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Abstract 

The chronic infections by pathogens such as Pseudomonas aeruginosa (P. aeruginosa) 

and other related bacteria remained to be properly addressed. In particular, for 

drug-resistance strains, limited medication was available. We developed an in vivo 

pneumonia model induced by a clinically isolated aminoglycoside-resistant strain of P. 

aeruginosa. Tobramycin, antibiotics clinically used to treat P. aeruginosa infections 

was found to be ineffective to inhibit or eliminate this particular drug-resistant strain. 

We showed that a newly developed non-antibiotics based nano-formulation plus 

near-infrared (NIR) photothermal treatment showed a remarkable antibacterial 

efficacy in treating this drug-resistant pneumonia. The novel formulation contained 

50-100 nm long nanorods decorated with two types of glycomimetic polymers to 

specifically block LecA and LecB lectins, respectively, which are essential for biofilm 

development of P. aeruginosa. Such heteromultivalent presentation of glycomimetics 

and their 3-dimensional (3-D) display on a large scale is inspired by the natural 

strengthening mechanism for carbohydrate-lectin interaction occurred when bacteria 

initially infect the host. This biomimetic anti-adhesion strategy has rarely been 

reported before. This novel formulation showed the most efficient bacteria 

inhabitation and killing against P. aeruginosa infection: It inhibited bacterial adhesion 

to epithelial cells, and biofilm inhibition capacity was up to 90%. Additionally, the 

gold nanorods were able to convert near-infrared light to heat, resulting in the 

bacterial cell death and further elimination of the bacteria. Collectively, we expect the 

novel biomimetic design combined with the photothermal killing capability to be the 

next generation antimicrobial agents against P. aeruginosa, and potentially other 
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infections, and as alternative treatment strategy against the ever-threatening 

drug-resistant infectious diseases when known antibiotics failed. 
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Pseudomonas aeruginosa is a gram-negative opportunistic microorganism 

contributing to 10-20% of nosocomial infections worldwide. It typically infects 

patients, such as those with a respiratory infection, urinary tract infection, 

gastrointestinal infection, keratitis, otitis media, and bacteremia.[1] Commonly used 

antibacterial or antibiotic agents for eliminating P. aeruginosa infections include 

β-lactams, aminoglycosides and fluoroquinolones.[2] Polymyxins have been used for 

this purpose too, but only for treating multidrug-resistant strains due to their high 

toxicity.[3] Certain antibiotic drug combinations have shown improved performance in 

treating P. aeruginosa.[2c,4] Nevertheless, P. aeruginosa is inherently resistant to 

conventional antibiotic agents, due to the low permeability of the bacterial membrane 

and the increased efflux of the drugs.[5] This leads to multiple treatment complications, 

treatment failure, and even death. Therefore it is urgent to develop a non-antibiotic 

based strategy against P. aeruginosa. 

Infection by pathogens is generally triggered by crucial steps of recognition and 

adhesion on host epithelial surfaces. Efficient bacterial adhesion facilitates the 

pathogens to escape from the host’s natural cleansing mechanism and eventually 

results in forming biofilms.[6] It is well known that micro-organisms such as bacteria 

used lectin, a carbohydrate-binding protein, to specifically interact with glycans on 

host tissues. LecA from P. aeruginosa is a lectin specifically targeting galactose, and 

is essential for the bacterium internalizing to the cells.[7] LecB from P. aeruginosa can 

strongly bind fucose and fucose-containing oligosaccharides, contributing to the 

bacterial adhesion to the airway epithelial cells.[8] The biofilm formation by P. 
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aeruginosa has been shown to be mediated by LecA and LecB in in vitro and in vivo 

studies.[9] These two lectins are therefore interesting targets for the prevention of 

bacterial colonization and potential biofilm formation.[10] 

