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ARTICLE INFO ABSTRACT

Keywords: Pseudomonas aeruginosa causes high morbidity and mortality in nosocomial infections, and newly approved
Nucleotide coordinated polymers antibiotics have been declining for decades. A green and universal deprotonation-driven strategy is used to
ROS o screen the guanylic acid-metal ion coordination polymer nanoparticles (GMC), instead of the failure of binding
Isr;r:ﬁ;rzl:t?;;wanon occurs when specific metal ion participation. We find that the precise pH-dependent oxidase-like activity of

GMC-2 orchestrates a duple symphony of immune modulation for Pseudomonas aeruginosa biofilm infections.
Specifically, GMC-2-mediated reactive oxygen species (ROS) regulation triggers mitochondrial dysfunction and
releases damage-associated molecular patterns, engaging pattern recognition receptors and resulting in endog-
enous innate immune activation. Meanwhile, GMC-2-triggered ROS generation in a mildly acidic biofilm envi-
ronment destroys the biofilm, exposing exogenous pathogen-associated molecular patterns. GMC-2 cannot cause
resistance for Pseudomonas aeruginosa compared with conventional antibiotics. In an infected implant mouse
model, Pseudomonas aeruginosa biofilms were effectively eliminated by GMC-2-mediated triggering of innate and
adaptive immunity. These findings provide a universal approach for facilitating the binding of biomolecules with
metal ions and highlight the precise ROS-regulating platform plays a critical role in initiating endogenous and
exogenous immune activation targeted for bacterial biofilm infection.

Pseudomonas aeruginosa biofilm infections

1. Introduction immune cells to anti-inflammatory phenotypes and directly killing host

immune cells [4-6]. In the post-antibiotic era, therapeutic approaches

Pseudomonas aeruginosa (P. aeruginosa), which causes high morbidity
and mortality nosocomial infections in patients with orthopedic im-
plants or cystic fibrosis, is one of the most virulent pathogenic organisms
[1,2]. Clinically useful anti-P. aeruginosa antibiotics are limited, but
their resistance is steadily increasing due to the low outer membrane
permeability and effective efflux system, and newly approved antibi-
otics have been declining for decades [3]. Pathogens within biofilm
shelters escape the host immune defense system by polarizing the host
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such as synergistic anti-biofilms and host immune activation have
attracted considerable attention as a promising strategy to tackle
recalcitrant P. aeruginosa biofilms [7,8].

Current bacterial immunotherapeutic strategies primarily focus on
disrupting bacterial biofilms and releasing exogenous pathogen-
associated molecular patterns (PAMPs), which engage pattern recogni-
tion receptors (PRRs) and activate host immune responses [5,9-12].
However, the host antibiofilm immune system is suppressed by
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biofilm-generated exotoxins and quorum sensing systems, etc., resulting
in a “cold” biofilm microenvironment [5,9]. Bacterial immune escape or
even host immune paralysis is particularly severe due to the invasive
secretion systems of gram-negative bacteria, particularly in P. aeruginosa
with a type III secretion system (T3SS) [6,13-15]. Reprogramming the
“cold” biofilm microenvironment to a “hot” one via spontaneous
endogenous activation of the host immune system is a prerequisite for
recognizing exogenous biofilm antigens and cascade catalysis of innate
and adaptive immunity. Previous reports have suggested that reactive
oxygen species (ROS) activate immune signaling and inflammatory
signaling pathways, such as nuclear factor kappa-B (NF-kB), by dis-
rupting dense biofilm structure and enabling pathogen destruction [10,
16-18]. However, endogenous activation of host immunity by ROS in
bacterial immunotherapy is rarely reported, and its underlying mecha-
nism has not been fully characterized.

