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A B S T R A C T

Tuberculosis (TB) remains the leading cause of deaths among infectious diseases worldwide. Cutaneous 
Tuberculosis (CTB), caused by Mycobacterium tuberculosis (Mtb) infection in the skin, is still a harmful public 
health issue that requires more effective treatment strategy. Herein, we introduced mannose-modified meso-
porous polydopamine nanosystems (Man-mPDA NPs) as the macrophage-targeted vectors to deliver anti-TB drug 
rifampicin and as photothermal agent to facilitate photothermal therapy (PTT) against Mtb infected macro-
phages for synergistic treatment of CTB. Based on the selective macrophage targeting effects, the proposed 
Rif@Man-mPDA NPs also showed excellent photothermal properties to develop Rif@Man-mPDA NPs-mediated 
PTT for intracellular Mtb killings in macrophages. Importantly, Rif@Man-mPDA NPs could inhibit the immune 
escape of Mtb by effectively chelating intracellular Fe2+ and inhibiting lipid peroxidation, and up-regulating 
GPX4 expression to inhibit ferroptosis of Mtb infected macrophages through activating Nrf2/HO-1 signaling. 
Moreover, Rif@Man-mPDA NPs-mediated PTT could effectively activate host cell immune responses by pro-
moting autophagy of Mtb infected macrophages, which thus synergizes targeted drug delivery and ferroptosis 
inhibition for more effective intracellular Mtb clearance. This Rif@Man-mPDA NPs-mediated PTT strategy could 
also effectively inhibit the Mtb burdens and alleviate the pathological lesions induced by Mtb infection without 
significant systemic side effects in mouse CTB model. These results indicate that Rif@Man-mPDA NPs-mediated 
PTT can be served as a novel anti-TB strategy against CTB by synergizing macrophage targeted photothermal 
therapy and host immune defenses, thus holding promise for more effective treatment strategy development 
against CTB.

1. Introduction

Although many effective countermeasures have been implemented, 
tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) infection, 
remains one of the most dangerous issues among infectious diseases 
worldwide. According to the WHO report in 2023, there are almost 10.6 

million newly diagnosed active TB patients and 1.3 million deaths 
caused by TB worldwide [1]. Currently, the lungs are the most common 
site of Mtb infection, while 8 %–24 % of TB cases are extra-pulmonary, 
and cutaneous tuberculosis (CTB) accounts for about 1.5 %–3 % of these 
cases [1,2]. CTB is caused by Mtb infection in the skin by exogenous or 
endogenous route from infection foci within the organism itself. Skin 
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infections are easily overlooked as they present uncommonly and 
insidiously, often with multiple morphologies [3,4]. Currently, some 
effective anti-TB drugs, such as rifampicin (Rif), ethambutol, and iso-
niazide, have played a key role in the control of TB and CTB, either 
individually or in combination therapy. However, the low targeting ef-
fects of these anti-TB drugs result in the long treatment duration of CTB 
(6–18 months), with lots of unexpected issues including strong side ef-
fects and high incidences of drug-resistant mutants [5,6]. Thus, it’s of 
vital importance to develop more effective anti-TB strategies with tar-
geted drug killing features for CTB treatment.

Macrophages, as the key immune component of innate immunity and 
host cells against Mtb infection, can phagocytose and destroy different 
pathogens during infection, and initiate protective adaptive immune 
responses against infections via antigen presentation to T cells. How-
ever, Mtb has evolved very complicated strategies to evade the host 
immune anti-TB responses of different host cells, including macro-
phages. The immune escape mechanisms of Mtb, which include the in-
hibition of autophagy/apoptosis and the promotion of ferroptosis or 
necrosis of the Mtb infected macrophages, contribute to the survival of 
Mtb in macrophages and the further dissemination of Mtb to other sites 
[3,4,7,8]. Moreover, the immune escape of Mtb in macrophages also 
worses the killing efficiency of anti-TB drugs against intracellular Mtb, 
which would further worsen the treatment outcome of TB and CTB. 
Thus, there is an urgent need to develop novel anti-TB methods to inhibit 
the immune escape of Mtb, which would therefore benefit the more 
effective control of TB and CTB.

Phototherapy mainly includes photodynamic therapy (PDT) and 
photothermal therapy (PTT). In photodynamic therapy, under specific 
lighting conditions, photosensitizers can produce a large number of 
reactive oxygen species (ROS), which can kill tumor cells and myco-
bacterium tuberculosis [9,10]. Photothermal therapy (PTT) is currently 
attracting widespread attentions in antibacterial and anticancer therapy 
due to its non-invasive and deep tissue penetration [11–16]. With the 
development of nanotechnology, functional nanomaterials have been 
proved to show promising potentials for disease treatment [17–21], 
while some of them containing attractive photothermal effects can be 
further developed for advanced photothermal therapeutics [22]. 
Through certain modifications and particular concentration control of 
photosensitizers, PTT can be made to selectively act on the disease site 
with fewer side effects. For example, bionic erythrocyte 
membrane-treated nanoparticles have shown strong selective accumu-
lation in TB granulomas to effectively kill Mtb in granulomas of pul-
monary TB by PDT and PTT [23]. Photothermal effects generated by 
pre-activated macrophage membrane-coated nanoparticles are also 
proved to kill tuberculosis bacillus, reduce pathological damage and 
alleviate excessive inflammation in lungs of mice [24]. Although these 
results indicate attractive potentials of PTT for theranostic strategy 
development against pulmonary TB, there are still no previous works 
that applying PTT for CTB treatment. Moreover, these works keep the 
promise for anti-TB treatment by directly acting on the pathogen-Mtb by 
PTT, but how to applied PTT for more effective host directed therapy of 
TB by regulating the host anti-TB immunity remains a challenge.

PTT has been proven to promote protective autophagy in cells [25,
26], showing promising potential for host directed therapy against TB by 
activating host cell autophagy. Our previous results also indicated that 
functional nanoparticles could effectively activate host anti-TB immune 
responses and promote the efficiency of anti-TB drugs for more effective 
anti-TB treatment [27,28]. In addition, we also previously reported the 
use of mesoporous dopamine nanoparticles (mPDA NPs)-mediated PTT 
for synergistic cancer treatment by activating autophagy [11]. These 
attractive features enable functional nanomaterials to combine macro-
phage targeted drug delivery, PTT, and host anti-TB immune response 
regulations, thus providing new possibilities for the development of 
novel anti-TB and CTB therapeutics [24,29–31].

In this work, combining our decades-long expertise in tuberculosis 
immunology [32–35] and the advantages of nanobiotechnology [11,27,

36–39], we developed a kind of macrophage targeted mesoporous 
dopamine nanoparticles (Man-mPDA NPs) as rifampicin delivery sys-
tem, aiming to combine the macrophage targeted drug delivery, PTT and 
host anti-TB immune responses for more effective treatment of CTB. The 
proposed rifampicin loaded Rif@Man-mPDA NPs could synergistically 
enhance intracellular Mtb killing efficiency in Mtb infected macro-
phages and effectively reduce Mtb burden in a mice CTB model, which 
may be served as more effective therapeutics against CTB.

2. Experimental section

2.1. Materials

7H9 medium, 7H11 medium and OADC were ordered from BD 
(USA). rhodamine123, Dialysis bags (MWCO: 8000–14,000), 1640 me-
dium, protein assay kit, EDTA-trypsin, SDS, 4 % paraformaldehyde and 
penicillin/streptomycin were purchased from Solaibao (Beijing, China). 
Protein lysis buffer, nitrite assay kit, GAPDH antibody and anti-rabbit 
IgG were obtained from. Lyso-Tracker Red kit, Pluronic F-127 and 
DAPI were ordered from Sigma-Aldrich (USA). Other regents were listed 
as follows: FBS (zeta, USA), Bac Titer-Glo® reagent (Promega, USA), 
Annexin V-FITC/PI apoptosis detection kit (Multisciences, China), 2,7- 
dichlorodihydrofluoresce-in diacetate (DCFDA; MCE, USA). Dopamine 
hydrochloride（Macklin, China), 1,3,5-Trimethylbenzene (alanine, 
China).

