix and TBN (Mix vs MTBN, 
*, p = 0.0107; TBN vs MTBN, *, p = 0.0137). When the incubation is 
extended to 48 h, BF no longer differs significantly from PBS (ns, 
p = 0.4857), while MTBN still maintains intracellular bacterial counts 
below 3.0 log10 CFU/mL and remains significantly lower than Mix and 
TBN (Mix vs MTBN, *, p = 0.023; TBN vs MTBN, **, p = 0.0059), 
indicating sustained intracellular antibacterial activity (99.99% intra
cellular bacterial killing in vitro). This superior performance is attrib
utable to the combined effects of mannose-mediated uptake, lysosomal 
escape, acid-triggered disassembly/drug release, and cooperative anti
bacterial action.

Intracellular bacteria are known to dampen pro-inflammatory (M1) 
macrophage polarization while favoring anti-inflammatory (M2) phe
notypes, thereby facilitating immune evasion [62]. To explore whether 
MTBN contributes to intracellular bacterial clearance by reshaping 
macrophage phenotype, polarization markers were analyzed by flow 
cytometry. Relative to PBS-treated controls, CD80 expression was 
increased after treatment with Tob, Mix, TBN, and MTBN, with the most 
pronounced upregulation observed for MTBN, whereas CD206 levels 
showed a modest decrease across all treatment groups (Fig. 6F). 
Accordingly, the CD80/CD206 ratio was significantly elevated in the 
MTBN group (Fig. 6G), indicating a shift toward an M1-skewed polari
zation state that may strengthen macrophage-mediated elimination of 
intracellular S. aureus [63].

In vivo targeting and antibacterial efficacy

A murine thigh muscle infection model is established to evaluate the 
in vivo infection-site targeting of MTBN (Fig. 7A) [64]. Specifically, 
100 μL of S. aureus suspension and 100 μL of PBS are injected into the 
left and right thigh muscles, respectively, to define infected and 
contralateral uninfected sites. After 12 h, Cy7-labeled MTBN 
(Cy7@MTBN) is administered intravenously, and its biodistribution is 
monitored using an IVIS imaging system. As shown in Fig. 7B and C only 
weak fluorescence is detected at both thighs at 1 h post-injection. By 3 h, 
fluorescence at the infected site increases markedly and becomes 
significantly higher than that at the uninfected site (*, p = 0.0417). At 
6 h, the signal is mainly observed in the liver and the infected thigh, and 
it continues to accumulate at the infected site at later time points. At 
24 h, the infected site reaches maximal fluorescence intensity, remain
ing markedly higher than the uninfected site (***, p = 0.0002). In 
contrast, the free Cy7 probe is predominantly cleared through hepatic 
metabolism with minimal infection-site retention. Ex vivo imaging at 
24 h further confirms preferential accumulation of Cy7@MTBN in the 
liver, kidneys, and infected tissue, with fluorescence at the infection site 
exceeding that of the uninfected site by more than twofold (Fig. 7D, **, 
p = 0.0075). Collectively, these results indicate that MTBN achieves 
infection-site–selective accumulation and prolonged retention in 
S. aureus-infected tissues.

To assess the in vivo antibacterial efficacy of MTBN, a S. aureus- 
induced peritonitis model was established (Fig. 7F). This model is widely 
used to investigate intracellular bacterial infections and enables 
discrimination between extracellular and intracellular bacteria [65]. 
Mice were first infected via intraperitoneal injection of S. aureus sus
pension (1 × 108 CFU/mL). After 24 h, various treatment groups were 
administered intraperitoneal injections of the respective formulations, 
and treatment was continued for 24 h. As shown in Fig. 7G, all mice 
receiving TBN or MTBN survived, whereas survival decreased to 83% in 
the Mix group and 50% in the PBS group. After 24 h of treatment, 
peritoneal lavage fluid was collected to quantify total, intracellular, and 
extracellular bacterial CFU (Fig. 7H, I). Mix did not significantly reduce 
intracellular S. aureus (ns, p = 0.1577), while both TBN and MTBN 
produced pronounced intracellular antibacterial effects. Notably, MTBN 
achieved significantly greater intracellular bacterial clearance than TBN 
(**, p = 0.0095), reducing CFU levels to below 2.0 log10 CFU/mL 
(99.9% intracellular bacterial killing in vivo). For extracellular bacteria, 

both TBN and MTBN also showed strong antibacterial activity, and their 
clearance was significantly superior to that of Mix (**, p = 0.0061), 
consistent with the targeted delivery and acid-triggered dis
assembly/drug release of the carrier-free nanodrugs. In addition, serum 
cytokine analysis indicated that MTBN attenuated infection-associated 
pro-inflammatory cytokine expression (Fig. S18). This finding reflects 
effective infection control by MTBN and reduced infection-driven in
flammatory stimulation in vivo. Collectively, MTBN demonstrated robust 
in vivo efficacy, with enhanced clearance of intracellular S. aureus and 
concomitant mitigation of inflammatory responses.