Cellular stress and oxidative injury, partly derived from excess
intracellular ROS, disrupt redox signaling and trigger mitochondrial
DNA (mtDNA) release into the cytoplasm and extracellular space [16,19,
20]. mtDNA retains a resemblance to its bacterial origin (multiple
copies, small size, and methylation status), engages PRRs, and is
recognized by immune cells as “foreign” not “self” DNA [19,21-25]. It is
called stress-induced damage-associated molecular patterns (DAMPs)
[26], which endogenously activate the host immune response without
the participation of exogenous biofilm antigens and are distinct from
PAMPs. Therefore, we hypothesized that a well-designed ROS-regulat-
ing platform may initiate endogenous and exogenous immune responses
to target bacterial biofilm infections by releasing exogenous biofilm
antigens and endogenous mtDNA.
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Coordination polymer nanoparticles (CPNs), self-assembled from
nucleotides and metal ions (M""), have exhibited promise in versatile
fields, including catalysis [27,28], bio-sensing [29,30], and nano-
medicine [31,32]. Herein, a green and universal deprotonation-driven
strategy was used to coordinate guanylic acid (GMP) with nutrient
M"*t in an aqueous solution. This innovative strategy circumvents the
failure of GMP-M™" binding when specific metal ion participation
[30-33]. Subsequently, we developed and screened GMP-Mn2* CPNs-2
(GMC-2) with precise pH-dependent oxidase-like activity, orchestrating
a duple symphony of immune modulation. Specifically,
GMC-2-mediated ROS regulation triggered mitochondrial dysfunction
and released DAMPs, engaging PRRs and resulting in endogenous innate
immune activation. Meanwhile, GMC-2-triggered ROS generation in a
mildly acidic biofilm environment destroyed the biofilm, exposing
exogenous PAMPs. Moreover, GMC-2 cannot cause resistance for
P. aeruginosa compared with conventional antibiotics. In an infected
implant mouse model, P. aeruginosa biofilms were effectively eliminated
by GMC-2-mediated triggering of innate and adaptive immunity. Taken
together, this study provided a universal approach for facilitating the
binding of biomolecules with M™", and highlighted that the precise
ROS-regulating platform plays a critical role in initiating endogenous
and exogenous immune responses targeted for biofilm infection
(Scheme 1).
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Scheme 1. Illustrating the preparation of immunomodulatory antimicrobial, and the mechanism of duple symphony for Pseudomonas aeruginosa (P. aeruginosa)
biofilm infections. (A) An innovative and universal deprotonation-driven strategy for coordinating guanylic acid (GMP) with M"", circumvents the failure of GMP-
M™" binding when specific metal ion participation, and develops GMP-Mn>* coordination polymer nanoparticles-2 (GMP-Mn?* CPNs-2, termed GMC-2) with precise
pH-dependent oxidase-like activity. (B) GMC-2-mediated reactive oxygen species (ROS) regulation triggers mitochondrial dysfunction and releases damage-
associated molecular patterns (DAMPs), engaging pattern recognition receptors (PPRs) and resulting in endogenous innate immune activation. Meanwhile, GMC-
2-triggered ROS generation in a mildly acidic biofilm environment destroys the biofilm, exposing exogenous pathogen-associated molecular patterns (PAMPs).
P. aeruginosa biofilms can be effectively eliminated by the precise ROS-regulating platform triggering endogenous and exogenous immune responses.
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2. Materials and methods
2.1. Density functional theory calculations

The reactive site of the GMP molecule was studied by using density
functional theory (DFT) with the B3LYP method and def2-SVP basis set
in the Gaussian 09 package. Harmonic vibrational frequency calcula-
tions were performed at the same theoretical level to guarantee that the
molecule was at the minimum of the potential energy surface with no
imaginary frequencies. The molecular electrostatic potential (ESP) was
calculated using Multiwfn 3.8 (dev), with the input file extracted from
formatted checkpoint files obtained from Gaussian and visualized using
VMD 1.9.3. The Gibbs free energies of oxygen reduction reaction (ORR)
intermediates in the reaction pathways were calculated from the
computational hydrogen electrode model according to Ngrskov et al.
[34]. The reversible hydrogen electrode was regarded as a reference,
then the chemical potential of the H'/e™ pair was equal to half of the
gas-phase Hy at 0 V potential and 1 atm. The O reduction with a
four-electron pathway in the free energy profile was calculated ac-
cording to previous reports and all above calculations comprised water
as an implicit solvent at the Solvation model density (SMD) [35].

2.2. Preparation of GMP-M™" precipitates

Preparation of GMP-M"" precipitates in NaOH aqueous solution.
Volumes of 0, 20, 40, 60, 100, 200, and 400 pL NaOH aqueous solution
(1 M) were added to the aqueous solution (5 mL, 10 mM) of GMP
(Aladdin, China). The resulting mixtures were then combined with
aqueous solutions of M™" (5 mL, 10 mM). Suspensions were reacted for
2 h at room temperature with vigorous stirring. But for Co?" (0 pL) and
Co%* (20 pL), the reaction times were extended to 3 and 24 h, respec-
tively. The pH of the suspensions was measured by a pH meter (Sarto-
rius, PB-10, Germany) after being reacted for 2 h, and the resulting
precipitate was collected by three washes with 10 mL of deionized
water. The preparation of GMP-M"" precipitates in NH3-H,0 aqueous
solution was similar to that in NaOH aqueous solution. Volumes (0, 20,
50, 100, and 200 pL) of NH3-H50 aqueous solution (25 %) were added to
the GMP aqueous solution. The product synthesis was optimized by
changing the volume of NH3-H,0 added and the reaction time. Products
formed from reactions with 0, 20, 50, 100, and 200 pL NH3-H»0 aqueous
solution for 2 h were defined as GMC-0, GMC-1, GMC-2, GMC-3, and
GMC-4, respectively. Preparation of GMP-M"" precipitates in HEPES
buffer and deionized water was based on previously reported methods
[32,33,36-38].

2.3. Oxidase-like activity evaluation

Oxidase activities were evaluated with colorimetric assays [35].
GMP-M"" CPNs (10 pL, 0.1 mg mL™!) and TMB (Sigma-Aldrich, 10 pL,
10 mM) were added into 980 pL air-saturated sodium acetate-acetic acid
buffer (pH 4.0, 20 mM). The catalytic oxidation of TMB was assessed by
measuring the absorption of the oxidized form of TMB (0xTMB) at Amax
=652 nm (¢ = 39,000 M~! cm™) using a UV-vis spectrophotometer
(Varian, Cary 50, USA). To optimize the reacted conditions of GMC-2, a
range of temperatures (10 °C-100 °C) and pH values (3.8-9.2) for the
reaction were measured under the same conditions abovementioned.
Reaction kinetics were measured under optimized conditions (pH 4.5,
20 mM air-saturated sodium acetate—acetic acid buffer).