2.2. Preparation and characterization of mPDA NPs, Man-mPDA NPs 
and Rif@Man-mPDA NPs

Firstly, F127 (0.1 g), dopamine hydrochloride (0.15 g) and TMB 
(0.16 mL) were dissolved in 10 mL of water/ethanol solution (1:1) by 
ultrasonication for 10 min to form emulsion solution. Then, 0.375 mL of 
ammonia was added dropwise to the above mixture for 2 h stirring, and 
the obtained particles were centrifugated at 12000 rpm for 10 min. 
Finally, the template was removed by ethanol and water to obtain the 
porous polydopamine nanoparticles. To synthesize Mannose-modified 
mPDA NPs (Man-mPDA NPs), 20 μL D-mannose (100 mM) dissolved 
in sodium acetate buffer (pH 4.0; 0.1 M) were added to 10 mL mPDA NPs 
(0.2 mg/mL) for 24 h incubation. Man-mPDA NPs were obtained by 
centrifugation, washed with PBS to remove unloaded mannose. Finally, 
0.5 mg Man-mPDA NPs were dispersed into 1 mL rifampicin solution 
(0.2 mg/mL) for overnight incubation, Rif@Man-mPDA NPs were ob-
tained by centrifugation, washed with PBS to remove unloaded rifam-
picin, and finally suspended in water for further use. The obtained 
nanosystems were characterized by dynamic laser light scattering (DLS, 
Horiba, Japan), transmission electron microscope (TEM, JEM, Japan) 
and fourier transform infrared spectroscopy (FTIR, Thermo Fisher Sci-
entific, USA). The loaded rifampicin contents were analyzed by high 
performance liquid chromatography (HPLC, Shimadzu, Japan) using a 
Luna C18 column (250 mm × 4.6 mm × 5 μm) with wavelength set at 
327 nm. Brunauer Emmett-Teller (BET) and Density Function Theory 
(DFT) were analyzed by using the United States Quantachrome Autosorb 
IQ3 model of 3-station automatic surface area analyzer, under the 
condition of 77k liquid nitrogen, the sample was tested for nitrogen 
absorption and desorption, and the isothermal absorption and desorp-
tion curve was obtained after the instrument analysis was completed. 
The total specific surface area of the material was obtained by BET 
method. The pore size and pore volume were analyzed by DFT.

2.3. Photothermal property analysis

The photothermal property was investigated by recording the tem-
perature changes of sample under laser irradiation. Briefly, eppendorf 
tube with the mPDA NPs ，Rif@Man-mPDA NPs or PBS solution were 
treated with laser irradiation at 808 nm (1.2 w/cm2) for 5 min. The laser 
was adjusted to ensure that the irradiation point could cover the whole 
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surface of the samples, and the temperature was recorded using an 
infrared camera (FLIR ONE Pro, USA). To further evaluate the photo-
stability and photocontrol of the mPDA NPs, the samples were irradiated 
with an 808 nm laser and the laser was cycled on/off three times, and the 
temperature changes were recorded using an infrared camera (FLIR ONE 
Pro, USA).

2.4. Bacteria and cell culture

The attenuated Mtb strain H37Ra was a generous gift from Prof. 
Guangxian Xu (Guangdong Medical University), and were cultured in 
7H9 medium with 10 % OADC enrichment. THP-1 cells were obtained 
from ATCC (USA) and cultured with 1640 medium supplemented with 
10 % FBS in a humidified atmosphere of 5 % CO2 at 37 ◦C.

2.5. Cellular viability

THP-1 cells were seeded into 48 well plates (2 × 105/per well) with 
100 nM PMA stimulation for 24 h incubation. 200 μL of medium was 
replaced with 10 % FBS containing equal volume of PBS or Rif@Man- 
mPDA NPs. The material content of each group was 10 μg/mL, 20 μg/ 
mL, 50 μg/mL, 100 μg/mL, respectively. After 24 h of incubation, the 
number of living cells was detected by CCK-8 kit (Zeta life, USA). In 
consideration of the PTT efficacy, THP-1 cells were seeded into 48 well 
plates (2 × 105/per well) with 100 nM PMA stimulation for 24 h incu-
bation. 200 μL of medium was replaced with 10 % FBS containing equal 
volume of PBS or Rif@Man-mPDA NPs. The material content of each 
group was 10 μg/mL, 20 μg/mL, 50 μg/mL, 100 μg/mL, respectively. 
After 4 h incubation, the cells were irradiated with a 1.2 w/cm2, 808 nm 
laser for 5 min. After another 20 h incubation, the viability of cells was 
detected by using a CCK-8 assay.

2.6. Ex vivo cellular uptake of Rif@Man-mPDA NPs by T-cells, B-cells, 
and macrophages in mouse splenic lymphocytes

To determine the cellular uptake behaviour of macrophages for the 
Rif@Man-mPDA NPs system, Fluorescein Isothiocyanate (FITC) was 
encapsulated in the cavity of Man-mPDA NPs. Purified mouse splenic 
lymphocytes were seeded into 24-well plates (1 × 107 cells/well). Then, 
5 μg/mL of FITC@Man-mPDA NPs or FITC@mPDA NPs were added to 
the cells and incubated for 1, 3 and 6 h. Cells were then collected, 
washed with PBS containing 2 % FBS and 2 mM EDTA (ethyl-
enediaminetetraacetic acid), and then stained with PerCP anti-mouse 
CD14 antibody (Biolegend, USA), APC anti-mouse CD3e antibody 
(Biolegend, USA) and PE anti-mouse CD19 antibody (Biolegend, USA) 
for 30 min at 4 ◦C. After rinsing with PBS containing 2 % FBS and 2 mM 
EDTA, cellular uptake by T cells, B cells, and macrophages was analyzed 
by flow cytometry (BD, USA).

2.7. Cellular uptake and intracellular localization

THP-1 cells were seeded into 48 well plates (2 × 105 cells/well) with 
100 nM PMA stimulation for 24 h incubation. The cells were then placed 
in medium containing FITC@Man-mPDA NPs and FITC@mPDA NPs. 
After incubation for 1, 3, 6 h, the cells were collected and washed with 
PBS. The fluorescence histograms of FITC were analyzed by flow 
cytometry (BD, USA). To evaluate the localization of Man-mPDA NPs in 
macrophages, THP-1 cells were seeded into glass-bottom confocal dish 
(1 × 105 cells/well) with 100 nM PMA stimulation for 24 h incubation. 
Then the cells were incubated in FITC@Man-mPDA NPs and 
FITC@mPDA NPs for 1, 3 and 6 h and then washed three times with PBS, 
and then stained with DID for cell membranes (10–15 min), Hochest for 
nuclei (30 min) and LysoTracker for lysosomes (30–60 min). The cells 
were washed with PBS for three times, and fixed with 4 % para-
formaldehyde for 10 min. Images were captured by a Leica SP8 confocal 
microscope at different layers (Leica Microsystems, Wetzlar, Germany).