Evaluation of biocompatibility

To evaluate the biocompatibility of MTBN, its cytotoxicity toward 
RAW264.7 macrophages and L929 fibroblasts was first assessed using a 
CCK− 8 assay. In RAW264.7 cells, BF exhibited dose-dependent toxicity, 
reducing cell viability to 61.8% at 4 μg/mL and 42.5% at 16 μg/mL, 
with a toxic response already evident at 2 μg/mL. In contrast, the clin
ically used antibiotic Tob showed no detectable cytotoxicity across the 
tested concentrations. Notably, MTBN maintained high viability even at 
16 μg/mL (89.7%), indicating that MTBN effectively attenuated BF- 
associated cytotoxicity. A similar trend was observed in L929 cells, 
where MTBN preserved 79.6% viability at 16 μg/mL (Fig. S19A). Blood 
compatibility was then examined by hemolysis testing. As shown in 
Fig. S19B, MTBN induced minimal hemolysis (0.56%) even at 64 μg/mL, 
suggesting negligible damage to red blood cells. Finally, in vivo safety 
was evaluated by H&E staining of major organs. Compared with healthy 
controls, the PBS-treated group displayed inflammatory cell infiltration 
and hemorrhagic features in the liver, spleen, and kidney, along with 
enlarged splenic lymphoid regions. In contrast, no evident histopatho
logical abnormalities were observed in MTBN-treated mice (Fig. S19C). 
Collectively, these results demonstrate that MTBN exhibits favorable 
biocompatibility and a good safety profile both in vitro and in vivo, 
supporting its potential as an effective therapeutic nanodrug platform 
for intracellular bacterial infections.

Conclusion

In this study, a mannose-functionalized, carrier-free nanodrug 
(MTBN) is developed to address intracellular bacterial infections by 
integrating active targeting, microenvironment-triggered disassembly, 
and synergistic antibacterial action. MTBN is preferentially internalized 
by infected macrophages via mannose-receptor–mediated endocytosis. 
In acidic lysosomes, the acid-labile mannose linkage dissociates to 
expose cationic amino groups, which promotes lysosomal escape. Once 
in the mildly acidic intracellular infection niche, MTBN disassembles 
into smaller nanofragments that facilitate bacterial internalization and 
increase intrabacterial drug availability. Meanwhile, Schiff-base cleav
age enables Tob and BF to act in concert. Through this cascade process, 
bacterial membrane integrity is severely compromised and durable 
bactericidal activity is achieved. Consistent with these mechanistic 
features, MTBN exhibits markedly improved intracellular antibacterial 
efficacy in vitro and in vivo compared with free drugs, their physical 
mixtures, and non-targeted carrier-free nanodrugs, while exhibiting 
negligible systemic toxicity. This cascade-targeting strategy establishes 
a clinically translatable paradigm for refractory intracellular infections 
and advances the broader utility of carrier-free nanomedicines.

Materials and methods

Materials

4-Formylbenzoic acid (≥ 98%) was purchased from Bide Pharmatech 
Co., Ltd. (China). (-)-Borneol (≥ 97%) was obtained from Aladdin 
Biochemical Technology Co., Ltd. (China). N,N’-Dicyclohex
ylcarbodiimide (DCC, ≥ 98%), 4-dimethylaminopyridine (DMAP, ≥
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99%), and D-(+)-mannose (≥ 98%) were purchased from Tokyo 
Chemical Industry Co., Ltd. (TCI, Japan). Tobramycin (≥ 94%), 
coumarin− 6 (≥ 98%), ethyl acetate, tetrahydrofuran (THF), petroleum 

ether, sodium hydroxide, and dichloromethane (DCM) were obtained 
from J&K Scientific Ltd. (China). Nile Red (≥ 95%) was purchased from 
Shanghai Macklin Biochemical Co., Ltd. (China). Tryptic Soy Broth 

