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Bacteria-based multiplex system eradicates 
recurrent infections with drug-resistant 
bacteria via photothermal killing and protective 
immunity elicitation
Youcui Xu1†, Yi Wu2†, Yi Hu3†, Mengran Xu4, Yanyan Liu5, Yuting Ding5, Jing Chen6, Xiaowan Huang1, 
Longping Wen1*, Jiabin Li5* and Chen Zhu7*   

Abstract 

Background The high mortality associated with drug-resistant bacterial infections is an intractable clinical problem 
resulting from the low susceptibility of these bacteria to antibiotics and the high incidence of recurrent infections.

Methods Herein, a photosynthetic bacteria-based multiplex system (Rp@Al) composed of natural Rhodopseu-
domonas palustris (Rp) and Food and Drug Administration-approved aluminum (Al) adjuvant, was developed to 
combat drug-resistant bacterial infections and prevent their recurrence. We examined its photothermal performance 
and in vitro and in vivo antibacterial ability; revealed its protective immunomodulatory effect; verified its preventative 
effect on recurrent infections; and demonstrated the system’s safety.

Results Rp@Al exhibits excellent photothermal properties with an effective elimination of methicillin-resistant 
Staphylococcus aureus (MRSA). In addition, Rp@Al enhances dendritic cell activation and further triggers a T helper 1 
 (TH1)/TH2 immune response, resulting in pathogen-specific immunological memory against recurrent MRSA infection. 
Upon second infection, Rp@Al-treated mice show significantly lower bacterial burden, faster abscess recovery, and 
higher survival under near-lethal infection doses than control mice.

Conclusions This innovative multiplex system, with superior photothermal and immunomodulatory effects, presents 
great potential for the treatment and prevention of drug-resistant bacterial infections.
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Graphical Abstract

Background
In clinics, antibiotics are the preferred line of treat-
ment for bacterial infections. However, their misuse has 
resulted in the emergence and rapid increase of multid-
rug-resistant pathogens [1–4]. A comprehensive study of 
204 countries and territories estimated that there were 
4.95 million deaths associated with antimicrobial resist-
ance (AMR), which has become the third leading cause 
of death worldwide [5]. Furthermore, a review on AMR, 
commissioned by the UK government, reported that 

AMR-related deaths will exceed 10 million annually by 
2050, surpassing cancer-related deaths [6]. The high mor-
tality associated with drug-resistant bacterial infections is 
ascribed not only to the low susceptibility of these bacte-
ria to antibiotics, but also to the high incidence of recur-
rent infections [7, 8]. Methicillin-resistant Staphylococcus 
aureus (MRSA), with a high risk of recurrence, is one of 
the most common drug-resistant bacteria in bactere-
mia, endocarditis, skin and soft tissue infections, bone 
and joint infections, and hospital-acquired infections 
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[9]. Therefore, it is imperative to develop non-antibiotic 
therapies that integrate treatment and prevention against 
drug-resistant bacteria and their recurrent infections.

Bacteria-mediated therapies have attracted remark-
able attention in recent years [10–15]. Bacteria possess 
considerable tumor-targeting ability because they can 
infiltrate tumors and surviving in the tumor hypoxic 
microenvironment, as well as immunoregulatory capac-
ity owing to their immunogenicity [16–19]. Therefore, 
a series of bacteria-based strategies (including Escheri-
chia, Salmonella, and Listeria) have been developed for 
cancer therapies [20–24]. In addition, probiotics (such as 
bifidobacteria and lactobacilli) with anti-inflammatory 
and immunomodulatory abilities are employed in the 
treatment of various gastrointestinal diseases, such as 
inflammatory bowel disease, acute pancreatitis, and Heli-
cobacter pylori infections [25, 26]. Photosynthetic bacte-
ria (PSB), the earliest photoautotrophic microorganisms, 
have been widely used as aquaculture feed because of 
their high nutrient content (including proteins, amino 
acids, vitamins, and bioactive substances) [27–29]. PSB, 
which have a primitive photoenergy synthesis system, 
carry out photosynthesis mainly through their bacteri-
ochlorophyll (BChl), which converts sunlight into energy 
needed for metabolism. Importantly, BChl absorbs near-
infrared (NIR) light with maximum absorption peaks 
around 805 and 865 nm, suggesting that PSB may be an 
innovative candidate for novel photothermal reagents 
[30–32]. Therefore, we believe that PSB-based photo-
thermal therapy with less invasiveness and a lower risk of 
drug resistance has great potential against infections by 
drug-resistant bacteria, which has not been reported to 
date [33–36].