2.8. Cellular uptake mechanism of Rif@Man-mPDA NPs

The cellular uptake mechanism of Man-mPDA NPs in THP-1 cells was 
determined under different endocytosis inhibition conditions. The cells 
were seeded into 48 well plates (2 × 105 cells/well) with 100 nM PMA 
stimulation for 24 h, and then pre-treated with different inhibitors for 1 
h (except that nystatin was pre-treated for 30 min). The concentration of 
specific endocytosis inhibitors were listed as following: sucrose (0.45 
M), dynasore (80 μM), nystatin (10 μg/mL). Cells were then further 
incubated with 10 μg/mL FITC@Man-mPDA NPs for 3 h. The control 
cells were incubated with 10 μg/mL FITC@Man-mPDA NPs without the 
addition of inhibitors. For investigation of energy-dependent pathways, 
the cells were treated in complete medium at 4 ◦C for 4 h, followed by 
10 μg/mL of FITC@Man-mPDA NPs incubation. For free mannose 
competition assay, different concentrations of mannose were added to 
the cells for 1 h incubation. The cells were then incubated with 10 μg/ 
mL of FITC@Man-mPDA NPs for 3 h. After that, cells were washed with 
PBS and lysed by 0.5 % Triton X-100 in 0.2 M NaOH solution. Fluo-
rescence microplate reader was used to measure the fluorescence in-
tensity from nanoparticles inside the wells (excitation and emission 
wavelengths set at 485 and 528 nm, respectively). The cellular uptake 
efficacy was expressed as the percentage of the fluorescence of the 
testing wells over that of the control wells.

2.9. Fe2+-chelating capacity of Rif@Man-mPDA NPs

The concentration of Fe2+ was monitored using 1, 10 phenanthroline 
based strategy. Briefly, 100 μM FeCl2 was incubated with Rif@Man- 
mPDA NPs at concentrations of 10, 20, 30, 50, 100, and 200 μg/mL 
for 1 h at room temperature. After centrifugation at 12000 rpm for 15 
min, the concentrations of Fe2+ in supernatant were calculated by 
testing the absorbance of 1, 10-phenanthroline-Fe2+ at 510 nm using a 
microplate reader (TECAN, Switzerland). To determine the Fe2+- 
chelating capacity of Rif@Man-mPDA NPs by zeta potential assay, 200 
μg/mL Rif@Man-mPDA NPs solution was mixed with 0, 125, 250, 500, 
1000 and 2000 μM of Fe2+ for 4 h incubation at room temperature. After 
that, Rif@Man-mPDA NPs were collected by 12000 rpm centrifugation 
for 15 min and washed several times with distilled water to remove the 
residual Fe2+. Then, the zeta potential of nanoparticles dissolved in 
deionized water was determined by dynamic laser light scattering (DLS, 
Horiba, Japan).

2.10. Effects of Rif@Man-mPDA NPs on intracellular Fe2+ and lipid 
peroxidation

THP-1 cells were seeded into 48 well plates (2 × 105 cells/well) with 
100 nM PMA stimulation for 24 h incubation. Then, the cells were 
infected with H37Ra using a multiplicity of infection (MOI) of 1 for 24 h. 
After washed with PBS to clean the H37Ra outside the cells, 10 μg/mL of 
Rif@Man-mPDA NPs, 1.3 ng/mL of rifampicin were added into the cells, 
after 4 h incubation, the cells were irradiated with a 1.2 w/cm2, 808 nm 
NIR laser for 5 min and further cultured for 24 h. To determine intra-
cellular Fe2+ levels, the cell culture medium was replaced with RIPM- 
1640 containing 1 μM FerroOrange (dojindo, Japan), and the cells 
were incubated for 30 min. The fluorescence histograms of FerroOrange 
were analyzed by flow cytometry (BD, USA). To visualize lipid peroxi-
dation, the cells were incubated with 2.5 μM C11 BODIPY (dojindo, 
Japan) for 30 min, and the fluorescence histograms of C11 BODIPY were 
analyzed by flow cytometry (BD, USA).

2.11. Western blot analysis

THP-1 cells were seeded into 48well plates (2 × 105 cell/well) with 
100 nM PMA stimulation for 24 h incubation, and then infected with 
H37Ra using a MOI of 1 for 24 h. After washed with PBS to clean the 
H37Ra outside the cells, 10 μg/mL of Rif@Man-mPDA NPs, 1.3 ng/mL of 
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rifampicin were added into the cells, after 4 h incubation, the cells were 
irradiated with a 1.2 w/cm2, 808 nm NIR laser for 5 min and then 
cultured for 24 h or 72 h. THP-1 macrophages cells were incubated with 
lysis buffer containing protease inhibitors to obtain total cellular pro-
teins. The protein concentration in the lysate was measured using the 
BCA protein assay kit. Proteins were then denatured by boiling at 100 ◦C 
for 10 min in sample buffer. The protein samples were then separated by 
electrophoresis on 10 % SDS-polyvinylamide minigels, and were then 
transferred to polyvinylidene difluoride membranes. The transferred 
membranes were blocked with 5 % skim milk in TBST solution for 1 h, 
and then washed three times with Tris-Buffered Saline and Tween 20 
(TBST) (5 min each time). After incubated with primary antibodies, 
including LC3B antibody (Abcam, UK), GPX4 (Cell Signaling, USA), Nrf2 
(Cell Signaling, USA), HO-1 (Cell Signaling, USA) or GAPDH antibody 
(Cell Signaling, USA) overnight at 4 ◦C, the membranes were washed 
three times with TBST, and incubated with secondary antibodies (Cell 
Signaling, USA) at room temperature for 1 h followed by wash with 
TBST (Tris Buffered Saline Tween) and ECL (Electrochemiluminescence) 
detection.

2.12. Direct inhibition effects of Rif@Man-mPDA NPs on extracellular 
Mtb

2 × 105 CFU of H37Ra suspension in 7H9 medium was added into a 
2 mL tube incubate with different concentration of Rif@Man-mPDA 
NPs. After 4 h incubation, the bacteria were irradiated with a 1.2 w/ 
cm2, 808 nm NIR laser for 5 min, and were then further incubated for 72 
h. After that, the H37Ra suspension from different groups were diluted 
by 7H9 medium, and the obtained dilutions were plated onto Mid-
dlebrook 7H11 plates. CFU counts on plates were measured at 3–4 weeks 
after the culture in an incubator.

2.13. Effects of Rif@Man-mPDA NPs on the growth of intracellular Mtb 
in THP-1 macrophages

THP-1 macrophages were seeded into 48 well plates (2 × 105 cell/ 
well) with 100 nM PMA stimulation for 24 h incubation. Then, the cells 
were infected with H37Ra using a multiplicity of infection (MOI) of 1 for 
24 h. After washed with PBS to clean the H37Ra outside the cells, 10 μg/ 
mL of Rif@Man-mPDA NPs, 1.3 ng/mL of rifampicin were added into 
the cells for 4 h incubation. The cells were then irradiated with a 1.2 w/ 
cm2, 808 nm laser for 5 min and further cultured for 72 h. After that, 
0.01 % SDS was used to lyse the cells for 15 min, and the cell lysis 
suspension was diluted into different concentration using 7H9 medium. 
The obtained dilutions were plated onto Middlebrook 7H11 plates, and 
the CFU counts on plates were measured after 3–4 weeks culture in 
incubator.