Fig. 7. In vivo targeting and antibacterial performance of MTBN. (A) Schematic illustration of the mouse muscle infection model. (B) Representative fluorescence 
images of infected mice. (C) Quantitative fluorescence analysis of infected and uninfected sites (n = 3). (D) Ex vivo fluorescence images of major organs and tissues 
collected 24 h post-injection of Cy7@MTBN, including heart, liver, spleen, lung, kidney, infected site, and uninfected site, abbreviated as H, L, S, Lu, K, I, and U, 
respectively. (E) Quantitative MFI analysis of ex vivo organs and tissues (n = 3). (F) Schematic illustration of the mouse peritonitis infection model. (G) Survival 
curves of mice during the treatment of peritonitis infection (n = 6). (H) Representative images of total, intracellular, and extracellular bacterial colonies on agar 
plates after 24 h of treatment with different formulations. (I) Quantitative CFU analysis of total, intracellular, and extracellular bacteria at 48 h using surviving 
animals: PBS group, n = 3; Mix group, n = 5; TBN and MTBN groups, n = 6. # indicates statistical significance between the experimental group and the con
trol group.
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(TSB) and Tryptic Soy Agar (TSA) were obtained from China National 
Pharmaceutical Group Corporation (China). The Live/Dead bacterial 
viability kit, CCK− 8, LysoTracker Green, 4',6-diamidino-2-phenylindole 
(DAPI), Hanks’ balanced salt solution (HBSS), bovine serum albumin 
(BSA), lysozyme, and Triton X− 100 were purchased from Beijing 
Solarbio Science & Technology Co., Ltd. (China). Cell culture media 
were obtained from Gibco BRL (USA) and Corning Inc. (USA).

Characterization

1H NMR spectra were recorded at room temperature using DMSO-d6 
as the solvent on a nuclear magnetic resonance spectrometer (400 MHz, 
Bruker, Germany). Fourier-transform infrared (FTIR) spectra were ob
tained to identify chemical functional groups using an FTIR spectrom
eter (Nicolet 8700, Thermo Fisher Scientific, USA.). X-ray photoelectron 
spectroscopy (XPS) measurements were performed using an XPS spec
trometer (ESCALAB 250, Thermo Fisher Scientific, USA.). The hydro
dynamic diameter and zeta potential of the nanodrugs were determined 
by dynamic light scattering using a particle size and zeta potential 
analyzer (Zetasizer Nano ZS90, Malvern Instruments, U.K.). The 
morphology of nanodrugs and bacteria was examined by transmission 
electron microscopy (HT− 7700, Hitachi, Japan) and scanning electron 
microscopy (JSM-7800F, JEOL, Japan). UV–vis spectroscopy was per
formed using a UV–vis spectrophotometer (UV− 2450, Shimadzu, 
Japan) to quantify drug loading and monitor drug-release profiles. 
Confocal laser scanning microscopy (CLSM) was conducted using a 
confocal microscope (TCS SP8, Leica, Germany) to evaluate cellular 
uptake, bacterial live/dead staining, lysosomal escape, and bacterial 
targeting. Flow cytometry was performed using a flow cytometer 
(CytoFLEX, Beckman Coulter, USA.) to analyze cellular uptake and 
macrophage polarization. In vivo fluorescence imaging of mice was 
conducted using an IVIS imaging system (IVIS Spectrum, PerkinElmer, 
USA.).

MTBN synthesis

Synthesis of BF
BF was synthesized via a previously reported esterification of 4-for

mylbenzoic acid with borneol. [51] 4-Formylbenzoic acid (1.45 g) was 
dissolved in anhydrous THF (30 mL) at 25 ◦C, followed by the addition 
of DMAP (0.15 g) and DCC (2.6 g). After complete dissolution, borneol 
(1 g) was added, and the reaction mixture was stirred at room temper
ature for 24 h. The precipitate was removed by vacuum filtration, and 
the solvent was evaporated under reduced pressure. The crude product 
was purified by column chromatography using petroleum ether/ethyl 
acetate (10:1, v/v) to afford BF after vacuum drying.

