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Abstract

This study proposes a multiplex antimicrobial system derived from photosynthetic bacteria and U.S. Food
and Drug Administration-approved aluminum adjuvant systems. The objective is to treat drug-resistant
bacterial infections and prevent their recurrence.
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Commentary

Antibiotic misuse contributes to the emergence of multidrug-resistant organisms, resulting
in infections that cause over one million deaths annually [1-3]. Therefore, there is an urgent need
to develop new antimicrobial methods. Traditional antibiotic therapy is often incomplete due
to the emergence of drug-resistant strains, leading to relapse. Bacteria, when exposed to lethal
concentrations of antimicrobials multiple times, undergo temporary dormancy, while resistance
genes rapidly accumulate mutations that eventually form resistance [1,4]. To address these challenges,
the development of combined and innovative photothermal therapies that can clear infections
while reducing recurrence rates and protecting local tissues has gained significant attention.
Photothermal therapy is highly efficient in thermokilling resistant bacteria, albeit with the risk of
causing local tissue damage due to its operating temperature. In addition to photothermal therapy,
host immunomodulatory therapy has emerged as a promising strategy for preventing drug-resistant
bacterial infections [5-7]. This therapy utilizes host-dependent natural mechanisms to activate or
enhance protective antimicrobial immunity.

To address the issues associated with most photosensitizers, such as poor permeability, insufficient
targeting, and low light utilization [8], as well as slow degradation and long-term retention [9], one
potential solution is the use of bacterial chlorophyll as a biosensitizer, particularly in photosynthetic
bacteria. Previous studies have reported that photothermal therapy can reduce the development
of resistant bacteria [10]. Therefore, our team has developed a new approach to photothermal
combination immunotherapy for drug-resistant bacteria-associated infections. This approach is
based on the genetically engineered bacterium Psendomonas natural rhododendron (Rp), which
was mixed with Al adjuvant to create Rp@Al gel. In vitro experiments were conducted to test the
photothermal performance of Rp@Al gel, where the engineered bacteria were co-cultured with
drug-resistant strains and the viability of the bacteria was assessed following photothermal therapy.
Additionally, in vivo experiments using mouse models were carried out. The results showed that Rp@
Al gel exhibited excellent photothermal performance under near-infrared laser irradiation, effectively
killing drug-resistant bacteria. Furthermore, Rp@Al gel facilitated the presentation of specific
antigens of methicillin-resistant Staphylococcus aureus (MRSA) by dendritic cells to helper T cells.
THI cells mainly produce IL-4, while TH2 cells mainly produce IFNK, and both cytokines work
synergistically on memory B cells. This ultimately leads to the rapid production of a large number
of specific antibodies by memory B cells upon subsequent infection, effectively controlling infection
recurrence. Moreover, Rp@Al gel was found to activate dendritic cells, bridging the innate immunity
and adaptive immunity to jointly combat recurrent infections. These findings highlight the potential
of nanomedicine in addressing the challenges posed by drug-resistant bacteria through photothermal
combined immunity [11-13].
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Once resistant bacteria form biofilms, resistance increases
significantly [14]. Chronic biofilm-associated infections can lead
to systemic infection [15,16]. Routine antibiotics make it difficult
to completely eradicate quiescent bacteria located at the center
of the biofilm. In addition, high levels of glutathione (GSH) are
often released and accumulated in these regions due to the large
number of cell necrosis within the infected niche [17]. The rapid
proliferation of bacteria leads to hypoxia within the biofilm, which
may inhibit the function of immune cells [18]. Highly acidic and
hydrogen peroxide-rich biofilm microenvironments affect the
antimicrobial immune response of macrophages [19]. Furthermore,
the infectious microenvironment often exhibits characteristics that
differ from normal tissues, such as neutrophil infiltration, high
proteolytic enzyme levels, elevated local temperature, and increased
acidity [20,21]. During the M1-like polarization of macrophages,
lactic acid accumulation occurs, resulting in "lactate-associated
immunosuppression” [22,23], which inhibits the antibacterial effect
of macrophages [24].