2.4. Immune agonist screening and identification

RAW264.7 cells (TCM13, Cell Bank, Chinese Academy of Sciences)
were co-cultured with 25 pg mL~* GMP-M™" CPNs in DMEM (10 % FBS)
for 24 h, and then the level of IFN-f in supernatants was tested using a
mouse IFN-p ELISA kit (Bio-Techne, USA) after centrifugation. The
levels of proinflammatory factors (TNF-a, IL-18, and IL-6) in
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supernatants were determined using mouse TNF-q, IL-1f, and IL-6 ELISA
kits (Beyotime, China), respectively [39]. The intracellular ROS and
DNA damage level of RAW264.7 cells were stained with a Reactive
Oxygen Species Assay kit and DNA Damage Assay kit (Beyotime, China),
and its fluorescence images were obtained with a fluorescence micro-
scopy (Olympus, IX83, Japan). The cytosolic mtDNA level of RAW264.7
cells was tested using TagMan™ Fast Advanced Master Mix (Thermo
Fisher Scientific, USA) with a Real-Time PCR System (Bio-Rad, CFX
Connect™, USA), and 18s RNA was used as an internal reference gene;
primer sequences were listed in Table S4. Trizol (Beyotime, China) was
added to extract the RNA of RAW264.7 cells and then immediately
frozen in liquid nitrogen. Samples were sequenced by next-generation
sequencing with the Illumina platform (Personalbio, China).

2.5. Anti-biofilm activity was assessed

A suspension of P. aeruginosa (1 x 10° CFU mL’l) (ATCC 27853) was
added to a 24-well plate containing sterile titanium plates (10-mm
diameter). After incubation for 24 h, wells were washed three times with
PBS to remove planktonic bacteria. The titanium plates with biofilm
were then transferred into a new 24-well plate containing 1 mL LB
medium and 1 mL working solution (sterile water, ampicillin, GMC-2).
Then, the obtained bacterial suspensions were diluted with 2 mL PBS
(10 mM, pH 5.5). The final working concentrations of ampicillin
(Aladdin, China) and GMC-2 were both 100 pg mL~. After incubation
for a further 24 h at 37 °C, the titanium plates were washed with PBS to
remove planktonic bacteria. The biofilm was stained by LIVE/DEAD®
BacLight™ Bacterial Viability Kits (Thermo Fisher Scientific, USA). The
3D images of P. aeruginosa biofilm were generated using a laser scanning
confocal microscope (Zeiss, LSM 880, Germany). To quantify the
biomass of biofilm, the biofilm was detached from the plates into 2 mL of
PBS. Next, the suspensions (100 pL) were diluted into 2 mL of PBS and
stained with a LIVE/DEAD® BacLight™ Bacterial Viability kit. The
biofilm biomass was evaluated using a flow cytometer (Luminex,
Guava® EasyCyte™, USA).

2.6. Treatment of medical-implant infection in animal models

Before treatment, mice were acclimatized for 1 week. A medical-
implant infection animal model was constructed according to previ-
ously proposed methods [5,40]. Male BALB/c mice (six to eight weeks
old, n = 30) were anesthetized via intraperitoneal injection of 1 % so-
dium pentobarbital (Sigma-Aldrich, USA), and their backs were shaved
and disinfected [41]. Subsequently, sterile titanium plates (5-mm
diameter) were inserted into subcutaneous layers in the backs of the
mice, and the wounds were sutured. P. aeruginosa suspensions (100 pL,
1 x 10° CFU mL™!) were injected into the implants subcutaneously. The
following day, infected mice with implants were randomly divided into
three groups, and 100 pL of sterile water (Control group), 2 mg
kg~ lampicillin (Ampicillin group), or 2 mg kg~! GMC-2 (GMC-2 group)
were subcutaneously administrated into the infected area of the im-
plants. Considering the toxicity and antibacterial properties of antibi-
otics, we applied ampicillin with a lower dose. Based on the principle of
administering 0.005 mL drug solution (400 pg mL ™' ampicillin or 400
pg mL~! GMC-2) per g body weight of mice, the drug concentration is
equivalent to 2 mg kg~ '. The infected skin of each mouse was then
photographed on days 0, 1, 2, 3, 4, and 5. Mice were euthanized on day 5
after the operation, and the tissue samples (surrounding the infected
skin) were excised. Then, tissue samples were fixed with 10 % para-
formaldehyde and stained. All quantitative analyses were performed
using ImageJ (v1.53e) or ImageJ Pro Plus (v6.0).

2.7. Statistical analysis

All results were presented as mean + SD. Data were analyzed by
GraphPad Prism (v 8.0.1), Origin 2023, or Excel 2019 unless otherwise
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stated. Statistical analyses were performed using a one-way ANOVA
(two-tailed). A p-value of <0.05 was indicated as statistically significant.