Synthesis of MTBN
TBN was prepared via oil-water interfacial Schiff-base reaction. BF 

(30 mg) was dissolved in DCM (1 mL), followed by the addition of 
deionized water (3.4 mL) under stirring (1600 rpm) for 6 h to form a 
stable emulsion. Tob solution (1.6 mL, 3% w/v) was then added drop
wise, and the mixture was further stirred at 1600 rpm for 4 h. After 
solvent evaporation, the dispersion was dialyzed against deionized 
water (MWCO 1000 Da) for 48 h to obtain TBN. MTBN was prepared by 
reacting TBN with mannose in NaOH solution (6 mL, 1.5% w/v, pH 12) 
at 60 ◦C and 800 rpm for 2 h, followed by centrifugal ultrafiltration 
(MWCO 3500 Da) to remove excess mannose [66]. Fluorescently labeled 
formulations, including NR@TBN/NR@MTBN, C6@TBN/C6@MTBN, 
Cy7@TBN/Cy7@MTBN, I@TBN and AIE@MTBN was prepared by dis
solving the corresponding dye in the BF/DCM phase before emulsifica
tion, followed by the same preparation and purification procedures.

Drug loading determination

Tob content was quantified using an o-phthalaldehyde (OPA) 

colorimetric assay. The OPA working reagent was prepared by dissolv
ing OPA (100 mg) in borax buffer (pH 10.5), followed by the addition of 
β-Mercaptoethanol (1 mL), adjustment to pH 10.5, and dilution to 
100 mL. For analysis, sample solution (1 mL) was mixed with OPA 
working reagent (1 mL) and isopropanol (3 mL), incubated at 60 ◦C for 
15 min, cooled to room temperature, and measured at 333 nm by 
UV–vis spectroscopy [50]. Residual Tob in the TBN dialysate was 
quantified to calculate Tob loading. Mannose content was determined 
using the sulfuric acid-phenol colorimetric assay [51]. Mannose solution 
(30 μL) was mixed with 5% phenol (30 μL) and concentrated sulfuric 
acid (100 μL), incubated at 90 ◦C for 1 h, cooled to room temperature, 
and measured at 490 nm by UV–vis spectroscopy. A mannose standard 
curve was used to quantify residual mannose in the MTBN ultrafiltrate 
for calculation of mannose loading. Drug loading content (wt%) was 
calculated as follows: 

DLE(wt%)of Tob =
m(Tob)

m(MTBN)
× 100% (1) 

DLE(wt%)of BF =
m(BF)

m(MTBN)
× 100% (2) 

DLE(wt%)of Mannose =
m(Man)

m(MTBN)
× 100% (3) 

Release Profile of Tobramycin

The release profiles of TBN and MTBN were evaluated by dialysis. 
Briefly, 2 mL of each formulation was sealed in a dialysis bag (MWCO 
3500 Da) and immersed in 15 mL of PBS (pH 7.4 or 5.5) at 37 ◦C with 
shaking (100 rpm). At predetermined intervals, 1 mL of release medium 
was withdrawn and replaced with an equal volume of fresh buffer. Tob 
content in the collected samples was determined by the OPA assay, and 
the cumulative release was calculated accordingly. All release assay was 
conducted with three independent replicates.

Extracellular antibacterial activity assay

MICs were determined by broth microdilution. Twofold serial di
lutions of each formulation were prepared in TSB in 96-well plates 
(100 μL/well) and incubated with S. aureus (1 × 106 CFU/mL) at 37 ◦C 
for 24 h. Bacterial growth was measured at 600 nm, and the MIC was 
defined as the lowest concentration showing no visible growth relative 
to the untreated control. MBCs were determined by plate counting after 
incubation of S. aureus (1 × 106 CFU/mL) with the indicated formula
tions at 37 ◦C for 24 h, followed by plating of aliquots (100 μL) on TSA; 
the MBC was defined as the lowest concentration producing no detect
able colonies. For extracellular CFU counting, S. aureus (1 × 106 CFU/ 
mL) was treated with MTBN, TBN, Mix, BF, or Tob at 37 ◦C for 24 h and 
plated on TSA. Concentrations were normalized to the component 
contents in MTBN (1 μg/mL), TBN (0.85 μg/mL), and Mix at the same 
molar ratio as MTBN (BF 0.47 μg/mL, Tob 0.38 μg/mL, and mannose 
0.15 μg/mL), while BF and Tob alone were tested at 0.47 and 0.38 μg/ 
mL, respectively.

Growth inhibition curve

To evaluate the growth kinetics of S. aureus under different treat
ments, bacterial suspensions (1 × 108 CFU/mL) were incubated with 
PBS, BF, Tob, Mix, TBN, or MTBN at 37 ◦C. Each formulation was tested 
at concentrations corresponding to 0.5 × , 1 × , and 2 × MIC. At 
designated time points, 100 μL of the bacterial culture was withdrawn, 
and OD (600 nm) was recorded to generate growth curves.