Individual interactions between proteins and carbohydrates are usually feeble, and this 

deficiency is often addressed by heteromultivalency on both the glycan and the lectin 

sides in living systems.[11] When the bacteria come into contact with the host cells 

during the initial phase of an infection, multiple types of carbohydrate moieties on the 

cell surfaces bind different types of lectins on bacteria within a large scale (from nm 

to μm) 3-D contacting area.[12] Such heteromultivalent and large-scale 3-D 

presentation of carbohydrate-protein interaction is critical for the biofilm development 

and stabilization, however, has rarely been considered in designing current bacterial 

inhibitory agents.[9a,13] Majority bacterial inhibitory glycomimetics studied so far are 

homomultivalent, e.g. they contained only one single type of sugar residue,[14] or 

presented within a small 3-D area below a few nanometers, e.g., glycomimetics were 

displayed on dendrimers.[15] 

In the present study, we developed a versatile platform for constructing 

heteromultivalent carbohydrates-functionalized 3-D nanostructures by conjugating 

glycomimetics-based galactose and fucose ligands to target two key lectins on P. 

aeruginosa, and presenting them on gold nanorods of 50-100 nm in length. The 

resulting novel formulation was found to agglutinate P. aeruginosa much more 

effectively than the parent water-soluble carbohydrates or the counterparts containing 

only single carbohydrate. The nanoconjugates exhibited faster adhesion rate and 
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lower effective concentration than the reported materials.[16] More importantly, the 

biomimetic design of this formulation enabled so far the best inhibition of bacterial 

adhesion and biofilm formation by P. aeruginosa compared to reported inhibitory 

studies.[9a,17] 

An inhibitory agent was able to prevent bacterial adhesion on cells and biofilm 

formation but typically cannot kill the pathogens. As an additional benefit, the 

nanoconjugate formulation contained gold nanorods (AuNRs), which have shown the 

photothermal property to kill pathogenic cells upon near-infrared (NIR) light 

irradiation.[18] It should be noted that NIR light within 650 – 900 nm are favorable for 

in vivo application because of minimum photo-damage to biological samples, deep 

tissue penetration, and minimum interference from background auto-fluorescence by 

biomolecules in the living systems.[19] In an in vitro study, we showed that the 

nanoconjugate agent was able to kill nearly 100% bacteria within 3 min under the 

NIR irradiation, by destroying bacteria cell membranes. With combined inhibitory 

and photothermal functions of the nanoconjugates, we further showed an outstanding 

antibacterial performance and an accelerated host recovery in subcutaneous abscesses 

and pneumonia induced by a clinically isolated, aminoglycoside-resistant strain of P. 

aeruginosa. The healed sites did not show any observable inflammation, with the 

expressed inflammatory marker level as low as a healthy tissue. 

The synthesis of pLAMA (to bind LecA) and pFEMA (to bind LecB) was carried out 

by RAFT (Scheme S1, Supporting Information). The 1H NMR of pLAMA and 

pFEMA with a uniform distribution of molecular weight was shown in Figure S1 and 
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Table S1, Supporting Information. AuNRs stabilized by thiol-terminated 

carbohydrate polymers were prepared from hexadecyl trimethyl ammonium bromide 

(CTAB)-stabilized NRs based on the previous method.[20] AuNRs were functionalized 

with pLAMA and pFEMA and showed excellent stability in water (Figure 1a). The 

morphology of the nanoconjugate formulations was observed by TEM (Figure 1b). 

AuNRs@glycomimetics with a rod-like shape was approximately 50-100 nm in size 

and had an aspect ratio of 7.0-8.3 (Table S2, Supporting Information), and showed 

good dispersibility in water. AuNRs@glycomimetics were named 

AuNRs@pLAMA/pFEMA which represented AuNRs decorated with pLAMA and 

pFEMA. The marked number for AuNRs@pLAMA/pFEMA was used to distinguish 

the polymerization degree. UV-vis-NIR spectra (Figure 1c) demonstrated that the 

absorption peaks of AuNRs and AuNRs@glycomimetics were 859 and 872 nm, 

respectively. Compared to AuNRs, AuNRs stabilized with glycomimetics caused a 

red shift of absorption, indicating that thiol groups at the polymer chain end bonded to 

the gold surface. Simultaneously, we used the sulfuric acid-phenol method to 

determine the polymeric content in the nanoconjugates,[21] and found that there was 

approximately an average of 5500 glycomimetic chains conjugated on the surface of 

each AuNR. 