Host immunomodulatory therapies, which exploit 
the host-dependent natural mechanisms to activate or 
strengthen protective antimicrobial immunity, are a 
promising strategy for the prevention of drug-resistant 
bacterial infections [37–43]. A series of immunomodu-
lators have been proposed for drug-resistant bacterial 
infections, including agonists that target natural immune 
pattern recognition receptors [PRRs; such as Toll-like 
receptors (TLRs) and NOD-like receptors (NLRs)] and 
immunomodulatory host defense peptides (also called 
antimicrobial peptides) [37, 44, 45]. Microbial signature 
components and endogenous damage-associated molec-
ular patterns interact with PRRs, triggering the activa-
tion of mitogen-activated protein kinase and nuclear 
factor-κB signaling pathways, thereby activating innate 
immunity, and promoting the induction of antimicro-
bial effector functions [46, 47]. The activation of innate 
immunity is critical for the induction of adaptive immu-
nity, which facilitates protective antimicrobial immunity. 
Agonists of TLRs and NLRs have been demonstrated to 

be safe and effective vaccine adjuvants, and the poten-
tial of immunomodulatory strategies against bacterial 
infections by targeting PRRs have also been explored 
[48, 49]. Food and Drug Administration-approved alu-
minum (Al) adjuvant, the most common NLRs agonist, 
has been reported to preferentially prime  CD4+ T cells, 
which further activate B cells, thereby initiating an adap-
tive immunity response [50, 51]. Thus, immunomodula-
tory therapy is a potential approach to prevent recurrent 
infection with drug-resistant bacteria.

To achieve this, we integrated immunomodulatory 
therapy with bacteria-mediated photothermal therapy to 
achieve the following: i) develop a PSB-based multiplex 
system for treatment and prevention of drug-resistant 
bacterial infections; ii) demonstrate the photothermal 
killing effect of the system on drug-resistant bacteria; 
and iii) assess the immunomodulatory effect of the sys-
tem in preventing recurrent infection with drug-resistant 
bacteria. We expect this study to provide guidelines for 
the design of bacteria-mediated antimicrobial systems 
and shed light on the development of “smart” systems 
that integrate bacterial treatment and prevention meth-
odologies for clinical application in other AMR-related 
diseases.

Methods
Materials
Alhydrogel® adjuvant 2% was purchased from InvivoGen 
(San Diego, CA, USA). Brain Heart Infusion (BHI) Broth 
and BHI Agar were purchased from Qingdao Hope Bio-
Technology Co., Ltd. (Qingdao, China). Crystal violet 
was purchased from Sangon Biotech Co., Ltd. (Shang-
hai, China). Dichloro-dihydro-fluorescein diacetate 
(DCFH-DA) was purchased from Beyotime Biotechnol-
ogy (Shanghai, China). Masson’s trichrome staining kit 
was purchased from Beijing Solarbio Science & Technol-
ogy Co., Ltd. (Beijing, China). Red blood cell lysis buffer 
and 4′,6-diamidino-2-phenylindole were purchased from 
Beyotime Biotechnology (Shanghai, China). All antibod-
ies used in flow cytometry were purchased from Bio-
Legend (San Diego, CA, USA). Interferon γ (IFNγ) and 
interleukin (IL)-4 enzyme-linked immunosorbent assay 
(ELISA) kits were purchased from Cusabio Biotechnol-
ogy Co., Ltd. (Wuhan, China). Alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), creatinine 
(CRE), blood urea nitrogen (BUN), total cholesterol (TC), 
triglyceride (TG), and glucose (GLU) assay kits were pur-
chased from Nanjing Jiancheng Biological Engineering 
Institute (Nanjing, China).

Cell culture
Rhodopseudomonas palustris (Rp) was purchased from 
the China Center of Industrial Culture Collection and 
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cultured in Van Niel’s Yeast Agar medium in a liquid 
anaerobic environment at 30 °C with a 40 W tungsten-fil-
ament light for illumination. The MRSA reference strain 
(ATCC 43300) was obtained from the Anhui Center for 
Surveillance of Bacterial Resistance and cultured in BHI 
Broth in a table concentrator (220 rpm, 37 °C).

Characterization of Rp
The morphology of Rp was characterized using a TH4-
200 inverted optical microscope (Olympus, Tokyo, Japan) 
and a S-4800 scanning electron microscope (Hitachi, 
Ltd., Tokyo, Japan). The absorption spectrum of Rp was 
obtained using a UV–Vis spectrophotometer (Agilent 
Technologies, Santa Clara, CA, USA).

Preparation and mechanism of Rp@Al
Rp was mixed with different concentrations (0.25%, 
0.50%, 1.00%, 1.50%, and 2.00%) of Al adjuvant to form 
Rp@Al gel. Thereafter, the stability of Rp@Al was moni-
tored at different time points (Days 0, 3, and 7). To exam-
ine the preparation of Rp@Al, we measured the zeta 
potentials of Rp, blocked Rp, and the Al adjuvant. We 
mixed Rp with positively charged polyethyleneimine to 
block the negative charge of Rp. The blocked Rp was then 
mixed with Al adjuvant to determine whether the Rp@Al 
system could be formed.