3. Results and discussion

3.1. Preparation and characterization of ROS-regulating platforms

To construct ROS-regulating platforms, theoretical calculations and
experiments were used (Fig. 1A). The molecular electrostatic potential
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Fig. 1. Preparation and characterization of the ROS-regulating platforms. (A) Schematic depicting the GMP-M"* CPNs synthetic route. (B) Electrostatic potential
(ESP) plot of GMP. (C) 1H and (D) ®'P NMR titrations of GMP with MnCl, in D,0. (E) Gibbs free energy profile for oxygen reduction reaction on GMP-M" * CPNs. (F)
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(ESP) of GMP (Fig. 1B), calculated using the density functional theory
(DFT), demonstrated the favorable reactive site order is the position
between N7 and 06 (—0.1302 Hartree), O in P=0, N9, N3, and Pax when
the transition metal ion approaches the GMP molecule [42,43]. The H8
signal obviously broadened and shifted downfield relative to the 'H
nuclear magnetic resonance (NMR) of GMP (Fig. 1C), suggesting a
possible binding site near N7 [28]. GMP 31p and 13C NMR (Fig. 1D and
Fig. S1) further suggested near Pa as another potential binding site [27].
To predict molecular oxygen reduction by GMP-M™" CPNs based on the
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proposed four-electron pathway [35,44], we constructed an experi-
mental structure model (Fig. S2). According to the Gibbs energetics
(Fig. 1E and Table S1), GMP-Mn?" CPNs exhibited the strongest
oxidase-like activity.

Subsequently, we used four aqueous solution systems (NaOH,
NH3-H20, HEPES buffer, and deionized water) to test the reactivity
between GMP and M™" (Fig. S3—12). Progressive deprotonation in
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NaOH and NH3-H30 aqueous solutions yielded GMP crystallized pre-
cipitation, no precipitation, GMP-M"* CPNs, and metal oxides/hydrox-
ides (Fig. 1F). The GMP-M"" CPNs structure was amorphous, as
demonstrated by a pattern of X-ray diffraction (XRD) (Fig. S3-10),
indicating M™ T binding with GMP. Amorphous CPNs were obtained by
adding 60 pL of 1 M NaOH and a colorimetric 3,3',5,5-tetrame-
thylbenzidine (TMB) assay was used to evaluate oxidase-like activity.
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GMP-Mn?* CPNs showed excellent oxidase-like activity, but the other
constructs exhibited very little (Fig. 1G and Fig. S13), consistent with
the theoretical prediction. Reaction kinetics (Fig. 1H and Table S2)
further demonstrated that GMP-Mn?* CPNs had excellent catalytic ac-
tivity with Oz (K = 63.565 pM, Vpax = 1.463 pM sh compared with
the other GMP-M" © CPNs, and previous reported enzyme-mimicking
complexes [35,45-49]. We were surprised to note that “GMP-Mn>*
CPNs” prepared in HEPES buffer [30,33] had no oxidase-like activity
(Fig. S11B), due to failure of GMP-Mn** binding, and were character-
ized as crystallized precipitation based on the characteristic diffraction
peak of GMP (Fig. S11C). And similar events occurred in the Ni2+,
Co?*-relevant reaction of the HEPES buffer reaction system and the
Ni%*, Co%*, Cu®"-relevant reaction of the deionized water reaction
system. Therefore, we proposed the coordination of GMP with transition
metals through a green and universal stepwise deprotonation-driven
strategy.

Considering excellent oxidase-like activity, we optimized the reac-
tion time (2 h) and the volume of NH3-H50 (20 pL) for preparing GMP-
Mn?* CPNs (Figs. S14A-H). Optimized synthesis of GMC-2 yielded a
hydrated particle size of 266.73 + 2.27 nm with zeta potential —12.47
+ 0.32 mV (Figs. SI5A and B), indicating GMC-2 is suitably stable in
aqueous solution. The presence of Mn** (642.29 eV), Mn3* (641.10 eV),
and Mn?* (640.10 eV) was confirmed by the X-ray photoelectron
spectroscopy (XPS) analysis (Fig. S16), which suggested the catalytic
performance of GMC-2 [50]. The most efficient oxygen reduction
occurred in Oy, followed by air, and almost no activity occurred in ni-
trogen (Fig. 1I and Fig. S15E), confirming the innate oxidase-like ac-
tivity of GMC-2 [35,51]. More importantly, the pH-responsive
oxidase-like activity of GMC-2 subtly regulates ROS generation
(approximately 97 % oxidase-like activity at pH 5.7, decreasing to 33 %
at pH 7.4) (Fig. 1J), enabling bio-safe treatment approaches, in this case
specific to biofilm infections [52]. Trapping agent experiments demon-
strated that GMC-2 catalyzes O to produce hydroxyl radical (¢OH) and
superoxide anions (037) (Fig. S15F), which prospectively regulate redox
signaling and biological function via redox modifications of biological
macromolecules [20].