2.14. In vivo anti-TB effects of Rif@Man-mPDA NPs in Mtb infected CTB 
mice model

Animal experiments were approved by the Animal Ethics Committee 
of Guangdong Medical University with the approval number 
GDY2302471, and studies were performed following the approved 
guidelines and the ethics of Institutional Animal Ethics Committee. To 
test the in vivo anti-tuberculosis efficacy of Rif@Man-mPDA NPs, we 
established a Mtb-infected CTB mouse model. 8-week-old BALB/c mice 
were used for Mtb-infection after 2 weeks of accommodation in the labs, 
approximately 2 × 107 CFU of H37Ra resuspended in 50 μL saline were 
injected subcutaneously. After 7 days of infection, mice were distributed 
into 5 groups for subcutaneous administration: (1) control group (50 μL 
saline); (2) control group (50 μL saline), 1.2 w/cm2, 808 nm laser irra-
diation for 5 min (3) rifampicin group (50 μL, 1.04 μg/kg); (4) Rif@Man- 
mPDA NPs group (50 μL, 8 mg/kg); (5) Rif@Man-mPDA NPs group (50 
μL, 8 mg/kg) 1.2 w/cm2, 808 nm laser irradiation for 5 min. Laser 
irradiation was performed 24 h after drug injection, and the affected 

areas of mice were recorded for 15 days. After 15 days, mice were 
scarified and their blood and organs were harvested. Skin cysts were 
homogenised and the lysate was spread on 7H11 agar plates for CFU 
counting for H37Ra. Skin cyst tissue, spleen, heart, liver and kidney 
were fixed and sectioned for H&E staining and microimaging of tissue 
structure. Skin cyst tissues were fixed with glutaraldehyde, then dehy-
drated, embedded, sectioned, and stained with hydrogen peroxide ace-
tate, and then used for observation of mitochondrial status by TEM 
(Hitachi HT7800, Japan).

2.15. Statistical analysis

All experiments were conducted at least in triplicate, and all data are 
presented as mean ± S.D. Statistical significance was assessed by 
ANOVA and by independent t-test for pairwise comparison. P < 0.05 
were considered as statistically significant.

3. Results and discussion

3.1. Preparation and characterization of Rif@Man-mPDA NPs

In the present study, mPDA NPs were synthesized using the same 
method as we previously reported [11]. Briefly, Pluronic F127 and TMB 
were used as the organic templates, while ethanol and ammonia were 
served as a co-solvent and catalyst for dopamine polymerization. The 
mesoporous structure was then fabricated by removing the templates to 
obtain mPDA NPs. Novelty, we further use mannose for the surface 
modification of mPDA NPs as mannose receptor is highly expressed in 
macrophages. The acid condition could result in the ring-opening of 
mannose to form an aldehyde group, which can react with the amino 
group of mPDA NPs to form Man-mPDA NPs. Rifampicin can then be 
encapsulated into Man-mPDA NPs to form Rif@Man-mPDA NPs 
(Fig. 1A).

As shown in Fig. 1B, TEM imaging of mPDA NPs revealed an average 
diameter of approximately 240 nm with a uniform spherical 
morphology. For Man-mPDA NPs, TEM imaging indicated larger 
average diameter of around 260 nm with the same morphology of mPDA 
NPs. After the loading of rifampicin, Rif@Man-mPDA NPs indicated an 
average diameter of about 280 nm by TEM imaging. The DLS results 
(Fig. 1C) also showed slight increase in the size of mPDA NPs after 
mannose modification and further rifampicin loading, consistent with 
the TEM results. However, the DLS results showed a larger diameter 
than TEM results, which might be attributed to the different processes 
involved in sample preparations. In the case of the TEM methods, TEM 
images depicts the actual size at the dried state of sample, whereas the 
size measured by the DLS method is a hydrodynamic diameter (hydrated 
state), which always shows a larger hydrodynamic volume of nano-
particles due to solvent effects in the hydrated state [40–43]. The surface 
zeta potential of the nanoparticles changed from − 43.9 mV for mPDA 
NPs to − 30.7 mV for Man-mPDA NPs and − 36.6 mV for 
Rif@Man-mPDA NPs (Fig. 1D). The absolute values of the zeta potential 
were all larger than 30 mV (Fig. 1D), indicating the strong stability of 
these nanoparticles due to the electrostatic repulsion effects between 
them. Moreover, we also detected the particle size changes of 
Rif@Man-mPDA NPs within 15 days of storage at 4 ◦C and found no 
significant size changes of Rif@Man-mPDA NPs during the storage, 
which indicated the acceptable stability of Rif@Man-mPDA NPs for 
storage (Supplementary materials Fig. S1).

The loading contents of rifampicin in Rif@Man-mPDA NPs were 
determined by HPLC, which indicated that 1 mg of Rif@Man-mPDA NPs 
contained 0.13 μg of Rifampicin with a loading efficiency of 13 % [44]. 
(Fig. 1E). FTIR spectroscopy analysis (Fig. 1F-G) revealed that mPDA 
NPs showed absorption of benzene ring at 1620.149 cm− 1 and 1510.448 
cm− 1, which could be attributed to the benzene structures of dopamine. 
Mannose showed typical FTIR telescopic and tensile vibration peaks of 
C-O group at 1641.04 cm− 1 and 1037.31 cm− 1. The modification of 
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Fig. 1. Preparation and characterization of Rif@Man-mPDA NPs. (A) Schemes for the preparation of Man-mPDA NPs and Rif@Man-mPDA NPs (Figure was created 
with Biorender.com). (B) Transmission electron microscopy (TEM) imaging of mPDA NPs, Man-mPDA NPs and Rif@Man-mPDA NPs. (C) Hydrodynamic diameters of 
mPDA NPs, Man-mPDA NPs and Rif@Man-mPDA NPs by dynamic light scattering (DLS) analysis. Data are presented as means ± S. D, n = 3. (D) Zeta potentials of 
mPDA NPs, Man-mPDA NPs and Rif@Man-mPDA NPs by DLS analysis. (E) The loading efficiency of Rif@Man-mPDA NPs. (F–G) Fourier transform infrared spec-
troscopy (FTIR) analysis of mannose, rifampicin, mPDA NPs, Man-mPDA NPs and Rif@Man-mPDA NPs. (H) Nitrogen-adsorption-desorption isotherms of mPDA NPs. 
(I) Pore size distribution of mPDA NPs measured by Density functional theory (DFT) model.
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mannose onto the mPDA NPs resulted in the red-shifting of the ab-
sorption peak of mPDA NPs from 1620.149 cm− 1 to 1621.64 cm− 1 due 
to the C-O groups on mannose, proving that mannose was modified onto 
the Man-mPDA NPs. Rifampicin showed a specific absorption peak at 
1239.552 cm− 1 on the -C-O-C moiety, which induced the red-shifted of 
the absorption peak at 1114.179 cm− 1 for Man-mPDA NPs to 1119.403 
cm− 1, after the loading of rifampicin onto the Rif@Man-mPDA NPs, 
which also proved the successful preparation of Rif@Man-mPDA NPs.

Moreover, we tested the N2 adsorption-desorption isotherm curves of 
mPDA NPs to determine surface area and pore volume of the obtained 
mPDA NPs. As shown in Fig. 1H, the calculated BET surface areas of 
mPDA NPs and the DFT cumulative pore volumes were 38.451 m2/g and 
0.057 cm3/g, respectively. And as shown in Fig. 1I, there were obvious 
mesopore structures ranging from 2.0 nm to 36 nm in the pore size 
distribution curve, with an average mesoporous size about 3.1 nm. 
These results collectively suggested the mesoporous structures of the 
obtained mPDA NPs.

mPDA NPs have been widely reported to show strong photothermal 
efficiency in ours and other’s previous works [11,45]. Thus, we further 
investigated the photothermal properties of the Rif@Man-mPDA NPs 
system using NIR laser irradiation. The obtained results showed that 
Man-mPDA NPs and Rif@Man-mPDA NPs had similar warming curves, 
with rapidly increased temperatures within 5 min under NIR irradiation, 
reaching maximum temperatures of 48.4 ℃ and 51.3 ℃, respectively 
(Fig. 2A and B). And under the same irradiation conditions, the tem-
perature of PBS was almost unchanged (Fig. 2A and B), confirming the 
strong photothermal conversion properties of Man-mPDA NPs and 

Rif@Man-mPDA NPs. These results indicated the excellent photo-
thermal effects of mPDA NPs, and mannose modification did not weaken 
the photothermal efficiency of mPDA NPs. Thermal imaging showed a 
similar upward trend and high photothermal conversion capability of 
Rif@Man-mPDA NPs, which was crucial for their further PTT applica-
tion. Rif@Man-mPDA NPs also showed concentration-dependent and 
power-density-dependent photothermal performance upon NIR irradi-
ation (Fig. 2C and D). In addition, based on the heating-cooling curves 
(Fig. 2E), we found that Rif@Man-mPDA NPs exhibited almost the same 
photothermal interaction after 3 consecutive photothermal behaviors, 
which indicated the high photothermal stability of Rif@Man-mPDA NPs 
(Fig. 2F).