R. Han et al.                                                                                                                                                                                                                                     Nano Today 70 (2026) 103120 

11 



Live/Dead bacterial staining

S. aureus (1 × 108 CFU/mL) was incubated with each formulation at 
37 ◦C for 24 h. Concentrations were normalized to the component doses 
in MTBN (2.0 μg/mL): MTBN (2.0 μg/mL), TBN (1.7 μg/mL), Mix (BF 
0.94 μg/mL, Tob 0.76 μg/mL, and mannose 0.30 μg/mL), with BF and 
Tob alone tested at 0.94 and 0.76 μg/mL, respectively. After treatment, 
bacteria were collected by centrifugation (9000 g, 3 min), washed three 
times with PBS, and stained using Live/Dead bacterial viability kit (AO/ 
PI). Fluorescence images were obtained by CLSM, and fluorescence in
tensities were analyzed using ImageJ.

Bacterial SEM analysis

S. aureus (1 × 108 CFU/mL) was incubated with PBS, BF, Tob, Mix, 
TBN, or MTBN at 37 ◦C for 6 h, with drug concentrations normalized to 
the component-equivalent dose in MTBN (2.0 μg/mL). Bacteria were 
then collected by centrifugation (7500 rpm, 3 min), washed three times 
with PBS, and fixed with 2.5% glutaraldehyde at 4 ◦C for 2 h. After 
graded ethanol dehydration (30–100%), samples were deposited onto 
silicon wafers, air-dried, and imaged by SEM.

Bacterial-nanodrugs colocalization

GFP-S. aureus in the logarithmic phase was diluted in TSB to 1 × 106 

CFU/mL and co-incubated with NR@MTBN (Nile Red, 10 μg/mL) at 37 
◦C for 2 h. After incubation, bacteria were washed three times with PBS 
and imaged by CLSM.

Zeta potential measurement of bacteria

S. aureus was dispersed in PBS at 1 × 109 CFU/mL and incubated 
with MTBN at the indicated concentrations (2 or 4 μg/mL) at 37 ◦C for 
2 h with shaking (100 rpm). The bacteria were then collected by 
centrifugation (7500 rpm, 3 min), washed twice with PBS, resuspended 
in deionized water, and analyzed for surface zeta potential.

Synchrotron X-ray imaging of bacteria

S. aureus (1 × 109 CFU/mL) was incubated with I@TBN (2 μg/mL) 
for 1 h, washed three times with PBS, and fixed with glutaraldehyde, 
untreated bacteria were used as the control. Aliquots (10 μL) were 
deposited onto TEM nickel grids, allowed to settle for 5 min, rinsed 
twice with deionized water, and plunge-frozen for synchrotron X-ray 
imaging. Tomographic data were collected at 520 eV with a 1◦ rotation 
step over a 9.5 μm field of view. The datasets were reconstructed using 
the simultaneous iterative reconstruction technique (SIRT), yielding a 
pixel size of 19.3 nm.

Evaluation of synergistic antibacterial activity

Checkerboard assay
BF and Tob were twofold serially diluted along the orthogonal axes 

of a 96-well plate to generate a matrix of drug combinations. S. aureus 
suspension (5 × 105 CFU/mL) was added to each well, and the plate was 
incubated at 37 ◦C for 24 h. Bacterial growth was evaluated by 
measuring OD (600 nm). The fractional inhibitory concentration index 
(FICI) was calculated according to Eq. (4). 

FICI =
MICAin combination

MICA
+

MICBin combination
MICB

(4) 

Synergy was interpreted as follows: FICI ≤ 0.5, synergistic; 
0.5 < FICI ≤ 0.75, partially synergistic; 0.75 ≤ FICI < 2, no interaction; 
and FICI ≥ 2, antagonistic [67].

Mannose-enhanced tobramycin antibacterial activity
2 μg/mL Tob was dispensed into a 96-well plate and mixed with 

twofold serial dilutions of mannose. S. aureus was prepared in M9 me
dium (1 × 106 CFU/mL) and added to each well, followed by incubation 
at 37 ◦C for 24 h [55]. After incubation, bacterial suspensions were 
serially diluted in PBS and spread onto TSA plates. Colonies were 
counted after incubation, and bacterial survival was calculated for each 
group.