Therefore, we propose a novel non-antibiotic strategy for the
eradication of bacterial biofilms. Our approach is based on the synergy
of thermoamplified chemokinetic therapy driven by bionanocatalysts
and innate immunomodulation. To illustrate this strategy, we present
a novel "interference regulation strategy” that utilizes bovine serum
albumin-iridium oxide nanoparticles (BIONDPs). These nanoparticles
effectively convert hydrogen peroxide into oxygen, interfering with
the homeostasis of the biofilm microenvironment. Concurrently,
BIONPs induce macrophages to repolarize into the pro-inflammatory
M1 phenotype, promoting the engulfment of residual biofilms and
preventing biofilm reconstruction [25]. In addition, we utilize GB@P,
which is activated in the acidic microenvironment. This activation
enhances the photothermal effect and increases the sensitivity of
bacteria to heat through the penetration of hydrogen peroxide into
the biofilm. Furthermore, GB@P promotes the polarization of
macrophages into the pro-inflammatory M1 phenotype, leading
to sustained bactericidal and biofilm eradication through innate
immunomodulatory effects [26]. We also employ organic framework
bionanocatalysts (MACGs) consisting of MIL-100 and CuBTC.
These bionanocatalysts release glucose oxidase and activatable
photothermal agents in the acidic biofilm microenvironment.
The released Cu ions deplete glutathione and catalyze the cleavage
of hydrogen peroxide into hydroxyl radicals (-OH), which can
effectively penetrate heat-induced loose biofilms and eliminate fixed
bacteria. Additionally, MACG promotes macrophage polarization,
creating a continuous pro-inflammatory microenvironment that
inhibits biofilm regeneration [27]. To address bacterial resistance
and metabolic status associated with relapsing bacteria, we
propose a metabolic interference approach that induces bacterial
death. Our biofilm microenvironment-responsive copper-doped
polyoxometalate cluster promotes bacterial copper apoptosis-like
death through metabolic disturbances. Concurrently, it reactivates
macrophage immune responses to further eliminate planktonic
bacteria, achieving clearance of full-stage bacterial biofilm-associated
infections [28]. Finally, we introduce a novel iron-driven Janus ion
therapy anti-biofilm strategy that combines heat stress-induced iron
interference with iron nutrient immune reactivation. We synthesize
a biofilm microenvironment-responsive photothermal microneedle
patch (FGO@MN). The catalytic products of FGO@MN, such as
hydroxyl radicals (-OH), destroy bacterial heat shock proteins and
induce thermosensitization of biofilms. Moreover, the iron overload

in cells triggers iron death-like death, while also rejuvenating iron-
trophic granulocytes surrounding the biofilm microenvironment,
leading to the reactivation of anti-biofilm functions [29].

The advent of nanomedicines has provided a way to eliminate
intracellular bacteria by enhancing passive/active permeability of cell
membranes, increasing intramembrane antibiotic concentrations,
and protecting antibiotic activity [30,31]. Vancomycin has been
reported to effectively eliminate most MRSA, but some MRSAs can
invade host cells, including macrophages, to avoid recognition and
elimination [32,33] Intracellular bacteria can disrupt innate immune
responses by interfering with the intracellular microenvironment [34].
The long-term presence of intracellular bacteria is also an important
cause of infection recurrence [35,36]. A heat-responsive nanoparticle
consisting of fatty acids and CaO2-vancomycin has been reported
to exert a significant killing effect on intracellular bacteria [37].
Under external thermal stimulation, the shell of the nanoparticle
changes from the solid phase to the liquid phase, exposing the
CaO2-vancomycin core to the surrounding aqueous solution. This
process releases vancomycin and produces Ca(OH)2 and oxygen,
stabilizing hypoxia-inducible factor-la (HIF-1a) to enhance the
Mil-like polarization of macrophages. As a result, it increases the
production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS), leading to the killing of intracellular bacteria. Phage-
chlorin e6(Ce6)-manganese dioxide nanocomposites (PCM) can
be constructed using the phage's host bacterial targeting specificity
[38], ability to cross cell membranes [39], and the powerful innate
immunostimulatory properties of Mn2+ [40]. With the assistance of
near-infrared radiation, PCM triggers powerful ROSin the biofilm,
and the presence of manganese oxide ensures that the ROS produced
are not rapidly reduced by glutathione. This protection ensures the
bactericidal ability of PCM against intracellular and extracellular
bacteria. Additionally, PCM can promote the maturation of dendritic
cells, facilitate antigen presentation, and establish an adaptive
immune response [41].