3.2. In vitro cellular uptake, intracellular localization and ex-vivo cellular 
uptake of Rif@Man-mPDA NPs

To apply Rif@Man-mPDA NPs-mediated PTT for anti-TB applica-
tions, we further evaluated the cytotoxicity of Rif@Man-mPDA NPs 
under different laser irradiation and concentration conditions. We found 
that the 808 nm NIR laser at 0.8 w/cm2 and 1.2 w/cm2 had fewer toxic 
effects on the cells, and Rif@Man-mPDA NPs-mediated PTT showed 
dose-dependent cytotoxicity in THP-1 macrophages (Fig. 3A). Based on 
these results, we then chosen 10 μg/mL of Rif@Man-mPDA NPs and 1.2 
w/cm2 of laser irradiation for the following PTT studies.

In order to validate the potential in vivo targeting effects of Rif@Man- 
mPDA NPs system, we investigated the uptake of FITC@Man-mPDA NPs 
by spleen lymphocytes from mice. As shown in Fig. 3B and the blank 

Fig. 2. Photothermal property characterization of Rif@Man-mPDA NPs. (A) Temperature profile and (B) thermographic images of PBS, mPDA NPs and Rif@Man- 
mPDA NPs solutions during NIR laser irradiation (808 nm, 1.2 w/cm2, 5 min). (C) Temperature profile of Rif@Man-mPDA NPs during NIR laser irradiation with 
different power density (5 min).(D) Temperature profile of different Rif@Man-mPDA NPs concentrations during NIR laser irradiation (808 nm, 1.2 w/cm2, 5 min). 
(E) Temperature profile of Rif@Man-mPDA NPs under NIR laser irradiation (808 nm, 1.2 w/cm2, 5 min) and natural cooling. (F) Temperature changes of Rif@Man- 
mPDA NPs over three cycles of repeated NIR laser irradiation (808 nm, 0.8 w/cm2, 5min/cycles).
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control results in Supplementary materials Fig. S2, the ex vivo results 
indicated much higher uptake of FITC@Man-mPDA NPs by macro-
phages than that of T cells and B cells, which demonstrated the selective 
targeting effects of Rif@Man-mPDA NPs in primary macrophages. The 
statistical results (Fig. 3C) also demonstrated much higher uptake of 
FITC@Man-mPDA NPs by macrophages than that of T cells and B cells, 
and further indicated that the cellular uptake of FITC@Man-mPDA NPs 
by spleen macrophages was much higher than that of FITC@mPDA NPs. 
These results further indicated that mannose modification in Rif@Man- 
mPDA NPs could significantly enhance the macrophage targeting ability 
of the nanosystem.

The results above demonstrated that Rif@Man-mPDA NPs had se-
lective targeting effects on macrophages (Fig. 3B), which highlighted 
their potential use in host cell directed TB therapies. Meanwhile, to 
further validate the verification that mannose surface modification 
could enhance the macrophage targeting of the nanosystems, we 
measured the fluorescence intensity by flow cytometer after incubating 
THP-1 macrophages with FITC@Man-mPDA NPs and FITC@mPDA NPs, 
and the results showed that the cellular uptake of FITC@Man-mPDA NPs 
by THP-1 macrophages was much higher than that of FITC@mPDA NPs 
(Fig. 3D and Supplementary materials Fig. S3). These results strongly 
demonstrated that mannose modification in Rif@Man-mPDA NPs could 
significantly enhance the macrophage targeting ability of the 
nanosystem.

To dissect the mechanisms for macrophage-targeted uptake of 
Rif@Man-mPDA NPs, THP-1 macrophages were pre-treated with 
different uptake inhibiting conditions before the addition of FITC@Man- 
mPDA NPs. The results suggested that the uptake of FITC@Man-mPDA 
NPs in macrophages was strongly inhibited by nystatin and low tem-
perature, with uptake fractions reduced by about 40 % and 30 % 
compared to the control group (Fig. 3E). These results suggest that 
Rif@Man-mPDA NPs are mainly taken into macrophages by energetic as 
well as lipid raft-mediated endocytosis.

Next, to further explore the contribution of mannose receptor in the 
cellular uptake of Rif@Man-mPDA NPs in macrophages, macrophages 
were pre-treated with an excess amount of free mannose before the 
addition of FITC@Man-mPDA NPs. We found that free mannose signif-
icantly inhibited macrophage-targeted uptake of FITC@Man-mPDA NPs 
in a dose-dependent manner, with nearly 25 % of cellular uptake inhi-
bition upon 4 mg/mL mannose pre-treatment (Fig. 3F). These results 
suggested that mannose receptor mediated endocytosis also significantly 
contributed to the selective targeting effects of Rif@Man-mPDA NPs in 
macrophages, which was consistent with the appealing hypothesis that 
mannose surface decoration could increase the macrophage targeting 
effects of Rif@Man-mPDA NPs.

The intracellular fate of nanomaterial-based drug delivery systems, 
such as their toxicity and drug release, is closely associated with their 
intracellular localization [46]. As macrophages are the major host cells 
for Mtb infection [47], we then preferred to explore the subcellular 
co-localization of Rif@Man-mPDA NPs in macrophages, which might 
play critical roles in the anti-TB activity of Rif@Man-mPDA NPs. Lyso-
somes have now been found to play vital roles in the intracellular 
transport and degradation of nanomedicines as the most important 
organelle for cellular degradation functions [29,48]. Our previous works 
also demonstrated that lysosomal targeting effects of nanosystem may 
introduce better drug release behaviors to enhance bactericidal function 

[28]. Here, our fluorescence imaging showed that FITC@Man-mPDA 
NPs were able to cross the membrane, enter into the cytoplasm and 
then accumulate into the lysosomes to show bright and intense yellow 
fluorescence (Fig. 3G and Supplementary materials Fig. S4). These re-
sults indicated that lysosome was the main target organelle for 
Rif@Man-mPDA NPs in macrophages.

3.3. Rif@Man-mPDA NPs-mediated PTT inhibit ferroptosis by 
modulating Nrf2/HO-1 signaling pathway and enhance autophagy in Mtb- 
infected macrophages

Macrophages are the main host cells and the first-line of immuno-
logical defense against Mtb, thus playing critical roles in Mtb infections 
[3,49]. Host-pathogen interactions between macrophages and Mtb are a 
key component in the treatment of Mtb that needs further in-depth ex-
plorations. The battles between Mtb and macrophages are very 
complicated processes: the macrophages are trying to inhibit the Mtb 
replication and kill the Mtb inside themselves by several host immune 
mechanisms, while the Mtb do their best to escape from the immuno-
logical clearance of macrophages to replicate more for further dissemi-
nation by inhibiting the anti-TB immune mechanisms of macrophages. 
In Mtb infected macrophages, several cellular signaling events have 
been recognized as innate immune defense mechanisms for intracellular 
Mtb inhibition and clearance, such as the initiation of apoptosis and 
autophagy, and the inhibition of necrosis and ferroptosis [50,51]. 
However, virulent Mtb can release some toxic bacterial components to 
inhibit apoptosis and autophagy of the infected macrophages, while also 
promote the necrosis and ferroptosis of the infected macrophages, to 
escape from the immunological clearance of Mtb [50,52]. Thus, 
modulating macrophage immunological defense mechanisms is ex-
pected to be served as the most important host direct therapy strategy 
against TB and drug-resistant TB.