3.2. Immune agonist screen and the mechanism of endogenous immune
activation

To investigate type I interferon (IFN-I) activation, the levels of IFN-$
were measured in the supernatant after incubating macrophages
(RAW264.7, TCM13) with GMP-M" ' precipitates for 24 h (Fig. 2A). The
IFN-B concentration associated with GMP-(Fe?*, Fe®*, Co?*, Ni%*, Cu®™,
or Zn?*") precipitates did not differ significantly from that of the control
group. By contrast, GMP-Mn?* precipitates induced significantly higher
IFN-p expression than the control group, which depended on the volume
of NaOH added during the synthesis of these precipitates, and the
strongest immune response arose when adding 60 pL of 1 M NaOH. It is
necessary to note that after synthesizing these precipitates, we washed
them three times with deionized water and excluded the residual
NaOH’s immune activation effect (Fig. S17A). Interestingly, the GMC-2
and Mn2* groups showed 14.7-fold (p < 0.001) and 7.2-fold (p < 0.001)
higher IFN-f concentration than the control group, respectively
(Fig. 2B). However, the simple mixtures of GMP and Mn?* did not
trigger stronger immune activation than Mn?' alone. These data
demonstrate that the IFN-I activation in RAW264.7 cells was induced by
the subtle synergy between GMP and Mn?* in GMC-2. A moderate
concentration of GMC-2 (25 pg mL™!) was optimized for subsequent
immune experiments (Fig. S17B). To reveal the mechanism of IFN-I
activation, ascorbic acid (AA), a ROS scavenger, was loaded and the
absorbance of oxTMB was reduced when AA was added into GMC-2
(Fig. 2C), demonstrating AA-mediated ROS removal. IFN-I activation
was gradually suppressed with increasing AA concentration (Fig. 2D),
demonstrating ROS-dependent IFN-I activation by GMC-2. A ROS burst
was observed after GMC-2 excitation, but DCF fluorescence was

466

Bioactive Materials 44 (2025) 461-473

quenched by adding AA (Fig. 2E and F), providing additional evidence
for the ROS-dependent IFN-I activation by GMC-2. Similar trends were
observed in y-H2AX immunofluorescence (Fig. 2G and Fig. S18) and
cytosolic mtDNA (Fig. 2h), confirming that mitochondrial dysfunction
was attributable to the excess intracellular ROS generated by GMC-2.
Cytoplasmic mtDNA in the cytoplasm engages PRRs, rendering endog-
enous innate immune activation [16,19,21].

Ampicillin, a conventional beta-lactam antibiotic, was chosen as a
clinical comparator due to its application in sterilization. Compared
with the controls, the expression of IFN-f, tumor necrosis factor-a (TNF-
a), interleukin-1f (IL-1p), and interleukin-6 (IL-6) was significantly
higher in the presence of GMC-2 but similar in the presence of ampicillin
(Fig. 21, J and Fig. S19). We conclude that GMC-2 triggers immune
activation, but ampicillin does not.

To profile the underlying mechanism of immune activation, bulk
RNA sequencing (RNA-seq) was performed on RAW264.7 cells collected
after 24 h of exposure to GMC-2 or ampicillin. Principal components
analysis (PCA) and volcano map analysis (Fig. 2K and Fig. S20) revealed
similar gene expression patterns in the ampicillin and control groups
and significantly different patterns in the GMC-2 group. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analysis (Fig. 2L)
demonstrated activation of immune and inflammatory pathways in the
GMC-2 group, indicating that major coactivator signaling pathways
were stimulated [5]. Other upregulated genes included antigen pro-
cessing and presentation, defense response to the bacterium, innate
immune response, adaptive immune response, and phagocytosis Gene
Ontology gene sets in RAW264.7 treated with GMC-2 (Fig. 2M).
Differentially expressed genes (DEGs) (|log2 fold change| > 1, p < 0.05)
are displayed in a heat map (Fig. 2N). Compared with the control and
ampicillin groups, chemokine signaling genes Ccl2, Ccl5, Ccl7, Cxcl3,
and Cx3cll were upregulated by GMC-2. The C-C motif chemokine
ligand 2 (CCL2) stimulates the secretion of antimicrobial peptides and
recruits immune cells during microbial infections [53]. Cytokine related
genes Csf1, Csf2, Csf3, Ifnb1, Tnf, 116, and I11b were significantly induced
by GMC-2 relative to the control and ampicillin groups. Coactivator
genes Cd40, Cd80, and Cd86 were upregulated by GMC-2; these genes
facilitate antigen processing and presentation, and license
antigen-presenting cells to enhance T cell activation [5,10].
Phagocytosis-related genes Cd14, Nod2, and Ccr2 were significantly
induced by GMC-2. Cluster of differentiation 14 (CD14) recognizes and
binds to bacterial lipopolysaccharides (LPS), and plays an important role
in anti-infection immunity [54,55]. Furthermore, real-time fluorescence
quantitative polymerase chain reaction (RT-qPCR) analysis verified the
significantly increased expression of Ifnb1, Cd86, Cd14, Csf1, Csf3, Ccl3,
Cxcl2, Cxcl10, and I133 in the presence of GMC-2 versus the control and
ampicillin groups (Fig. S21). Accumulating evidence indicates that
GMC-2 triggers endogenous immune activation by releasing mtDNA,
stimulating coactivator signaling pathways, and upregulating IFN-I and
proinflammatory factors (Fig. 20).