Evaluation of the photothermal properties of Rp@Al
The photothermal properties of Rp@Al were evaluated 
by monitoring photothermal heating curves. Phosphate-
buffered saline (PBS) and different concentrations of Rp 
 (108,  109, and  1010  CFU/mL) were irradiated using an 
808-nm laser with a power density of 2 W/cm2 for 8 min, 
and the photothermal heating curves were recorded. 
Photothermal heating curves were also recorded for Rp 
 (109  CFU/mL) exposed to various laser power densities 
(0.5, 1.0, 1.5, and 2.0 W/cm2). The photothermal stabil-
ity of Rp@Al was further investigated by repeated off-
and-on laser irradiation (2 W/cm2 for 8 min, cooling for 
10 min, four cycles).

Evaluation of antibacterial activity in vitro
Five experimental groups were defined as follows: con-
trol, Rp + NIR, Al, Rp@Al, and Rp@Al + NIR. MRSA 
 (107  CFU/mL or  1010  CFU/mL) was cultured in the 
presence of PBS, Rp  (109  CFU/mL), Al adjuvant (2%), 
and Rp@Al (gel formed by  109  CFU/mL Rp and 2% Al 
adjuvant), respectively. The Rp + NIR and Rp@Al + NIR 
groups were exposed to an 808-nm laser with a power 
density of 2 W/cm2 for 8 min. For colony counting anal-
ysis, the bacteria in each group were cultured for an 
additional 1 h at 37  °C after different treatments; there-
after, dilutions of the cultures were plated on BHI Agar 

and cultured at 37  °C for 24  h. Then, the colonies were 
counted and analyzed using the ImageJ software. For 
anti-biofilm analysis, after different treatments, the bac-
teria in each group were cultured for an additional 12 h 
at 37 °C to allow biofilm growth; thereafter, crystal violet 
staining was conducted according to the manufacturer’s 
instructions. In addition, to determine the reactive oxy-
gen species (ROS) levels in the MRSA  (1010  CFU/mL) 
after the various treatments, DCFH-DA staining was 
performed according to the manufacturer’s protocol. 
After staining, diluents of the mixture in each treatment 
group were coated on slides for fluorescence microscope 
imaging.

Animals
BALB/c mice (6–8 weeks old) were purchased from Nan-
jing Pharmaceutical Factory Co. Ltd. (Nanjing, China).

Evaluation of antibacterial activity and immunity response 
in vivo
BALB/c mice were subcutaneously (s.c.) injected with 
MRSA  (109  CFU) to establish a cutaneous abscess 
model. The mice were then divided into five groups 
(n = 5 per group): control, Rp + NIR, Al, Rp@Al, 
and Rp@Al + NIR. On Day 2, mice with established 
abscesses were injected in situ with PBS, Rp  (109 CFU), 
Al adjuvant (2%), or Rp@Al (the gel comprising  109 CFU 
Rp and 2% Al adjuvant) at the abscess site. Mice in the 
Rp + NIR and Rp@Al + NIR groups were exposed to an 
808-nm laser with a power density of 1.5 W/cm2 for 
8 min. After different treatments, abscess recovery and 
body weight were monitored every two days, and mice 
were euthanized on Day 12.

To evaluate antibacterial activity, we collected resid-
ual bacteria from the abscess sites by homogenization 
in a tissue homogenizer (Bertin, Montigny le Breton-
neux, France). Dilutions of the supernatants were 
plated on BHI Agar and cultured at 37 °C for 24 h; then, 
the colonies were counted and analyzed with ImageJ 
software. To evaluate the wound healing process, skin 
samples collected at the abscess sites were fixed in 4% 
paraformaldehyde (PFA) for Masson’s trichrome stain-
ing according to the manufacturer’s instructions. Serum 
and the sentinel lymph nodes were collected to assess 
the immune response. Serum IFNγ and IL-4 levels were 
determined by ELISA according to the manufacturer’s 
instructions. Single-cell suspensions of lymph nodes 
were blocked with CD16/32 antibody and then divided 
into two parts, labeled with the following antibodies 
separately: FITC-CD45.2 (104), PE/Cy7-CD11c (N418), 
APC-CD80 (16-10A1), and PE-CD86 (A17199A); 
FITC-CD45.2 (104), and APC-CD4 (GK1.5). The activa-
tion of dendritic cells (DCs) and the percentage change 
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of  CD4+ T cells in lymph nodes were analyzed using a 
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, 
USA).

Evaluation of protective antimicrobial immunity induction 
and recurrent infection prevention
To evaluate the induction of protective antimicrobial 
immunity, BALB/c mice with established abscesses were 
treated as described above and euthanized after 4 weeks. 
Serum, sentinel lymph nodes, and spleens were collected 
to assess the immune response. Serum IFNγ and IL-4 
levels were determined by ELISA according to the manu-
facturer’s instructions. Single-cell suspensions of lymph 
nodes and spleens were blocked with CD16/32 antibody 
and then labeled with APC/Cyanine7-CD45.2 (104) and 
PE-CD45R/B220 (RA3-6B2). The percentage change of 
 B220+ B cells in lymph nodes and spleens was analyzed 
using the CytoFLEX flow cytometer.