Bacterial membrane depolarization assay

5 mM DiOC₂(3) stock solution was prepared in anhydrous DMSO and 
diluted with PBS to obtain a 30 μM working solution. S. aureus (1 × 109 

CFU/mL) was incubated with the indicated treatments (MTBN 2 μg/mL, 
TBN 1.72 μg/mL, Mix 2 μg/mL, Tob 0.76 μg/mL, and BF 0.94 μg/mL) at 
37 ◦C for 24 h. After treatment, 100 μL of each bacterial suspension was 
transferred to a black 96-well plate and mixed with 10 μL of the 
DiOC₂(3) working solution. The plate was incubated at room tempera
ture for 15 min in the dark, and fluorescence was recorded using a 
microplate reader (Ex/Em = 482/497 nm).

Bacterial membrane permeability assay

ONPG solution (0.015 g/mL) was prepared in physiological saline. 
S. aureus suspensions (1 × 109 CFU/mL) were treated with the indicated 
formulations (MTBN 2 μg/mL, TBN 1.72 μg/mL, Mix 2 μg/mL, Tob 
0.76 μg/mL, and BF 0.94 μg/mL) at 37 ◦C for 1 h with shaking at 
180 rpm. After treatment, bacteria were collected by centrifugation 
(7500 rpm, 3 min) and washed twice with saline. The pellets were then 
resuspended in ONPG solution and incubated for 3 h in a thermostatic 
shaker. Following incubation, samples were centrifuged again 
(7500 rpm, 3 min), and the absorbance of the supernatant was measured 
at 420 nm using a microplate reader.

Protein leakage assay

S. aureus (1 × 109 CFU/mL) was incubated with the indicated for
mulations at concentrations equivalent to that of MTBN (4 μg/mL) at 37 
◦C for 6 h. After centrifugation (7500 rpm, 3 min), 20 μL of sample was 
mixed with 200 μL of BCA working reagent, followed by incubation at 
37 ◦C for 1 h. Absorbance at 562 nm was measured, and protein con
centration was determined using a BSA standard curve (R² ≥ 0.995). 
Relative protein leakage was calculated according to Eq. (5). 

Relative leakage rate(%) =
conc.Sample − conc.Blank

conc.RIPA − conc.Blank
(5) 

Cellular internalization and intracellular trafficking of nanodrugs

Cellular uptake
RAW264.7 macrophages were seeded in confocal dishes (2 × 105 

cells/mL) and incubated with coumarin− 6-labeled nanodrugs 
(C6@MTBN or C6@TBN) or free coumarin− 6 (5 μg/mL) for the indi
cated times. Cells were then washed with PBS, fixed with 2.5% glutar
aldehyde and 2% paraformaldehyde, stained with DAPI, and imaged by 
CLSM.

Mannose competitive uptake
RAW264.7 macrophages were preincubated with mannose (1 mg/ 

mL) for 1 h before exposure to C6@TBN or C6@MTBN (C6: 5 μg/mL) for 
3 h. After washing and fixation, samples were stained with DAPI and 
analyzed by CLSM and flow cytometry (Ex/Em = 406/505 nm).

Intracellular colocalization of nanodrugs with lysosomes
RAW264.7 macrophages were cultured for 24 h and then incubated 

with AIE@MTBN for 1, 3, 6, or 12 h. Lysosomes were stained with 
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LysoTracker Green for 1 h, and cells were washed and imaged by CLSM 
to assess intracellular distribution and lysosomal colocalization.

Intracellular bacteria and nanodrugs colocalization

The intracellular infection model was established using GFP- 
S. aureus. RAW264.7 macrophages were seeded in 24-well plates at 
1 × 105 cells/well and cultured for 18–24 h. GFP-S. aureus suspensions 
(1 × 106 CFU/mL in antibiotic-free RPMI 1640 medium) were then 
added at an MOI of 10 and incubated for 1 h. After washing with PBS, 
the infected cells were treated with NR@MTBN for 24 h, fixed with 2.5% 
glutaraldehyde for 1 h, stained with DAPI, and imaged by CLSM in PBS.

In vitro intracellular antibacterial evaluation

S. aureus-infected RAW264.7 macrophages (MOI: 10) were treated 
with PBS, BF, Tob, Mix, TBN, or MTBN at doses equivalent to MTBN 
(16 μg/mL) for 12, 24, or 48 h. Cells were then lysed with PBS con
taining 0.1% Triton X− 100, and the released intracellular bacteria were 
serially diluted, plated on TSA agar, and incubated at 37 ◦C for 24 h for 
colony counting.