Mtb-infected macrophages are typically characterized by enhanced 
ferroptosis [53,54], which is associated with elevated intracellular Fe2+

levels triggering the Fenton reaction and inducing the production of 
large amounts of hydroxyl radicals. This process could sequentially 
impair glutathione peroxidase 4 (GPX4) activity and anti-lipid peroxi-
dation ability, which ultimately leads to lipid peroxidation of phos-
pholipids, cell disintegration, and death of infected macrophages for the 
survive and further dissemination of Mtb [8,55–57]. Previous studies 
have demonstrated that mPDA NPs exhibit Fe2+ chelation effects and 
thus influence ferroptosis in various cell types [58,59]. Therefore, we 
also investigated the effects of Rif@Man-mPDA NPs on Fe2+ in solution, 
which indicated that Rif@Man-mPDA NPs could effectively chelate Fe2+

in a dose dependent manner (Fig. 4A). Moreover, we further tested the 
zeta potential of Rif@Man-mPDA NPs after the incubation with different 
concentrations of Fe2+. We could clearly found that the zeta potential of 
Rif@Man-mPDA NPs significantly changed from nearly − 40 mV to − 20 
mV after 500 μM of Fe2+ incubation, and further changed to 20 mV after 
2 mM of Fe2+ incubation (Fig. 4B). The changed zeta potential of 
Rif@Man-mPDA NPs upon Fe2+ incubation indicated that 
Rif@Man-mPDA NPs could effectively chelate Fe2+, which thus show 
potentials to inhibit Fe2+ mediated ferroptosis in Mtb infected 
macrophages.

We then further examined the changes of Fe2+ contents in H37Ra- 
infected THP-1 macrophages with FerroOrange, which revealed that 

Fig. 3. Macrophage targeting effects and intracellular localization of Rif@Man-mPDA NPs. (A) Cytotoxicity of upon Rif@Man-mPDA NPs and laser treatment (808 
nm, 0.8/1.2 w/cm2, 5 min) in THP-1 macrophages. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. (B) Cellular uptake of FITC@Man-mPDA NPs by T-cells, B-cells and 
macrophages derived from mouse spleen after 3 h of treatment. (C) Statistical analysis for cellular uptake of FITC@Man-mPDA NPs by T-cells, B-cells and mac-
rophages derived from mouse spleen after 3 h treatment, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. (D) Statistical analysis for cellular uptake of FITC@Man-mPDA 
NPs by THP-1 macrophages after 1, 3 and 6 h treatment, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. (E) Cellular uptake of FITC@Man-mPDA NPs by THP-1 
macrophages under different endocytosis inhibition conditions, control group is treated without any inhibition conditions for FITC@Man-mPDA NPs uptake anal-
ysis, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. (F) Intracellular uptake of FITC@Man-mPDA NPs by THP-1 macrophages with free mannose competition, control 
group is treated without mannose for FITC@Man-mPDA NPs uptake analysis, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. (G) Fluorescence imaging for intracellular 
localization of FITC@Man-mPDA NPs with nucleus, cell membrane and lysosomes in THP-1 macrophages, scale bar: 8 μm.
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both Rif@Man-mPDA NPs and Rif@Man-mPDA NPs-mediated PTT 
could effectively chelate Fe2+ in Mtb infected macrophages (Fig. 4C and 
Supplementary materials Fig. S5). Additionally, we investigated 
whether Rif@Man-mPDA NPs could inhibit the lipid peroxidation in 
H37Ra infected THP-1 macrophages after chelating Fe2+, which 
demonstrated that Rif@Man-mPDA NPs and Rif@Man-mPDA NPs- 
mediated PTT could effectively inhibit the degree of lipid peroxidation 
in Mtb infected macrophages (Fig. 4D and Supplementary materials 
Fig. S6). Furthermore, to elucidate the role of ferroptosis in Mtb-infected 
macrophages following Rif@Man-mPDA NPs treatment, we examined 
the protein expression level of GPX4 in H37Ra infected THP-1 macro-
phages, which was found to be significantly activated after Rif@Man- 
mPDA NPs and Rif@Man-mPDA NPs-mediated PTT treatment (Fig. 4E 
and F). We further examined the expression of Nrf2 and HO-1 and found 
that Rif@Man-mPDA NPs and Rif@Man-mPDA NPs-mediated PTT 
treatment could effectively increase Nrf2 and HO-1 expression 
(Fig. 4G–I). As Nrf2/HO-1 signaling axis has been proved to negatively 
regulate ferroptosis [60,61], our results indicated that Rif@Man-mPDA 
NPs-m ediated PTT treatment could effectively chelate intracellular Fe2+

to inhibit ferroptosis by regulating cellular iron accumulation and 
oxidative stress through the Nrf2/HO-1/GPX4 signaling axis.

Autophagy, a self-degradation process to remove of unnecessary 
functional or dysfunctional components through lysosome-dependent 
regulatory mechanisms, has been widely demonstrated to be an innate 
immune response for the inhibition and killing of intracellular patho-
gens [50,62]. The strategy of promoting autophagy to kill and inhibit 
intracellular Mtb has been widely proved by ours and other’s previous 
works [27,63], demonstrating the promising potentials of autophagy 
regulations for anti-TB treatments. Nanomaterial-assisted PTT can 
induce hyperthermia of the treated cells, which would therefore trigger 
the protective autophagy of the cells to protect themselves from hy-
perthermia induced death [64]. Our previous work has also indicated 
the ability of mPDA NPs-mediated PTT to trigger the autophagy of 
cancer, which also indicated the potentials of Rif@Man-mPDA 
NPs-mediated PTT treatment to promote autophagy of Mtb infected 
macrophages. As shown in Fig. 4J and K, our results indicated that 
Rif@Man-mPDA NPs-mediated PTT treatment could significantly pro-
mote the autophagy of H37Ra infected THP-1 macrophages. It was 
worth to note that free rifampicin combined with PTT could also pro-
mote the autophagy of H37Ra infected THP-1 macrophages (Fig. 4J and 
K), which might also be attributed to PTT promoted protective auto-
phagy. Confocal immunofluorescence staining results of LC3B in H37Ra 
infected THP-1 macrophages also indicated the increase of LC3B punctas 
(Fig. 4L and M), which collectively demonstrated that Rif@Man-mPDA 
NPs-mediated PTT could effectively promote the autophagy of Mtb 
infected macrophages. Moreover, it has been proved that the activation 
of Nrf2/HO-1 is also involved in the regulation of autophagy signalings 
[65]. We thus concluded that Rif@Man-mPDA NPs-mediated PTT could 
promote autophagy of Mtb infected macrophages by regulating the 
formation of autophagosomes through Nrf2/HO-1, but the exact 
mechanisms for this selectivity remained to be further investigated in 

the following work.

3.4. Rif@Man-mPDA NPs-mediated PTT significantly inhibit 
extracellular M.tb and intracellular M.tb in infected macrophages

Our above results have shown that the macrophage-targeted Rif@-
Man-mPDA NPs can be used as a drug delivery system that can accu-
mulate in the lysosomes of macrophages. Moreover, Rif@Man-mPDA 
NPs possess very good photothermal effects, and Rif@Man-mPDA NPs- 
mediated PTT could effectively inhibit immune escape mechanisms of 
Mtb, which is thus expected to achieve synergistic Mtb killing. To verify 
the Mtb killing effects of Rif@Man-mPDA NPs and further confirm 
whether Rif@Man-mPDA NPs could synergistically enhance Mtb clear-
ance effects in Mtb-infected macrophages, we comparatively tested the 
killing efficiency of cultured extracellular Mtb and intracellular Mtb in 
macrophages.