To evaluate the prevention of recurrent infections, 
BALB/c mice with established abscesses were reared nor-
mally for 4 weeks after the initial treatment, as described 
above. Specifically, PBS, Rp  (109 CFU), Al adjuvant (2%), 
or Rp@Al (a gel comprising  109 CFU Rp and 2% Al adju-
vant) were injected in  situ at the abscess site on day 2. 
Mice in the Rp + NIR and Rp@Al + NIR groups were sub-
sequently exposed to an 808-nm laser with a power den-
sity of 1.5 W/cm2 for 8 min. After 4 weeks, mice in each 
group were then given a second s.c. administration of 
MRSA (1 ×  109 CFU) or intravenous (i.v.) administration 
of MRSA (7.5 ×  108 CFU). For the s.c. recurrent infection 
model, abscess recovery was monitored every 3 days, and 
all mice were euthanized after 12 days. Colony counting 
at the abscess site was performed to evaluate the anti-
bacterial activity, and skin samples from abscess sites 
were fixed in 4% PFA for Masson’s trichrome staining to 
evaluate the wound healing process. For the i.v. recurrent 
infection model, the body weight of mice was monitored 
every day for 3 weeks, and the survival period of mice in 
each group was analyzed.

In vivo safety assessment
After treatment, BALB/c mice in each group were euth-
anized on Day 12, and the serum, heart, liver, spleen, 
lungs, and kidneys were collected for biochemical indi-
cator assessment and histological evaluation. Serum 
biochemical indicators, including ALT, AST, CRE, BUN, 
TC, TG, and GLU levels, were measured using assay kits 
according to the corresponding manufacturer’s protocol. 
In addition, for histological evaluation, hematoxylin and 
eosin (H&E) staining of tissue sections was performed, 
and the tissue structure was further analyzed.

Statistical analysis
Data are shown as mean ± SD or mean ± SEM; 
n = 5–10. Statistical differences were analyzed using 
Student’s t-test (two-tailed) and indicated as ns, no 
significance, * P < 0.05, ** P < 0.01, *** P < 0.001, and 
****P < 0.0001.

Results
Preparation and characterization of Rp@Al
The PSB used in this study was Rp, a gram-negative bac-
terium. Interestingly, Rp could interact with different 
concentrations of Al adjuvant to form Rp@Al gel in a few 
seconds (Fig. 1a; Fig. S1), which may be ascribed to col-
loid homeostasis due to charge adsorption [52]. Validat-
ing this deduction, the average zeta potentials of Rp and 
the Al adjuvant were found to be − 9.44 and + 11.30 mV 
(Fig. S2a), respectively. Positively charged polyethyle-
neimine was mixed with Rp to block its negative charge. 
Blocked Rp, with an average zeta potential of + 2.06 mV 
(Fig. S2a), was then mixed with Al adjuvant. Interest-
ingly, Rp shielded from a negative charge was unable to 
form a composite gel system with the Al adjuvant (Fig. 
S2b). Different concentrations of Al adjuvant mixed 
with Rp formed gels with different viscosities, among 
which the gel formed by 2% Al adjuvant and Rp displayed 
good stability even for 7  days (Fig.  1b; Fig. S1). Optical 
microscope and scanning electron microscope images 
showed that Rp has a uniform cylindrical shape, with 
an average length of 2.6 μm (Fig. 1c, d; Fig. S3). Impor-
tantly, BChl contained in Rp showed NIR absorption at 
700–1,000  nm, which is different from the visible light 
absorption window of plant chlorophyll. The live Rp cul-
ture appeared dark red under normal growth conditions 
(Fig. S4), exhibiting characteristic absorption peaks of 
BChl at around 805 and 865  nm, and absorption peaks 
of carotenoid at approximately 375 and 590 nm (Fig. 1e), 
which was consistent with a previous report [32]. The 
photothermal properties of Rp@Al were investigated 
under an 808-nm laser irradiation. As expected, Rp@Al 
exhibited excellent photothermal performance similar 
to that of Rp (Fig. 1f; Fig. S5). Moreover, Rp@Al showed 
concentration-dependent and power density-depend-
ent photothermal effects, as indicated by photothermal 
images and heating curves (Fig.  1g, h; Figs. S6 and S7). 
In addition, Rp@Al presented commendable photother-
mal stability under repeated off-and-on laser irradiation 
(Fig.  1i), where the photothermal conversion efficiency 
of Rp@Al was calculated to be 36.20%, according to the 
method reported, which is higher than that of various 
photothermal agents reported to date (Fig. 1j; Table S1) 
[32, 53–56]. Thus, Rp@Al with prominent photothermal 
properties and stability was successfully prepared.
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Photothermal antibacterial activity of Rp@Al in vitro
Encouraged by the photothermal performance of Rp@
Al, we next examined the antibacterial and anti-biofilm 
efficiencies of Rp@Al using gram-positive MRSA. After 
irradiation at 2 W/cm2 for 8  min, the relative bacterial 
viability in the Rp + NIR and Rp@Al + NIR groups was 
only 2.11% and 1.56%, respectively. The antibacterial effi-
ciency of Al and Rp@Al alone was also examined, and the 
results showed that Al and Rp@Al alone had no obvious 
antibacterial effect (Fig.  2a, b), indicating that the anti-
bacterial activity of Rp@Al should be attributed to its 
photothermal properties. Bacterial biofilm is one of the 
causes of antibiotic tolerance. In this regard, the MRSA 
biofilm disruption after different treatments was veri-
fied using crystal violet staining. Compared with those in 