Upon irradiation with a NIR laser (808 nm, 2 W/cm2), temperature changes were 

observed in the aqueous solution containing the nanoconjugates at varying 

concentrations (0, 125, 250, 500 and 1000 μg/mL) (Figure 1d). As expected, the 

NIR-irradiated nanoconjugates rapidly released heat as a function of laser exposure 
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time. An obvious effect of concentration-dependent temperature increase was clearly 

observed. At a concentration as low as 125 μg/mL, the NIR light over a period of 5 

min induced a temperature increase in the nanoconjugates aqueous solution from 27.1 

to 42.5 °C. The efficient conversion of laser energy to thermal energy is attributed to 

the strong localized surface plasmon resonance of AuNRs in the NIR region, which is 

known to lead to good photothermal properties.[22] 

Multivalent glycocompounds have shown to interfere with lectin-mediated pathogen 

adhesion.[15a] P. aeruginosa was used to evaluate potential binding between 

glycomimetics functionalized AuNRs and P. aeruginosa. Since photoluminescence of 

AuNRs could be observed following laser excitation, binding of the nanoconjugates to 

bacteria was imaged microscopically. The bacteria presented dispersion state after 

co-cultured with naked AuNRs (Figure S2, Supporting Information) while it was 

found that a great number of P. aeruginosa cells bound to the fluorescent 

AuNR@pLAMA/pFEMA and formed clusters (Figure 2a). The larger clusters had 

stronger fluorescence signal, while single cells in the culture exhibited weak 

fluorescence. To confirm that AuNRs@pLAMA/pFEMA specifically bind P. 

aeruginosa, we co-cultured the nanoconjugates with E. coli. As shown in Figure 2a, 

E. coli remained as individual cells and did not form aggregations. 

Compared with individual pLAMA or pFEMA functionalized AuNRs, 

AuNRs@pLAMA/pFEMA exhibited the largest bacterial clusters, especially 

AuNRs@pLAMA/pFEMA-50 (Figure 2a), indicating that there was a synergistic 

effect between galactose and fucose glycomimetics to capture LecA and LecB, which 
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play a prominent role in human infections. The degree of polymerization (DP) of the 

glycomimetics significantly influenced the adhesion capacity of the nanoconjugates. 

More sugar moieties in the polymer chain are expected to enhance the affinity of the 

nanoconjugates to LecA and LecB lectins. Nevertheless, long polymer chain (such as 

DP = 70 glycomimetics) might not fully stretch in water and presented in the coiled 

state, reducing the binding capability of nanoconjugates to bacteria. 

To determine the minimum concentration of the nanoconjugate-bound P. aeruginosa, 

we tested the OD600 value of bacteria incubated with the nanoconjugate at different 

concentrations for 1 h (Figure 2b). Potential bacteria binding to the nanoconjugates 

led to bacteria aggregation and precipitation, resulting in a lowered OD600 value. 

When the concentration of all tested nanoconjugates was 15.6 µg/mL, the adhesion 

capacity, the percentage of bacteria adhered and precipitated, was up to 50%, which 

was much more than AuNRs with the same concentration. When the concentration 

was as low as 3.9 µg/mL, the adhesion capacity still reached 38%. Long-chain 

glycomimetics (such as DP = 50, 70) may not be fully stretched at high concentration. 