Macrophage polarization analysis

Macrophage polarization was evaluated by flow cytometry. 
S. aureus-infected RAW264.7 macrophages were treated with PBS, Tob, 
Mix, TBN, or MTBN for 24 h, harvested, and stained with PE-conjugated 
anti-mouse CD80 and FITC-conjugated anti-mouse CD206 antibodies. 
Fluorescence signals were then analyzed by flow cytometry.

In vivo targeting and distribution

8 weeks old female Balb/c mice were used to establish the murine 
thigh muscle infection model. Briefly, S. aureus suspension (108 CFU in 
100 μL of PBS) was intramuscularly injected into the left thigh, while the 
contralateral thigh was injected with 100 μL of PBS as an uninfected 
control. After 12 h, mice were intravenously injected with Cy7@MTBN 
or free Cy7. Whole-body fluorescence imaging was performed at pre
determined time points using an IVIS system (Ex/Em = 743/767 nm). At 
24 h post-injection, mice were sacrificed, and major organs were 
collected for ex vivo fluorescence imaging.

In vivo antibacterial activity

8 weeks old female Balb/c mice were intraperitoneally injected with 
S. aureus suspension (108 CFU in 100 μL of PBS) to establish the peri
tonitis infection model. After 24 h, the infected mice were treated 
intraperitoneally with PBS, Mix, TBN, or MTBN, with all drug doses 
normalized to the Tob content in MTBN (30 mg/kg). At 24 h after 
treatment, mice were intraperitoneally injected with 2 mL of HBSS and 
then euthanized. The peritoneal lavage fluid was collected for quanti
fication of total, extracellular, and intracellular bacteria. Briefly, one- 
third of the peritoneal fluid was used directly to determine total CFUs. 
Another third was centrifuged, and the supernatant was collected to 
quantify extracellular CFUs. The remaining third was incubated with 
lysozyme (15 μg/mL) to eliminate extracellular bacteria, followed by 
lysis with HBSS containing 0.1% Triton X− 100 to release intracellular 
bacteria for CFU counting. Blood samples were collected for serum 
analysis of pro-inflammatory markers, including LDH and HS-CRP. 
Major organs, including the heart, liver, spleen, lung, and kidney, 
were harvested for histopathological evaluation by H&E staining.

Biosafety evaluation

Cytotoxicity assessment
The cytotoxicity of BF, Tob, and MTBN toward L929 and RAW264.7 

cells was evaluated using a CCK− 8 assay. Cells were seeded in 96-well 
plates at 8 × 103 cells per well and cultured for 18–24 h. The medium 
was then replaced with fresh medium containing twofold serial dilutions 
of each formulation. After 24 h of incubation, cells were washed with 
PBS, treated with CCK− 8 working solution for 1 h, and measured at 
540 nm using a microplate reader. Cell viability was calculated ac
cording to Eq. (6). 

Cell viability(%) =

(
Abssamples − Absblank

)

(Abscontrol − Absblank)
× 100% (6) 

Hemolysis assay
Anticoagulated mouse blood was diluted with PBS and centrifuged 

(500 × g, 10 min). The erythrocytes were washed five times with PBS 
and resuspended to obtain a red blood cell suspension. MTBN disper
sions at different concentrations were mixed with the red blood cell 
suspension and incubated at 37 ◦C with gentle shaking (30 rpm) for 3 h. 
After centrifugation (10,000 × g, 5 min), the absorbance of the super
natants was measured at 540 nm using a microplate reader. Hemolysis 
was calculated according to Eq. (7). 

Hemolysis(%) =

(
Abssamples − Absnegative

)

(
Abspositive − Absnegative

) × 100% (7) 

where Abssamples, Absnegative and Abspositive represent the absorbance of 
the sample, negative control, and positive control, respectively.

Statistical analysis

Colocalization analysis and gap area calculation were performed by 
using the ImageJ software. All data were presented as mean ± standard 
deviation (SD) of independent biological replicates. Statistical analyses 
were performed using GraphPad Prism, the statistical significance of 
differences was determined by Student’s t-test or one-way ANOVA. */# 
p < 0.05, **/## p < 0.01, ***/### p < 0.001, ****/#### 
p < 0.0001, ns p > 0.05.
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