the control group, biofilms were severely damaged in the 
Rp + NIR and Rp@Al + NIR groups, while there was no 
significant difference in Al and Rp@Al groups (Fig. 2c, d). 
These findings suggested that Rp@Al exhibited a potent 
anti-biofilm efficiency against MRSA through its photo-
thermal effect. Local hyperthermia may destroy bacte-
rial structures by producing ROS or denaturing protein 
structure, ultimately resulting in bacterial death [57]. 
Hence, DCFH-DA staining was performed to reveal the 
ROS levels in the MRSA after the various treatments 
(Fig. S8). The results suggest that the photothermal anti-
bacterial mechanism of Rp@Al may be attributed to the 
production of ROS that destroy bacterial structures, 
eventually killing the bacteria. In conclusion, the Rp@
Al developed in this study integrates the advantages of 

Fig. 1 Preparation and characterization of Rp@Al with photothermal performance. a Schematic diagram of the preparation of Rp@Al composed 
of Rhodopseudomonas palustris (Rp) and aluminum (Al) adjuvant. b Stability of Rp@Al gel on Day 7. c, d Representative optical microscope (c) and 
scanning electron microscope (d) images of Rp. e Absorption spectrum of live Rp. f Photothermal temperature curves of phosphate-buffered saline 
(PBS), Rp, and Rp@Al under an 808-nm laser with a power density of 2 W/cm2 for 8 min. g Photothermal temperature curves of PBS and different 
concentrations of Rp@Al under an 808-nm laser with a power density of 2 W/cm2 for 8 min. h Photothermal temperature curves of Rp@Al under an 
808-nm laser with different power densities for 8 min. i Photothermal stability of Rp@Al under an 808-nm laser with a power density of 2 W/cm2 for 
four irradiation/cooling cycles. j Photothermal conversion efficiency of Rp@Al
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organic and inorganic nanomaterials for antibacterial 
applications, as summarized in Table S2 [58, 59], exhib-
iting prominent photothermal antibacterial and anti-bio-
film abilities (Fig. 2e).

Rp@Al exerts excellent antibacterial activity and enhances 
the  TH‑type immune response in vivo
We next explored the antibacterial activity of Rp@
Al and the immune response elicited by Rp@Al in 
mice with cutaneous abscesses generated by s.c. 

administration of MRSA. On Day 2, the different treat-
ments were administered; the local temperature of the 
abscess site rose to approximately 49 °C in the Rp + NIR 
and Rp@Al + NIR groups (Fig. S9). The abscesses 
were photographed and body weights were measured 
every 2  days. All mice were euthanized at the end of 
treatment (Day 12), and the antibacterial activity and 
immune response were evaluated (Fig.  3a). Images of 
abscesses showed that the recovery in the Rp + NIR and 
Rp@Al + NIR groups was better than that in the control 

Fig. 3 Evaluation of Rp@Al-based antibacterial activity and immune response in vivo. a Schematic illustration of abscess model establishment and 
therapeutic strategy. b Time-lapse images of methicillin-resistant Staphylococcus aureus (MRSA)-induced abscess recovery after different treatments. 
c, d Culture plate images (c) and quantitative analysis (d) showing the in vivo antibacterial ability of different treatments (mean ± SEM, n = 5). e 
Masson’s trichrome staining of skin tissues at abscess sites after different treatments. f Percentage of  CD86+  CD80+ dendritic cells (DCs) in  CD11c+ 
DCs in lymph nodes from mice in different treatment groups (mean ± SEM, n = 5). g Percentage of  CD4+ T cells in total leukocytes isolated from 
lymph nodes harvested from different treatment groups (mean ± SEM, n = 5). h, i Quantitative analysis of serum interleukin (IL)-4 (h) and interferon 
γ (IFNγ) (i) levels on Day 12 (mean ± SEM, n = 5). ns, no significance, *P < 0.05, **P < 0.01, and ****P < 0.0001

(See figure on next page.)