Although biomaterial-based immune-enhanced antimicrobial
strategies are considered promising for the treatment of implant-
associated infections [42,43], the precise and orderly release of drugs
cannot be fully controlled at present. This lack of control gives rise
to several issues. Premature drug release hinders the attainment of
effective drug concentration at the treatment site, while sudden drug
release increases the risk of toxic side effects. Additionally, maintaining
the effective drug concentration for an extended period proves
challenging. As such, achieving precise drug release and ensuring
the safety of biomaterials are pressing concerns in the development
of new nano-antibacterial drugs. Future research on antimicrobial
resistance will require collaborative efforts across multiple disciplines.

References

1. Lewis K. The science of antibiotic discovery. Cell. 2020 Apr
2;181(1):29-45.

2. Theuretzbacher U, Outterson K, Engel A, Karlén A. The global
preclinical antibacterial pipeline. Nature Reviews Microbiology.
2020 May;18(5):275-85.

3. Velema WA. Exploring antibiotic resistance with chemical tools.
Chemical Communications. 2023;59(41):6148-58.

4. Levin-Reisman |, Ronin |, Gefen O, Braniss I, Shoresh N, Balaban NQ.
Antibiotic tolerance facilitates the evolution of resistance. Science.
2017 Feb 24;355(6327):826-30.

Cell Signal. 2023;1(1):47-50.

48



Citation: Zhang T, Chen M, Makhanov S, Zhang X, Luo Y, Zhu C. Immune-enhanced nanocomposites provide hope for drug-resistant infection treatment.
Cell Signal. 2023;1(1):47-50.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

FuJ,LiY, ZhangY, LiangY, Zheng, Li Z, et al. An Engineered Pseudo-
Macrophage for Rapid Treatment of Bacteria-Infected Osteomyelitis
via Microwave-Excited Anti-Infection and Immunoregulation.
Advanced Materials. 2021 Oct;33(41):2102926.

Tang H, Qu X, Zhang W, Chen X, Zhang S, Xu Y, et al. Photosensitizer
Nanodot Eliciting Immunogenicity for Photo-Immunologic
Therapy of Postoperative Methicillin-Resistant Staphylococcus
aureus Infection and Secondary Recurrence. Advanced Materials.
2022 Mar;34(12):2107300.

Wang C, Xiao Y, Zhu W, Chu J, Xu J, Zhao H, et al. Photosensitizer-
modified MnO2 nanoparticles to enhance photodynamic
treatment of abscesses and boost immune protection for treated
mice. Small. 2020 Jul;16(28):2000589.

Hu X, Zhang H, Wang Y, Shiu BC, Lin JH, Zhang S, et al. Synergistic
antibacterial strategy based on photodynamic therapy: Progress
and perspectives. Chemical Engineering Journal. 2022 Dec
15;450:138129.

Yang N, Xiao W, Song X, Wang W, Dong X. Recent advances in tumor
microenvironment hydrogen peroxide-responsive materials for
cancer photodynamic therapy. Nano-Micro Letters. 2020 Dec;12:1-
27.

XuY,WuY, HuY, Xu M, Liu Y, Ding Y, et al. Bacteria-based multiplex
system eradicates recurrent infections with drug-resistant bacteria
via photothermal killing and protective immunity elicitation.
Biomaterials Research. 2023 Dec;27(1):1-7.

Li C, Xian J,Hong J, Cao X, Zhang C, Deng Q, et al. Dual photothermal
nanocomposites for drug-resistant infectious wound management.
Nanoscale. 2022;14(31):11284-97.

Wei H, Yang L, Pang C, Lian L, Hong L. Bacteria-targeted
photothermal therapy for combating drug-resistant bacterial
infections. Biomaterials Science. 2023.

Yin M, Yang M, Yan D, Yang L, Wan X, Xiao J, et al. Surface-
charge-switchable and size-transformable thermosensitive
nanocomposites for chemo-photothermal eradication of bacterial
biofilms in vitro and in vivo. ACS Applied Materials & Interfaces.
2022 Feb 9;14(7):8847-64.