In the culture test of extracellular Mtb, representative 7H11 plates 
for different groups and statistical results indicated that Rif@Man- 
mPDA NPs could significantly kill extracellular H37Ra, and its inhibi-
tion function was further significantly enhanced under NIR laser irra-
diation (Fig. 5A and B). NIR irradiation further enhanced anti-TB 
efficiency of Rif@Man-mPDA NPs may be associated with the more 
complete release of rifampicin under laser irradiation for Mtb killings 
and the increased temperature to affect the integrity of the bacterial cell 
wall and membrane of Mtb [66,67]. These results indicated the strong 
potential of Rif@Man-mPDA NPs-mediated PTT for anti-TB treatments 
against intracellular Mtb and in vivo Mtb models.

Rifampicin is widely used as the first-line anti-TB drug in clinic. 
However, the efficacy of rifampicin is significantly hampered by its poor 
uptake by macrophages and macrophage-mediated drug efflux, hin-
dering intracellular rifampicin levels [68]. Furthermore, we also tested 
the effects of Rif@Man-mPDA NPs on intracellular Mtb, which indicated 
that 10 μg/mL of Rif@Man-mPDA NPs could significantly inhibit 
intracellular H37Ra growth in THP-1 macrophages while the equivalent 
amount of free rifampicin showed much weaker inhibition effects 
(Fig. 5C and D). The higher intracellular Mtb inhibition effects of 
Rif@Man-mPDA NPs might be attributed to the enhanced cellular up-
take of Rif@Man-mPDA NPs into macrophages and their sustained drug 
release for intracellular Mtb killings. The effects of Rif@Man-mPDA NPs 
to inhibit ferroptosis in Mtb infected macrophages also contributed to 
the enhanced intracellular Mtb killing effects of Rif@Man-mPDA NPs. 
Moreover, we found that NIR laser irradiation could further enhance the 
inhibition effects of Rif@Man-mPDA NPs on intracellular H37Ra in 
THP-1 macrophages, while the laser irradiation alone didn’t show 
similar significant inhibition effects (Fig. 5C and D). These enhanced 
intracellular Mtb killing effects of Rif@Man-mPDA NPs-mediated PTT 
could be mainly attributed to the enhanced autophagy induction of Mtb 
infected macrophages, which has been highlighted as one of the most 
critical host immunological defense mechanisms of macrophage for 
intracellular Mtb clearance [69].

Fig. 4. Rif@Man-mPDA NPs inhibit ferroptosis and promote autophagy in Mtb-infected macrophages. (A) Fe2+ chelation efficiency of Rif@Man-mPDA NPs. n = 4 *p 
< 0.05, **p < 0.01, ***p < 0.001. (B) Zeta potential of Rif@Man-mPDA NPs after incubation with different concentrations of Fe2+, n = 3. (C) Flow cytometry analysis 
of Fe2+ content in Mtb-infected THP-1 macrophages treated with Rif@Man-mPDA NPs and NIR irradiation (808 nm, 1.2 w/cm2, 5 min). n = 9, *p < 0.05, **p < 0.01, 
***p < 0.001. (D) Flow cytometry analysis of lipid peroxidation in Mtb-infected THP-1 macrophages treated with Rif@Man-mPDA NPs and NIR irradiation (808 nm, 
1.2 w/cm2, 5 min), n = 4, *p < 0.05, **p < 0.01, ***p < 0.001. (E) Immunoblotting of GPX4 in Mtb-infected THP-1 macrophages treated with Rif@Man-mPDA NPs 
and NIR irradiation (808 nm, 1.2 w/cm2, 5 min) for 72 h. (F) Statistical results for GPX4 in Mtb-infected THP-1 macrophages before and after Rif@Man-mPDA NPs 
and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min) n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001. (G) Immunoblotting of Nrf2 and HO-1 in Mtb-infected THP-1 
macrophages treated with Rif@Man-mPDA NPs and NIR irradiation (808 nm, 1.2 w/cm2, 5 min) for 24 h. (H–I) Statistical results for the Nrf2 and HO-1 in Mtb- 
infected THP-1 macrophages before and after Rif@Man-mPDA NPs and NIR irradiation (808 nm, 1.2 w/cm2, 5 min) treatment. n ≥ 3,*p < 0.05, **p < 0.01, 
***p < 0.001.(J) Immunoblotting of LC3B in Mtb-infected THP-1 macrophages treated with Rif@Man-mPDA NPs and NIR irradiation (808 nm, 1.2 w/cm2, 5 min) for 
24 h. (K) Statistical results for LC3B in Mtb-infected THP-1 macrophages before and after Rif@Man-mPDA NPs and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 
min) n ≥ 3,*p < 0.05, **p < 0.01, ***p < 0.001.(L) Statistical results of LC3B punctas for H37Ra infected THP-1 macrophages before and after Rif@Man-mPDA NPs 
and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min) n = 10,*p < 0.05, **p < 0.01, ***p < 0.001. (M) Typical fluorescence imaging of LC3B staining in H37Ra 
infected THP-1 macrophages before and after Rif@Man-mPDA NPs and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min)scale bar: 10 μm.
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3.5. Anti-TB effects of Rif@Man-mPDA NPs-mediated PTT on in vivo 
cutaneous tuberculosis mice model

Cutaneous Tuberculosis (CTB) remains one of the most dangerous 
public health issues that needs more effective control and treatment 
strategies. PTT has been highlighted as one of the most effective stra-
tegies for the treatment of skin-based diseases, suggesting its potential 
utility in combating CTB. Based on the in vitro and ex vivo anti-TB ac-
tivities of Rif@Man-mPDA NPs-mediated PTT, it’s necessary to further 
understand the in vivo anti-TB effects of this strategy for potential anti- 
TB application. Using H37Ra subcutaneously infected mice model 
(Fig. 6A), we applied Rif@Man-mPDA NPs-mediated PTT treatment and 
monitored the temperature changes upon PTT treatment. As shown in 
Fig. 6B and C, we found that the temperature at the skin site of 
Rif@Man-mPDA NPs treated mice increased rapidly during NIR irradi-
ation in 5 min, which rapidly risen to 53.8 ◦C after 1 min, and then 
maintained at about 58 ◦C until the end of treatment. However, the 
temperature of saline or rifampicin upon PTT treatment didn’t show any 
significant changes (Fig. 6B and C), which further indicated the excellent 
photothermal activity of Rif@Man-mPDA NPs in vivo. No significant 
changes in body weight were found in uninfected normal mice or H37Ra 
infected mice that were treated with Rif@Man-mPDA NPs or rifampicin 
drugs (Fig. 6D). But in H37Ra infected CTB mice, notable alleviation of 
skin pathological lesions was observed in mice treated with Rif@Man- 

mPDA NPs and NIR irradiation, unlike other groups (Fig. 6E). We also 
analyzed the volume changes of cysts in the infection site, which indi-
cated that Rif@Man-mPDA NPs-mediated PTT could significantly 
reduce the volume of cysts in the infection site of mice (Fig. 6F).

Then, by examining the CFU counts of H37Ra in the skin tissue ly-
sates isolated from the infection sites, we observed significant reduction 
in the bacterial burden of H37Ra in mice treated with Rif@Man-mPDA 
NPs (Fig. 6G-H). Moreover, the bacterial burden of H37Ra was more 
significantly reduced in mice treated with Rif@Man-mPDA NPs with 
NIR irradiation compared with mice treated with Rif@Man-mPDA NPs 
alone. These results strongly suggested that Rif@Man-mPDA NPs- 
mediated PTT could significantly inhibit Mtb burdens in Mtb infected 
CTB model, which therefore show promising potentials for CTB 
treatments.