This reduced the effective sugar content binding to lectins, as was observed that 

AuNRs@pLAMA/pFEMA-50 and AuNRs@pLAMA/pFEMA-70 displayed relatively 

poor adhesion performance to P. aeruginosa compared with 

AuNRs@pLAMA/pFEMA-30. 

We further tested the rate of bacterium-nanoconjugate binding at a constant 

nanoconjugate concentration of 500 μg/mL within 80 min (Figure 2c). It was found 

that AuNRs@pLAMA/pFEMA-30 bound bacteria significantly faster than 
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AuNRs@pLAMA/pFEMA-50 and AuNRs@pLAMA/pFEMA-70, consistent with the 

results in Figure 2b. For AuNRs@pLAMA/pFEMA-30, it only took 50 min to reach 

50% adhesion capacity (50% reduction of OD600 value). 

The formation of a biofilm plays an important role in antibiotic resistance and disease 

progression.[9b] Biofilm formation by P. aeruginosa is mediated, in part, by the 

galactose-specific lectin LecA and the fucose-specific lectin LecB,[8b,23] as shown by 

studies using deletion mutants and the partial inhibitory effect of simple fucose and 

galactose derivatives in vitro and in vivo.[9a,24] We measured the inhibition of biofilm 

formation at different concentrations of the nanoconjugates (Figure 3a). The 

concentration being able to inhibit 50% biofilm formation was defined as MBIC50. 

The amount of biofilm formed for the untreated group was defined as 100%. It was 

found that the MBIC50 of AuNRs@pLAMA/pFEMA-30, 

AuNRs@pLAMA/pFEMA-50, and AuNRs@pLAMA/pFEMA-70 was approximately 

58, 12.5, and 75 μg/mL, respectively, indicating that AuNRs@pLAMA/pFEMA-50 

showed the most significant biofilm inhibition among the three 

AuNRs@glycomimetics. 

To evaluate the effect of different glycomimetic types on the biofilm inhibition, the 

relative capacity of biofilm inhibition was further carried out after treatment with 

AuNRs@pLAMA-50, AuNRs@pFEMA-50, and AuNRs@pLAMA/pFEMA-50, 

respectively (Figure 3b). The inhibition rate of AuNRs@pLAMA-50 and 

AuNRs@pFEMA-50 containing a single type of glycomimetic ligand was found to be 

72% and 78%, while the rate for AuNRs@pLAMA/pFEMA-50 containing two types 
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of ligands simultaneously reached 90% at 800 μg/mL. Such boosted synergistic effect 

on biofilm inhibition was attributed to the excellent bacterial binding capability of this 

nanostructure. 

The effect of the glycomimetic length on biofilm inhibition was examined by confocal 

laser scanning microscope (CLSM) (Figure 4a). The biofilm polysaccharide was 

stained with FITC-labeled Concanavalin A (ConA-FITC) showing green fluorescence. 

P. aeruginosa was stained with ethidium bromide (EB) showing red florescence. The 

untreated biofilm control was dense and formed a whole piece. On the contrast, the 

treated groups showed bacterial cells and polysaccharides of much less amount and 

highly scatteredly distributed. AuNRs@pLAMA/pFEMA-50 continuously stood out 

by showing the greatest inhibition efficiency, compared with counterparts with 

different glycomimetic polymer lengths. The effect of glycomimetic ligand types on 

biofilm inhibition was also explored (Figure 4b). Similar to the results in Figure 3b, 

AuNRs@pLAMA/pFEMA-50 containing two types of ligand showed significantly 

enhanced synergistic effect to inhibit biofilm formation, compared with 

AuNRs@pLAMA-50 and AuNRs@pFEMA-50 containing only one ligand. 

Since carbohydrates could inhibit bacterial adhesion, the capability of 

glycomimetics-decorated gold nanorods to prevent the binding or contact of P. 

aeruginosa to host cells was examined. A549 epithelial cells were incubated with P. 

aeruginosa to simulate an infection process, and then vigorously washed to eliminate 

non-adhering bacterial cells and subsequently incubated with PBS for 2 h. No 

detachment of bacterial cells was observed in this untreated group, and a significant 
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amount of bacterial cells were found to adhere to the cell membranes (Figure 5a). 