Otto M. Staphylococcal biofilms. Microbiology spectrum. 2018 Aug
16;6(4):6-14.

Kulshrestha S, Khan S, Meena R, Singh BR, Khan AU. A graphene/
zinc oxide nanocomposite film protects dental implant surfaces
against cariogenic Streptococcus mutans. Biofouling. 2014 Nov
26;30(10):1281-94.

Kolodkin-Gal I, Romero D, Cao S, Clardy J, Kolter R, Losick R.
D-amino acids trigger biofilm disassembly. Science. 2010 Apr
30;328(5978):627-9.

Xu M, Hu Y, Xiao Y, Zhang Y, Sun K, Wu T, et al Near-infrared-
controlled nanoplatform exploiting photothermal promotion of
peroxidase-like and OXD-like activities for potent antibacterial and
anti-biofilm therapies. ACS Applied Materials & Interfaces. 2020 Oct
27;12(45):50260-74.

Tuzlin Y, Wolf R, Engin B, Kegici AS, Kutlubay Z. Bacterial infections
of the folds (intertriginous areas). Clinics in Dermatology. 2015 Jul
1,33(4):420-8.

Arciola CR, Campoccia D, Speziale P, Montanaro L, Costerton JW.
Biofilm formation in Staphylococcus implant infections. A review
of molecular mechanisms and implications for biofilm-resistant
materials. Biomaterials. 2012 Sep 1;33(26):5967-82.

Yang N, Guo H, Cao C, Wang X, Song X, Wang W, et al. Infection

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

microenvironment-activated nanoparticles for NIR-Il photoacoustic
imaging-guided photothermal/chemodynamic synergistic anti-
infective therapy. Biomaterials. 2021 Aug 1;275:120918.

Lv X, Zhang J, Yang D, Shao J, Wang W, Zhang Q, et al. Recent
advances in pH-responsive nanomaterials for anti-infective therapy.
Journal of Materials Chemistry B. 2020;8(47):10700-11.

Certo M, Tsai CH, Pucino V, Ho PC, Mauro C. Lactate modulation
of immune responses in inflammatory versus tumour
microenvironments.  Nature Reviews Immunology. 2021
Mar;21(3):151-61.

Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic
regulation of gene expression by histone lactylation. Nature. 2019
Oct 24;574(7779):575-80.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M,
Esmaeili SA, Mardani F, et al. Macrophage plasticity, polarization,
and function in health and disease. Journal of Cellular Physiology.
2018 Sep;233(9):6425-40.

LI Q, Liu Q Wang Z, Zhang X, Ma R, Hu X, et al. Biofilm Homeostasis
Interference Therapy via 1 02 -Sensitized Hyperthermia and
Immune Microenvironment Re-Rousing for Biofilm-Associated
Infections Elimination. Small. 2023 Jun;19(22):e2300592.

Dai Y, Mei J, Li Z, Kong L, Zhu W, Li Q, et al. Acidity-Activatable
Nanoparticles with Glucose Oxidase-Enhanced Photoacoustic
Imaging and Photothermal Effect, and Macrophage-Related
Immunomodulation for Synergistic Treatment of Biofilm Infection.
Small. 2022 Nov;18(46):2204377.

SuZ,KonglL, MeiJ,LiQ,QianZ,MaY,etal.Enzymatic bionanocatalysts
for combating peri-implant biofilm infections by specific heat-
amplified chemodynamic therapy and innate immunomodulation.
Drug Resistance Updates. 2023 Mar 1;67:100917.

Mei J, Xu D, Wang L, Kong L, Liu Q Li Q et al. Biofilm
Microenvironment-Responsive Self-Assembly Nanoreactors for All-
stage Biofilm Associated Infection through Bacterial Cuproptosis-
like Death and Macrophage Re-rousing. Advanced Materials. 2023
Jun 1;2023:2303432.

Zhu W, Mei J, Zhang X, Zhou J, Xu D, Su Z, et al. Photothermal
Nanozyme-Based Microneedle Patch against Refractory Bacterial
Biofilm Infection via Iron-Actuated Janus lon Therapy. Advanced
Materials. 2022 Dec;34(51):2207961.