Next, to determine the degree of inflammation and ferroptosis at the 
site of Mtb infection, we analyzed skin sections by H&E staining. We 
found that the skin granulosum of infected mice was significantly 
thickened after H37Ra infection, as indicated by the green line in 
Fig. 7A. Moreover, after H37Ra infection, obvious inflammatory infil-
tration occurred in the subcutaneous tissue, as shown in blue box in 
Fig. 7A. In contrast, treatment with Rif@Man-mPDA NPs and NIR irra-
diation significantly reduced the inflammatory infiltration of skin tissue, 
and the thickness of the granulosum stratum was slightly restored to 
normal (Fig. 7A). Then, we further observed the changes of 

Fig. 5. Ex vivo anti-TB effects of Rif@Man-mPDA NPs-mediated photothermal therapy in extracellular Mtb and intracellular Mtb in macrophages. (A) Typical images 
of 7H11 plates for extracellular H37Ra upon Rif@Man-mPDA NPs and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min). (B) Statistical results for the effects of 
Rif@Man-mPDA NPs and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min) on the growth of extracellular H37Ra, n = 3,*p < 0.05, **p < 0.01, ***p < 0.001. (C) 
Typical images of 7H11 plates for intracellular H37Ra in THP-1 macrophages upon Rif@Man-mPDA NPs and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min). 
(D) Statistical results for the effects of Rif@Man-mPDA NPs and NIR irradiation treatment (808 nm, 1.2 w/cm2, 5 min) on the growth of intracellular H37Ra in THP-1 
macrophages, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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mitochondria in the skin lesions by biological electron microscopy, and 
it was found that mitochondrial morphology was obviously changed 
with shrinkage and severe vacuolization appearance after H37Ra 
infection, while Rif@Man-mPDA NPs and NIR irradiation could signif-
icantly reverse these changes (Fig. 7B). These evidences further support 
the facts that Rif@Man-mPDA NPs-mediated PTT could not only reduces 
Mtb burdens in vivo, but could also alleviates the pathological damages 
induced by Mtb infection in vivo.

At last, we also determined whether Rif@Man-mPDA NPs-mediated 
PTT caused damage to other organs in infected mice, and made a pre-
liminary assessment of the potential toxicity of this proposed anti-TB 
strategy. Firstly, Rif@Man-mPDA NPs-mediated PTT didn’t produce 
any significant changes in the tissue structure of liver, spleen and kidney 
in the H37Ra infected mice (Fig. 8A–C). In addition, we also measured 
serum glutamic oxalic aminotransferase (AST), glutamic pyruvic 
aminotransferase (ALT) and blood urea nitrogen (BUN) as well as 
creatinine (CRE) as “hepatorenal function” parameters, similar with 
clinically routine tests for acute injury. The obtained results indicated 
that Rif@Man-mPDA NPs-mediated PTT didn’t induce any significant 
changes in the AST, ALT, BUN and CRE levels (Fig. 8D–G), which further 
indicated that Rif@Man-mPDA NPs-mediated PTT treatment would not 
induce any significant changes of mice hepatorenal function in vivo.

Based on the above results, we propose a novel anti-TB strategy 

based on macrophage targeted Rif@Man-mPDA NPs system for photo-
thermal therapy (PTT) against cutaneous tuberculosis (CTB) as shown in 
Fig. 9. These Rif@Man-mPDA NPs, directed by mannose receptors, are 
selectively internalized by macrophages and accumulate in lysosomes, 
releasing encapsulated rifampicin to eradicate intracellular Mtb. 
Rif@Man-mPDA NPs can effectively chelate intracellular Fe2+, reduce 
lipid peroxidation and activate GPX4 of Mtb infected macrophages to 
inhibit ferroptosis of Mtb infected macrophages by Nrf2/HO-1 signaling 
pathway. Moreover, Rif@Man-mPDA NPs-mediated PTT could further 
increase the conversion of LC3B-I to LC3B-II and the formation of 
autophagosomes to promote autophagy of Mtb infected macrophages. 
And combing the modulation of ferroptosis and autophagy of Mtb 
infected macrophages, Rif@Man-mPDA NPs-mediated PTT could effec-
tively kill intracellular Mtb in vitro, and further inhibit Mtb burdens in 
CTB mice model with alleviated pathology in vivo, which thus show 
promising potentials for clinical CTB treatment.

4. Conclusion

In this study, we developed an integrated therapeutic platform uti-
lizing mannose-modified and rifampicin-loaded mesoporous polydop-
amine nanoparticles (Rif@Man-mPDA NPs) for treating cutaneous 
tuberculosis (CTB) by combining macrophage targeted drug delivery, 

Fig. 6. In vivo anti-TB effects of Rif@Man-mPDA NPs-mediated photothermal therapy in Mtb infected mice. (A) Diagram for the mouse model of cutaneous 
tuberculosis and the experimental design of drug administration (Figure was created with Biorender.com) (B) Representative images of temperature changes in mice 
after saline, rifampicin, and Rif@Man-mPDA NPs administration and NIR irradiation (808 nm, 1.2 w/cm2, 5 min) treatment. (C) Statistical results for the temperature 
changes in mice after saline, rifampicin, and Rif@Man-mPDA NPs administration and NIR irradiation (808 nm, 1.2 w/cm2, 5 min) treatment. (D) Body weight 
changes of mice in different groups during the experiment, n = 6. (E) Typical pictures of skin granuloma in mice with different treatments during experiments. (F) 
Skin granuloma size at the endpoint of experiment in mice with different treatments, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001.(G) Bacterial loads in the infected 
skin of mice with different treatments at the endpoint of experiment, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001.(H) Typical 7H11 plates coated with lysate from the 
infected skin of mice with different treatments at the endpoint of experiment.

Fig. 7. Effects of Rif@Man-mPDA NPs-mediated photothermal therapy on the skin structures of mice. (A) Typical H&E staining images for the skin tissues of mice 
with different treatments. Blue boxes represent areas of pronounced inflammatory infiltration in the subcutis, specific leukocytes are indicted by black arrows and the 
green line segments represent the thickness of the granular layer in the skin of mice. (B) Typical TEM images for the skin tissues of mice with or without Rif@Man- 
mPDA NPs and NIR irradiation treatment, scale bar: 1 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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photothermal therapy (PTT) and host immune clearance. The synthe-
tized Rif@Man-mPDA NPs system was proved to show significant 
macrophage targeting effects with excellent photothermal properties. 
Rif@Man-mPDA NPs-mediated PTT could effectively inhibit immune 
escape mechanisms of Mtb by inhibiting ferroptosis in Mtb infected 
macrophages through chelating intracellular Fe2+, inhibiting lipid per-
oxidation, increasing GPX4 expression and regulating Nrf2/HO-1 
pathway. Moreover, Rif@Man-mPDA NPs-mediated PTT could further 
inhibit immune escape mechanisms of Mtb by effectively promoting 
autophagy of Mtb infected macrophages, which synergized the inhibi-
tion of ferroptosis of macrophages and macrophage targeted drug de-
livery for more effective intracellular Mtb clearance. This Rif@Man- 
mPDA NPs-mediated PTT could also effectively inhibit the Mtb bur-
dens and alleviate the pathological lesions induced by Mtb infection 
without any systemic side effects in mouse CTB model. These results 
indicate that Rif@Man-mPDA NPs-mediated PTT can be used as a novel 
anti-TB strategy against CTB by synergizing macrophage targeted drug 
delivery and host cell immune defenses, which therefore show potential 
for the more effective treatment of CTB.
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