When treated with 100 μg/mL of the most potent nanoconjugate, 

AuNRs@pLAMA/pFEMA-50, after the bacterial-cell incubation, the majority of 

bacterial cells were washed out showing the drastically reduced amount of adhered 

bacteria on the cells. This finding suggested that the nanoconjugates disrupted the 

established interaction between A549 epithelial cells and P. aeruginosa. The 

inhibition effect of AuNRs@pLAMA/pFEMA-50 was significantly better than the 

untreated PBS and AuNRs control, and AuNRs@pLAMA-50 and 

AuNRs@pFEMA-50 containing only one type of ligand, indicating the necessity for 

heteromultivalency to achieve a synergistic effect (Figure 5a). 

To quantify the number of bacteria adhered to the cells either with or without 

nanoconjugate treatment, we used LB agar plates to determine the number of 

Colony-Forming Units (CFU). The addition of AuNRs@pLAMA-50 and 

AuNRs@pFEMA-50 (containing one type of ligand) resulted in approximately 60% 

of P. aeruginosa adhered on cells compared with 100% for the untreated control 

group (Figure 5b). AuNRs@pLAMA/pFEMA-50 (containing two types of ligand 

showing the synergistic effect) exhibited far better inhibition capability resulting in 

less than 30% bacteria remained on cell surfaces. These results in Figure 5a and 5b 

demonstrated that pLAMA and pFEMA chains were able to disrupt established 

interactions between epithelial cell ligands and bacterial lectin adhesion domains. 

The toxicity of the nanoconjugates to A549 (Figure 5c) and NIH3T3 cells (Figure S3, 

Supporting Information) was evaluated using the MTT assay. Cells were treated with 
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the nanoconjugates at different concentrations (from 15.6 to 500 µg/mL) for 24 h. 

Then the cell viability was examined and found to be greater than 80% at 

concentrations ≤ 62.5 µg/mL of all nanoconjugates tested. This indicates low toxicity 

of nanoconjugates to A549 cells. Hemolysis assay of AuNRs@pLAMA/pFEMA 

treated with red blood cells showed that the nanoconjugates with good 

biocompatibility (Figure S3, Supporting Information). 

To examine bactericidal efficacy resulted from photothermal treatment of the 

nanoconjugates, we used a live/dead assay to characterize cell survival of P. 

aeruginosa by acridine orange (AO) staining (green; label live cells) and EB staining 

(red; label dead cells). When bacterial cells were co-cultured with the nanoconjugates 

in the dark environment, all cells showed green, indicating that the bacteria were not 

killed by AuNRs@pLAMA/pFEMA (Figure 6a). After 2 min NIR laser irradiation, 

all bacterial cells treated with nanoconjugates showed red, suggesting the 

photothermal function of the agents and their rapid and efficient bactericidal effect. 

We further used LB agar culture to grow colonies and quantify the number of 

survived bacterial cells after different irradiation periods of time (Figure S4, 

Supporting Information). Longer irradiation time generally decreased the number of 

colonies, and for all tested nanoconjugates, only 3 min was needed to completely kill 

the bacteria (nearly zero colonies on the plate). 

P. aeruginosa cells treated by AuNRs@pLAMA/pFEMA-50 either with or without 

NIR exposure were observed under the scanning electron microscopy (SEM) (Figure 

6b). Without NIR laser irradiation, the bacterial cell surface showed integral and 
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smooth membrane structures, similar to native live bacterial cells without treatment of 

nanoconjugates. After 3 min of NIR exposure, bacterial cells treated with 

nanoconjugates showed severely damaged and ruptured cell membranes. We expect 

the efficient bactericidal effect results from the rupture of cell membrane through the 

NIR induced localized overheating. It should be noted that without treatment of 

nanoconjugate, NIR exposure alone did not kill the bacteria and no damage to the cell 

membrane can be observed (Figure 6b). 