3.3. Exogenous pathogen-associated antigen release

The release of pathogen-associated antigens initiates the adaptive
immune response and alleviates immune escape, which marks a pivotal
issue to profit biofilm-targeted immunotherapy [5,9,10]. We initially
assessed GMC-2 against planktonic P. aeruginosa and found its minimum
inhibitory concentration (MIC) was 100 pg mL~! (Fig. 3A). SEM imaging
confirmed the favorable antibacterial activity and structural deforma-
tion of the P. aeruginosa cell wall after GMC-2 exposure (Fig. 3B).
Antibacterial activity was derived from the synergistic effects of GMP
and Mn?* in GMC-2 rather than from any single component (Fig. 3C and
D). Compared with the control and ampicillin groups, ROS production
was significantly higher in the GMC-2 group, as demonstrated by flow
cytometry (Fig. 3E and Fig. S22A). Crystal violet staining [56,57] and
quantitative analysis demonstrated the concentration-dependent anti-
bacterial biofilm activity of GMC-2 (Fig. 523). Live/dead staining and
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3D confocal imaging (Fig. 3F) showed that GMC-2 destroyed
P. aeruginosa biofilms, whereas the P. aeruginosa biofilms maintained
their basal integrity in the control and ampicillin groups. Flow cytom-
etry (Fig. 3G and Fig. S22B) demonstrated a significant reduction in
biofilm biomass in response to GMC-2 but a negligible reduction in
response to ampicillin versus the control group. Bacterial biofilm
destruction and exposure of damaged bacteria are vital for exogenous
bacterial antigen processing and presentation in the host [11].

Apart from biofilm formation, intrinsic resistance, and gene muta-
tions contribute to drug resistance in P. aeruginosa [58]. To assess the
drug resistance, 1 x 106 CFU mL~! planktonic P. aeruginosa was cocul-
tured with 0.5 x MIC ampicillin or GMC-2 for 24 h through six cycles
(Fig. 3H). Compared to day O, the MIC of ampicillin showed an
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|logz fold change| > 1, p < 0.05. (N) Mechanism of exogenous pathogen-associated antigen release from P. aeruginosa biofilms

eight-fold increase by day 6, but that of GMC-2 showed a negligible
increase, indicating the absence of resistance acquisition in the presence
of GMC-2, while ampicillin developed severe resistance (Fig. 3I and
Fig. S24). The antibacterial efficiency of GMC-2 did not differ between
days 0 and 6 (p = 0.8747), but the antibacterial efficiency of ampicillin
dramatically decreased from 92.07 % to 16.85 % (p < 0.001) (Fig. 3J
and Fig. S25). Gene expression patterns in P. aeruginosa were analyzed
by bulk RNA-seq, which showed similarities between the control and
GMC-2 groups versus differences in the ampicillin group (Fig. 3K). We
observed 2902 DEGs between GMC-2 and ampicillin groups under a
threshold of |log2 fold change| > 1 and p < 0.05 (Fig. 3L). Compared
with the ampicillin group, drug-resistance genes (such as genes in efflux
systems, antibiotic-inactivating enzymes, and biofilm formation) were
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negligibly upregulated in the GMC-2 group (Fig. 3M and Table S3),
indicating that P. aeruginosa drug resistance is retarded by GMC-2 [13,
59,60]. Collectively, GMC-2 eliminates P. aeruginosa by ROS, thereby
releasing exogenous bacteria-associated antigens from P. aeruginosa
biofilm, and the ROS antimicrobials have a lower probability of causing
drug resistance in comparison with ampicillin (Fig. 3N) [61].
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3.4. Enhancing the immune response to bacteria

Eukaryotic host cells are damaged by T3SS virulence effectors, such
as ExoT, ExoS, and ExoY [1,13,58]. Consistently, macrophages
(RAW264.7) were killed by P. aeruginosa observed under a microscope
(Fig. S26). To determine whether bacterial damage to host cells was
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alleviated by GMC-2, RAW264.7 and P. aeruginosa co-suspensions were
stained by Calcein-AM/PI kit after 24 h exposure to 0.25 x MIC GMC-2
and ampicillin. Controls included a bacteria-free blank and a bacterial
control group. Compared with the control and ampicillin groups, the
distinct stronger green fluorescence and apparent weaker red fluores-
cence were observed in the GMC-2 group, similar to the blank (Fig. 4A
and Fig. S27), suggesting 0.25 x MIC GMC-2 duly alleviates
P. aeruginosa-mediated damage to macrophage, while low concentra-
tion of ampicillin is incapable. Cryo-section and transmission electron
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microscopy (TEM) imaging showed the destruction of RAW264.7 cells
by invading bacteria in the control and ampicillin groups (Fig. 4B). In
contrast, RAW264.7 remained healthy, with intact cell membranes,
nuclei, and organelles in the GMC-2 and blank groups. In addition,
bacterial counts (Fig. 4C and Fig. S28) showed significantly more bac-
terial colonies in the control and ampicillin groups compared with
GMC-2 and blank groups (p < 0.001), which further confirms
RAW264.7 cells have the upper hand in an environment with
P. aeruginosa after GMC-2 exposure.
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469