Fig. 2 Antibacterial activity of Rp@Al in vitro. a, b Culture plate images (a) and quantitative analysis (b) showing the antibacterial ability of different 
treatments (mean ± SD, n = 5). c, d Crystal violet staining images (c) and quantitative analysis (d) showing the anti-biofilm ability of different 
treatments (mean ± SD, n = 5). e Schematic diagram showing the antibacterial and anti-biofilm performance of Rp@Al. ns, no significance,  
****P < 0.0001
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Fig. 3 (See legend on previous page.)
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group, while the abscesses in the Al and Rp@Al groups 
showed no significant recovery (Fig. 3b), corroborating 
the commendable photothermal antibacterial ability of 
Rp@Al. To validate this, we performed bacterial colony 
counting at the abscess site. As expected, the results 
showed that compared with that in the control group, 
the relative bacterial viability in the Rp + NIR and Rp@
Al + NIR groups was significantly decreased and was 
only 0.85% and 0.13%, respectively, whereas that in the 
Al and Rp@Al groups showed no significant difference 
(Fig. 3c, d). In addition, Masson’s trichrome staining of 
the skin at the abscess site showed more collagen depo-
sition in the Rp + NIR and Rp@Al + NIR groups than 
that in the control group, while the collagen deposi-
tion in the Al and Rp@Al groups showed no significant 
change (Fig.  3e; Fig. S10). This confirmed that Rp@Al 
effectively promotes abscess recovery via its distin-
guished photothermal antibacterial ability.

To assess the immune response elicited by Rp@Al, 
we collected sentinel lymph nodes and serum from the 
euthanized mice for analysis. We first evaluated the 
activation of DCs, the main antigen-presenting cells. 
Notably, compared with that in the control group, the 
percentage of  CD86+  CD80+ DCs in  CD11c+ DCs was 
significantly increased in both the Al, Rp@Al, and Rp@
Al + NIR groups, while that in the Rp + NIR group 
showed no significant increase (Fig. 3f ). The proportion 
of  CD4+ T cells in the Al, Rp@Al, and Rp@Al + NIR 
groups was also upregulated compared with that in the 
control group (Fig.  3g; Fig. S11). Together, these find-
ings indicated that Rp@Al may have enhanced the anti-
gen presentation of activated DCs to prime naive  CD4+ 
T cells. Polarization of  CD4+ T cells into T helper 1 
 (TH1) and  TH2 is crucial for induction of protective 
antimicrobial immunity [60]. In view of this, the lev-
els of IL-4 and IFNγ in serum were determined using 
ELISA. IL-4 and IFNγ production are critical features 
of  TH2 and  TH1 cell responses, respectively [60]. The 
levels of IL-4 and IFNγ in the Al, Rp@Al, and Rp@
Al + NIR groups increased significantly, while neither 
the IL-4 nor IFNγ level in the Rp + NIR group showed 
significant differences when compared with those in 
the control group (Fig. 3h, i). This initiation of  TH-type 

immune response induced by Rp@Al may be attributed 
to the Al adjuvant, as they are reported to prime  TH 
cell responses preferentially [50]. In conclusion, Rp@Al 
elicited not only prominent antibacterial activities but 
also enhanced  TH1/TH2 immune response.

Adjuvant‑like Rp@Al effectively prevents recurrent 
infection by inducing pathogen‑specific immunological 
memory
Given that Rp@Al induced  TH-type immune responses, 
we next evaluated the generation of immune memory in 
abscess-bearing mice after Rp@Al treatment. BALB/c 
mice with MRSA-infected abscesses were grouped and 
treated as described above (Fig. 4a). We first verified the 
 TH1/TH2 immune responses primed by Rp@Al by meas-
uring serum levels of IL-4 and IFNγ using ELISA. Com-
pared with those in the control group, the levels of IL-4 
and IFNγ in the Al, Rp@Al, and Rp@Al + NIR groups 
were significantly increased, while they were not signifi-
cantly different in the Rp + NIR group (Fig.  4b, c). Fur-
thermore, memory B cells in sentinel lymph nodes and 
spleens were analyzed by flow cytometry. Compared with 
those in the control group, the percentages of  B220+ B 
cells in lymph nodes and spleens in the Al, Rp@Al, and 
Rp@Al + NIR groups were significantly increased, while 
those in the Rp + NIR group showed no significant differ-
ence (Fig. 4d, e; Fig. S12), suggesting that immune mem-
ory was evoked after Rp@Al treatment.