To evaluate the in vivo therapeutic performance of the novel antibacterial 

nanoconjugate formulations, we used P. aeruginosa to infect BALB/c mice to 

generate a subcutaneous abscesses model (Figure 7a), As AuNRs@glycomimetics 

did not trigger hemolysis and showed low toxicity to NIH3T3 cells (Figure S3, 

Supporting Information), we injected AuNRs@pLAMA/pFEMA-50 into the 

abscesses area directly and after applying 808 nm NIR irradiation, the temperature of 

abscess site increased up to 60 °C rapidly as recorded by the IR thermal camera 

(Figure 7b). The NIR treatment was conducted for 5 min at specified intervals and 

after 9 days treatment, the abscess tissues were excised and homogenized, and the 

numbers of CFU of bacteria were calculated by standard plate counting methods. The 

number of CFU in each treatment group was normalized by using the CFU of the 

experimental group divided by the CFU of the control group (PBS injection without 

NIR treatment). The CFU counts in the group treated with 

AuNRs@pLAMA/pFEMA-50 under 808 nm NIR irradiation were significantly lower 

than other groups without application of the nanoconjugates, NIR irradiation, or both, 
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indicating that the novel nanoconjugate plus photothermal therapy was able to 

eliminate the majority of bacteria from the tissue (Figure 7c). To visually monitor the 

therapeutic effect, we took pictures of the skin conditions from 0 to 9 days after the 

nanoconjugate treatment (Figure 7d). The skin treated with 

AuNRs@pLAMA/pFEMA-50 under NIR irradiation presented commendable wound 

repairing only within 3 days treatment by forming a scab. After 9 days treatment, the 

AuNRs@pLAMA/pFEMA-50 under NIR irradiation group had the scab fallen off and 

displayed complete healing, whereas for control group without a treatment, the skin 

around the scab remained erythematous and inflamed. 

Histological evaluation of the abscess provided insight into the impact of 

photothermal therapy. Hematoxylin-eosin staining on skin sections showed severe 

infection on tissues before any nanoconjugate based treatment (Figure 8a). After 

9-day treatment with AuNRs@pLAMA/pFEMA-50 plus NIR irradiation, there was 

an obvious reduction of the infiltrated inflammatory cells, indicating a remarkable 

bactericidal effect and high biocompatibility of the nanoconjugate. 

In all mammals, a heat-shock response, induced by a wide range of stimuli, increases 

the expression of a family of proteins called heat-shock proteins (HSPs).[25] HSPs act 

as molecular chaperones for cells under stress and exhibit cytoprotective properties.[26] 

We further analyzed the expression of the BAG3 protein, a member of heat shock 

protein co-chaperones and whose expression is regulated by HSPs in response to 

hyperthermia and other environmental stresses.[27] Immunohistochemical staining 

results indicated that tissues treated with AuNRs@pLAMA/pFEMA-50 upon NIR 
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stimulation showed a significantly enhanced expression of BAG3 compared with 

non-stimulated groups (Figure 8a and 8b). This implied that heat generated by 

AuNRs@pLAMA/pFEMA-50 could stimulate the encoding of BAG3, preventing 

normal tissues from heat injuries. 

Additionally, we analyzed the expression of tumor necrosis factor alpha (TNF-α), an 

essential indicator characterizing the host inflammatory response.[28] Wounds treated 

with AuNRs@pLAMA/pFEMA-50 under 808 nm NIR irradiation exhibited the 

lowest expression level of TNF-α, similar to a healthy tissue, compared with other 

experimental and control groups (Figure 8a and 8c). This indicated almost no 

inflammatory response after 9 days of treatment. 