J. Chen et al.

To unfold the underlying mechanism of enhanced immune activity,
we assayed several common IFN-I (IFN-) and proinflammatory factors
(TNF-a, IL-1f, and IL-6) in the supernatant of RAW264.7 cultured in
suspension with P. aeruginosa (Fig. 4D-G). Notably, the control and
ampicillin groups exhibited higher levels of IFN-I and pro-inflammatory
factors than the bacteria-free blank, perhaps due to bacterial LPS
secretion [55]. However, significantly higher levels of IFN-I and proin-
flammatory factors were detected in the GMC-2 group relative to the
blank group (p < 0.001), control group (p < 0.001), and ampicillin
group (p < 0.001). Given the inherent immune activation capacity of
GMC-2, we proposed that GMC-2 enhances the immune capacity of
macrophages (Mg) against P. aeruginosa infection. Compared with the
control and ampicillin groups, significant CD86 was upregulated and
CD206 was downregulated of mouse bone marrow-derived macro-
phages (BMDMs) in the GMC-2 group (Fig. 4H), indicating GMC-2
spontaneously reprogrammed M¢ from an anti-inflammatory (M2) to
pro-inflammatory (M1) phenotype [11]. Similarly, significant upregu-
lated CD80 and CD86 of mouse bone marrow-derived dendritic cells
(BMDCs) in the GMC-2 group were detected compared to control and
ampicillin groups (Fig. 4I), indicating DCs was maturation induced by
GMC-2, which may contribute to antigen presentation during bacterial
infection [9,10]. To visualize the procession of Mg engulfing bacteria, a
green fluorescent protein labeled P. aeruginosa (GFP-P. A.) was con-
structed. The nucleus and cell membrane of RAW264.7 cells were
stained with Hoechst and wheat germ agglutinin (WGA), respectively.
After RAW264.7 cells were incubated with GFP-P. A. for 1 h, compared
with control and ampicillin groups, the apparent GFP fluorescent signal
of the GMC-2 group in RAW264.7 cells was observed by a spinning—disk
confocal laser scanning microscope, and significantly more bacterial
colonies in the GMC-2 group evaluated by the colony counting assay
(Fig. 4J and Fig. S31). The results demonstrated that GMC-2 activated
Mg and promoted its engulfment of P. aeruginosa, and its defense bac-
terial infection as the first line of immune system defense.

3.5. Animal model of medical implant infection

Encouraged by the proper bactericidal and immune activation
properties of GMC-2 in vitro, an implant P. aeruginosa biofilm infection
mouse model was generated to assess the efficacy of GMC-2 in vivo
(Fig. 5A) [5,40]. For comparison, drug-free and ampicillin-containing
solutions were subcutaneously injected in BALB/c mice as negative
controls. P. aeruginosa biofilm infection was basically limited and the
sutured skin above the implants returned to its initial healthy state after
5 days in the GMC-2 group (Fig. 5B and C). Conversely, the skin grad-
ually festered and the implants exposed or even shed in the control and
ampicillin groups as infection progressed unabated. These data vali-
dated the efficacy of GMC-2 in treating medical implant P. aeruginosa
biofilm infection.

To further evaluate treatment efficacy, the mice were euthanized on
day 5 after administration, and the tissues surrounding the implant were
excised for histological staining. Hematoxylin and eosin (H&E) staining
(Fig. 5D) showed tissue destruction and infiltrating neutrophils in the
control and ampicillin groups. In contrast, the skin tissues were struc-
turally intact and showed little neutrophil infiltration in the GMC-2
group, indicating the implant-infected skin tissues had completed the
inflammatory period and tissue repair [40]. Consistent with this, we
identified a clearly stratified epithelium in the GMC-2 group versus
damaged epithelial tissues in the control and ampicillin groups after
immunofluorescent staining of  cytokeratin10/cytokeratin14
(CK10/CK14) (Fig. 5E). Notably, typical Giemsa staining images
(Fig. 5F) and quantitative analysis of bacterial biofilm biomass (Fig. 5J)
demonstrated an efficient biofilm eradication by GMC-2 but bacteria
remained in the skin tissues even on day 5 after administration in control
and ampicillin groups. In addition, significant collagen deposition
(Fig. 5G-K, and Fig. S32), vascular growth (Fig. 5H and L), and cell
proliferation (Fig. 5I and M) were obtained in the GMC-2 group in
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comparison with control and ampicillin groups. Altogether, GMC-2
overcomes inflammation by removing bacterial biofilms, enabling tis-
sue repair.

To evaluate the biocompatibility of GMC-2, we first set up a blank
control group without P. aeruginosa infection in vivo and performed as-
says on day 5. Insignificant differences were observed in complete blood
count and renal and liver function between the blank control and GMC-2
groups (Fig. 5N, Figs. S33 and S34). H&E staining of the major organs
(Fig. S35) revealed unobvious pathological effects of GMC-2 on the
heart, liver, spleen, lung, kidney, and infected surrounding skin
compared to the blank control group. However, H&E staining images
demonstrated that ampicillin has mild liver and kidney toxicity in mice.
Macroscopically, body weight curves (Fig. S36A) did not differ signifi-
cantly between the GMC-2 and blank control groups. Additionally, the
cytotoxicity and hemolysis rate testing (Figs. S36B and S36C) validated
that GMC-2 is capable of biocompatibility.