To evaluate the preventive effect of immune memory 
against recurrent infections after initial Rp@Al treat-
ment, we reared mice normally for 4  weeks and then 
administered a second dose of MRSA s.c. and moni-
tored abscess recovery as described (Fig.  4a). Interest-
ingly, bacterial counts were lower and abscess recovery 
was faster in the Al, Rp@Al, and Rp@Al + NIR groups 
than in the Rp + NIR and control groups (Fig. 4f, g; Fig. 
S13). Additionally, Masson’s trichrome staining of the 
skin at the abscess site showed more collagen deposi-
tion in the Al, Rp@Al, and Rp@Al + NIR groups than 
in the Rp + NIR and control groups (Fig. S14), further 
demonstrating the enhanced abscess healing after Rp@
Al treatment. Together, these findings suggested that a 
protective antimicrobial immunity evoked by Rp@Al 

(See figure on next page.)
Fig. 4 Rp@Al-based protective immunity prevents MRSA-induced recurrent infections by eliciting pathogen-specific immunological memory. 
a Schematic illustration of the evaluation of protective immunity and prevention of MRSA-induced recurrent infections. Mice were injected 
subcutaneously (s.c.) with MRSA  (109 CFU, first exposure) followed by different treatments on Day 2. After 4 weeks, serum, lymph nodes, and spleens 
of mice in different treatment groups were collected for protective immunity analysis. Prevention of recurrent infections was evaluated by s.c. 
re-infection with MRSA(109 CFU, second exposure). b, c Quantitative analysis of serum IL-4 (b) and IFNγ (c) levels on Day 30 (mean ± SEM, n = 5). d, 
e Percentage of  CD45+  B220+ memory B cells in lymph nodes (d) and spleens (e) from mice in different treatment groups on Day 30 (mean ± SEM, 
n = 5). f, g Culture plate images (f) and quantitative analysis (g) showing the antibacterial ability of different treatments after s.c. re-infection with 
MRSA (mean ± SEM, n = 5). h Schematic diagram showing the mechanism of Rp@Al-based prevention of recurrent infections with MRSA. ns, no 
significance, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Fig. 4 (See legend on previous page.)
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could effectively prevent recurrent infections with drug-
resistant bacteria (Fig. 4h).

To further confirm the protective effect of pathogen-
specific immunological memory elicited by Rp@Al, mice 
were housed for 4  weeks after the initial treatment and 
were then i.v. re-infected with MRSA at a near-lethal 
infection dose. Body weight and the survival of mice in 
each group were monitored (Fig. 5a). No significant dif-
ference was observed in the initial body weight of mice 
among the different groups (Fig. S15). Encouragingly, 
compared with that in the control and Rp + NIR groups, 
the survival rate of mice in the Al, Rp@Al, and Rp@
Al + NIR groups was significantly increased by up to 
60–70%, and the survival period of mice in these groups 
was also significantly increased (Fig.  5b). Specifically, 
mice in both the control and Rp + NIR groups rapidly lost 
weight and did not survive past 5 and 9 days, respectively 
(Fig. 5c, d), whereas the weight of mice in the Al, Rp@Al, 

and Rp@Al + NIR groups returned to the normal range 
after approximately 1 week (Fig. 5e–g), although the body 
weight of mice in each group showed a downward trend 
upon second infection. In conclusion, adjuvant-like Rp@
Al effectively prevented recurrent infections with drug-
resistant bacteria by inducing pathogen-specific immu-
nological memory.

Biosafety assessment of Rp@Al
We next evaluated the biosafety of the multiplex sys-
tem. The weight of mice in each treatment group did not 
show a downward trend, indicating the biosafety of the 
treatment system to some extent (Fig.  6a). Mice were 
euthanized at the end of treatment for the analysis of bio-
chemical indicators and organ safety. There were no sig-
nificant differences in serum ALT and AST levels among 
the Rp + NIR, Al, Rp@Al, and Rp@Al + NIR groups 
compared with those in the control group (Fig.  6b, c), 

Fig. 5 Rp@Al-based prevention of MRSA-induced recurrent infections and improvement of the survival rate. a Schematic representation illustrating 
the prevention of MRSA-induced recurrent infections. Mice were injected s.c. with MRSA  (109 CFU, first exposure) followed by different treatments 
on Day 2. After 4 weeks, prevention of recurrent infections was evaluated by i.v. re-infection with MRSA (7.5 ×  108 CFU, second exposure). b Survival 
curve of mice in different treatment groups after i.v. re-infection with MRSA (n = 10). c–g Body weight monitoring of mice in different treatment 
groups after i.v. re-infection with MRSA (n = 10)
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Fig. 6 In vivo biosafety evaluation of Rp@Al. a Body weight monitoring of mice in different treatment groups. b–h Analysis of serum biochemical 
indicators of mice from different groups at the end of treatment (mean ± SEM, n = 5). i Representative hematoxylin and eosin (H&E) staining images 
showing the major organ tissue structures of mice in different treatment groups. ns, no significance
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indicating that the treatment system did not affect the 
liver function of mice. Moreover, there were no sig-
nificant differences in CRE and BUN levels among the 
Rp + NIR, Al, Rp@Al, and Rp@Al + NIR groups when 
compared with those in the control group (Fig.  6d, e), 
suggesting that the treatment system had no significant 
influence on the renal function of mice. TC, TG, and GLU 
levels in mice in each treatment group also showed no 
significant differences, further confirming the biosafety of 
the treatment system (Fig. 6f–h). Furthermore, the evalu-
ation of organ safety of the treatment system revealed no 
systematic toxicity to the heart, liver, spleen, lungs, and 
kidneys of mice in each treatment group, as assessed by 

H&E staining (Fig. 6i). Taken together, these findings sug-
gested the biosafety of the multiplex system prepared 
herein.