Fenaroli F, Repnik U, Xu Y, Johann K, Van Herck S, Dey P, et al.
Enhanced permeability and retention-like extravasation of
nanoparticles from the vasculature into tuberculosis granulomas in
zebrafish and mouse models. ACS nano. 2018 Aug 6;12(8):8646-61.

Yang S, Han X, Yang Y, Qiao H, Yu Z, Liu Y, et al. Bacteria-targeting
nanoparticles with microenvironment-responsive  antibiotic
release to eliminate intracellular Staphylococcus aureus and
associated infection. ACS Applied Materials & Interfaces. 2018 Apr
10;10(17):14299-311.

Li G, Wang M, Ding T, Wang J, Chen T, Shao Q, et al. cRGD enables
rapid phagocytosis of liposomal vancomycin for intracellular
bacterial clearance. Journal of Controlled Release. 2022 Apr
1,344:202-13.

Neupane AS, Willson M, Chojnacki AK, Castanheira FV, Morehouse
C, Carestia A, et al. Patrolling alveolar macrophages conceal
bacteria from the immune system to maintain homeostasis. Cell.
2020 Oct 1;183(1):110-25.

SoeYM, Bedoui S, Stinear TP, Hachani A. Intracellular Staphylococcus
aureus and host cell death pathways. Cellular Microbiology. 2021
May;23(5):e13317.

Cell Signal. 2023;1(1):47-50.

49



Citation: Zhang T, Chen M, Makhanov S, Zhang X, Luo Y, Zhu C. Immune-enhanced nanocomposites provide hope for drug-resistant infection treatment.
Cell Signal. 2023;1(1):47-50.

35.

36.

37.

38.

39.

Lehar SM, Pillow T, Xu M, Staben L, Kajihara KK, Vandlen R, et al.
Novel antibody-antibiotic conjugate eliminates intracellular S.
Aureus. Nature. 2015 Nov 19;527(7578):323-8.

Yang X, Xie B, Peng H, Shi G, Sreenivas B, Guo J, et al. Eradicating
intracellular MRSA via targeted delivery of lysostaphin and
vancomycin with mannose-modified exosomes. Journal of
Controlled Release. 2021 Jan 10;329:454-67.

Xiao S, Yi J, Zhang Y, Su M, Tang R. Mitigating Lactate-Associated
Immunosuppression  against Intracellular Bacteria  Using
Thermoresponsive Nanoparticles for Septic Arthritis Therapy. Nano
Letters. 2023 Apr 18;23(8):3298-308.

Tian L, Jackson K, Chan M, Saif A, He L, Didar TF, et al. Phage
display for the detection, analysis, disinfection, and prevention of
Staphylococcus aureus. Smart Medicine. 2022 Dec;1(1):220220015.

Rehman S, Ali Z, Khan M, Bostan N, Naseem S. The dawn of phage
therapy. Reviews in Medical Virology. 2019 Jul;29(4):e2041.

40.

41.

42.

43.

Wang C, Guan Y, Lv M, Zhang R, Guo Z, Wei X, et al. Manganese
increases the sensitivity of the cGAS-STING pathway for double-
stranded DNA and is required for the host defense against DNA
viruses. Immunity. 2018 Apr 17,48(4):675-87.

Wang J, Zhao S, Chen J, Liu X, Chen H, Lu T, et al. Phage-Ce6-
Manganese Dioxide Nanocomposite-Mediated Photodynamic,
Photothermal, and Chemodynamic Therapies to Eliminate Biofilms
and Improve Wound Healing. ACS Applied Materials & Interfaces.
2023 Apr 28;15(18):21904-16.

Amin Yavari S, Castenmiller SM, van Strijp JA, Croes M. Combating
implant infections: shifting focus from bacteria to host. Advanced
Materials. 2020 Oct;32(43):2002962.

Seebach E, Kubatzky KF. Chronic implant-related bone infections—
can immune modulation be a therapeutic strategy?. Frontiers In
Immunology. 2019 Jul 23;10:1724.

Cell Signal. 2023;1(1):47-50.

50