3.6. Immunological analysis in vivo

Bacterial biofilm colonization creates a niche of immune depression
in implant infections, and the T3SS of P. aeruginosa facilitates bacterial
evasion of host immune responses to establish invasion, colonization,
replication, and spread [6,13]. Given the bactericidal and immune
activation properties of GMC-2, we preconceived that GMC-2 would
eliminate P. aeruginosa biofilms via cooperative sterilization and
reprogramming the biofilm microenvironment. To profile the immune
mechanism of the antibiofilm effect, splenic immune cells were analyzed
by flow cytometry 24 h after dosing (Fig. 6A). Notably, polarization of
M1-phenotype macrophages (M1 Mg, CD11b"F4,/80"CD86"CD206 ")
in GMC-2 group was significantly higher than control group and ampi-
cillin group (Fig. 6B). Consistent with this, we also observed more
mature DCs (CD11c¢"CD80TCD86™) in the GMC-2 group (Fig. 6C).
Activated M1 Mg and mature DCs reshape the “cold” biofilm microen-
vironment to a “hot” biofilm microenvironment [5,11,62]. They induce
exogenous antigen (derived from biofilms) processing and presentation,
triggering innate and adaptive immune cascades [10,17]. Moreover, the
percentages of activated nature killer (NK) cells (CD49b"CD107a™) of
the GMC-2 group were increased in comparison with control and
ampicillin groups (Fig. 6D), demonstrating naive NK cells were activated
by GMC-2. The percentages of T helper cells (CD3"CD4"CD8") and
cytotoxic T cells (CD3"CD4 CD8") were also increased by GMC-2
(Fig. 6E), indicating an activated adaptive response [10]. Similar
trends of immune activation were confirmed in infection-draining
lymph nodes (IDLN) (Fig. 6F-I). In addition, compared with the con-
trol and ampicillin groups, IFN-B, TNF-a, IL-1f, and IL-6 in serum were
highly expressed in the GMC-2 group (Fig. 6J). Overall, GMC-2 activates
Mg, DCs, and NK cells, triggering the innate and adaptive immunity
cascade against bacterial biofilm infections (Fig. 6K).

4. Conclusion

Collectively, we proposed a green and universal stepwise
deprotonation-driven strategy to coordinate GMP with transition
metals, instead of the failure of GMP-M™" binding occurs in HEPES
buffer and deionized water reaction system when specific metal ion
participation [30,33]. Impressively, we screened amorphous GMP-Mn?*
CPNs with excellent oxidase-like activity (Ky = 63.565 pM, Vpax =
1.463 pM s~ 1) compared with other GMP-M™" CPNs and reported
enzyme-mimicking complexes. Subtly regulating ROS by GMC-2 renders
mitochondrial dysfunction, and oxidative stress-inducing mtDNA
(DAMPs) release into the cytoplasm, thereby engaging PRRs and
resulting in endogenous innate immune activation of the host. Sufficient
ROS generated by GMC-2 in a mildly acidic biofilm environment facilely
destroyed bacterial biofilms, exposing exogenous bacteria—associated
antigens (PAMPs). GMC-2 cannot cause resistance for Pseudomonas
aeruginosa compared with ampicillin. GMC-2 (0.25 x MIC) duly
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Fig. 6. Immunological analysis in vivo. (A) Scheme showing the processes of immunological analysis. Typical flow cytometry plots and quantitative analysis (n = 3)
of (B) M1-phenotype macrophages (M1 Mg, CD80"CD206") by gating on CD11b"F4/80™ cells, (C) mature DCs (CD80"CD86™) by gating on CD11c" cells, (D) T
helper cell (CD37CD41CD8"), cytotoxic T cell (CD3"CD4 CD8"), and (E) activated nature killer (NK) cells (CD107a%) by gating on CD49b™ cells in IDLN. (F)—~(I)
Corresponding plots and analyses in spleen. (J) IFN-B, TNF-a, IL-1B, and IL-6 concentrations of mouse in serum (n = 4). (K) Schematic depicting cascade catalyzing
innate and adaptive immunity against bacterial biofilm infections by GMC-2. No significance is presented as ns, *p < 0.05, **p < 0.01, ***p < 0.001.

alleviates P. aeruginosa mediated macrophage damage, as opposed to a
low concentration of ampicillin, which did not. Furthermore,
P. aeruginosa biofilms were effectively eliminated by GMC-2 via trig-
gering innate and adaptive immunity in a mouse model of implant
infection, expediting the repair of infected tissue. This study provides a
green and universal stepwise deprotonation-driven strategy, facilitating
the binding of biomolecules with nutrient metal ions. Moreover, the

471

results of this study provide a paradigm for antibacterial immuno-
therapy with an unambiguous mechanism and highlight that the precise
regulation of ROS is critical in initiating endogenous and exogenous
immune responses to P. aeruginosa biofilm infections.
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