Discussion
The high mortality associated with drug-resistant bac-
teria and its recurrent infections is an intractable clinical 
problem [61]. It is challenging to achieve the treatment of 
drug-resistant bacteria and the prevention of their recur-
rent infection simultaneously using existing strategies 
[37, 44, 45, 62]. In this study, a PSB-based multiplex sys-
tem, Rp@Al, was successfully developed for the treatment 
and prevention of drug-resistant bacterial infections. Rp@

Fig. 7 Schematic illustration of PSB-based multiplex system for the treatment of drug-resistant bacterial infections. Photosynthetic bacteria 
(PSB)-based Rp@Al, fabricated through an electrostatic-driven self-assembly process, containing bacteriochlorophyll (BChl) that absorbs 
near-infrared (NIR) light at around 805 and 865 nm, exhibited effective photothermal ablation of MRSA. Rp@Al also exerted an adjuvant-like effect 
to enhance the antigen presentation of activated DCs, thereby priming the T helper 1  (TH1)/TH2 immune response, resulting in a protective 
pathogen-specific immunological memory against recurrent infections with the same drug-resistant bacteria
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Al, containing BChl that absorbs NIR light at around 805 
and 865 nm, exhibited prominent stability and photother-
mal capability, with a photothermal conversion efficiency 
of 36.20% and up to 98.44% antibacterial efficacy in vitro. 
Furthermore, in a MRSA-infected cutaneous abscess 
model, we demonstrated that Rp@Al also displayed a 
predominant photothermal antibacterial effect, effec-
tively enhancing abscess recovery. Taken together, these 
results suggested that the PSB-based Rp@Al can be used 
as a novel photothermal reagent, which has great poten-
tial for photothermal treatment of drug-resistant bacterial 
infections.

Immunomodulatory therapy, which exploit host-
dependent natural mechanisms to activate or strengthen 
protective antimicrobial immunity, is a potential approach 
for preventing recurrent infection with drug-resistant bac-
teria [37–43]. Encouragingly, Rp@Al could strengthen the 
activation of DCs and  TH1/TH2 immune responses, result-
ing in a strong pathogen-specific immunological mem-
ory against recurrent infections after initial treatment. 
This may be ascribed to the Al adjuvant, which has been 
reported to preferentially prime  CD4+ T cells and further 
activate B cells, thereby initiating an adaptive immune 
response [50, 51]. The protective antimicrobial immu-
nity was further confirmed in a MRSA-induced recurrent 
infection model. Upon second infection, Rp@Al-treated 
mice showed lower bacterial activity, faster abscess recov-
ery, and a higher survival rate of up to 70% even under 
near-lethal doses than control mice. Furthermore, syn-
thetic evaluation suggested that Rp@Al had adequate 
biosafety. Taken together, these results suggested that the 
adjuvant-like Rp@Al can effectively prevented recurrent 
infections via protective immunomodulatory effect.

These unique features of the multiplex system developed 
herein indicate its potential application toward the design of 
efficient treatment and prevention regimes for drug-resist-
ant bacterial infections. Furthermore, it is also challenging 
to integrate these properties into a single system, demon-
strating this could potentially stimulate further research in 
developing multiplex system for other applications.

Conclusions
In summary, we presented a multiplex system that utilizes 
photothermal ablation to achieve drug-resistant bacteria 
abrogation, while also preventing recurrent infections with 
drug-resistant bacteria through adjuvant-like modulation 
of the host immune response. Specifically, we i) developed 
a PSB-based multiplex system (Rp@Al) that was fabricated 
through electrostatic-driven self-assembly for combat-
ing drug-resistant bacterial infections; ii) demonstrated 
that Rp@Al, containing BChl, which absorbs NIR light at 
around 805 and 865 nm, exhibited prominent photother-
mal properties and photothermal ablation ability toward 

drug-resistant bacteria; iii) revealed that Rp@Al exerts 
an adjuvant-like effect to enhance the antigen presenta-
tion of activated DCs, thereby priming  TH1/TH2 immune 
responses, resulting in a protective pathogen-specific 
immunological memory against recurrent infections with 
drug-resistant bacteria; and iv) illustrated that Rp@Al not 
only eliminates drug-resistant bacteria through photo-
thermal killing but also plays a preventive role in reduc-
ing infection burden and prolonging the survival period of 
mice during recurrent infections (Fig. 7).
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