We further tested the antibacterial efficacy of the nanoconjugate against a clinically 

isolated strain of aminoglycoside-resistant P. aeruginosa. Tobramycin (1 mg/mL), a 

clinically used treatment to P. aeruginosa infection, was co-cultured with the 

aminoglycoside-resistant P. aeruginosa (108 CFU/mL) for 6 hours, and was found to 

be inefficient to inhibit or eliminate the resistant strain in the live/dead assay under 

CLSM (Figure S5, Supporting Information). The nanoconjugate with merely 3 min 

irradiation was found to reliably and effectively kill the aminoglycoside-resistant P. 

aeruginosa. 

As P. aeruginosa is a major cause of chronic lower respiratory tract infections, we 

developed an in vivo pneumonia model in mice using the aminoglycoside-resistant P. 

aeruginosa according to the previously reported method.[29] After pulmonary 

administration of the bacteria, mice had shown breathing difficulty, weight loss, and 
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activity reduction—an indication of the establishment of pneumonia. Anatomy results 

indicated local lung necrosis of this model. The nano-formulation was pulmonary 

administered. After 5-day treatment, the lung was excised and homogenized and the 

CFU number of bacteria in each group was obtained (Figure 9a). Remarkably, the 

AuNRs@pLAMA/pFEMA-50 under NIR irradiation showed the lowest CFU level in 

the lung compared with other groups (p < 0.05), indicating an effective removal of the 

bacteria from the lung. 

P. aeruginosa lung infection is characterized by acute pulmonary inflammation, high 

levels of cytokine and chemokine production and massive recruitment of neutrophils. 

Bacterial infection generally initiates an immune response, resulting in an increase of 

inflammatory cytokines. Therefore, the capability of this nano-formulation to regulate 

the immune response in the lung was evaluated following bacterial infection by 

quantifying inflammatory cells and inflammatory cytokines obtained from 

bronchoalveolar lavage fluid (BALF).[30] As shown in Figure 9b, the number of 

neutrophils, macrophages and lymphocytes in the lung tended to increase after P. 

aeruginosa infection. The levels of these immune cells were down-regulated by 

AuNRs@pLAMA/pFEMA-50 under NIR irradiation to a level similar to the healthy 

group, compared with other experimental and control groups. Bacterial pneumonia is 

known for causing inflammatory reactions,[31] and consequently, the amount of total 

protein might increase in the lung tissue as transudation or exudation.[32] As shown in 

Figure 9c, the amount of total protein in treatment groups increased significantly 

compared with the healthy group, but AuNRs@pLAMA/pFEMA-50 under NIR 
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irradiation presented the lowest level among other treatment groups with statistical 

significance (p < 0.05). A large number of pro-inflammatory cytokines, including 

IL-1β, IL-6 and TNF-α, play a critical role in the initiation and development of 

inflammatory disease.[33] As shown in Figure 9d, 9e, and 9f, the levels of IL-1β, IL-6 

and TNF-α in the lung BALFs in the AuNRs@pLAMA/pFEMA-50 under NIR 

irradiation group were significantly decreased compared with the other treatment 

groups. AuNRs@pLAMA/pFEMA-50 under NIR irradiation treatment is likely to 

attenuate pneumonia-associated lung inflammation by suppressing the release of 

proinflammatory cytokines, reduces the signals attracting neutrophils to the lungs. 

We further examined bacterial loads in the lung area by immunofluorescence with a 

specific antibody against P. aeruginosa, where lung cells were stained with DAPI 

(blue fluorescence) and P. aeruginosa was stained with Cy3 (red fluorescence). 

Severe bacterial infection was confirmed before the treatment. Lungs treated with 

PBS, PBS plus NIR and AuNRs@pLAMA/pFEMA-50 contained significant bacteria, 

while the bronchial cavity of the mice treated with AuNRs@pLAMA/pFEMA-50 

under NIR irradiation had almost no bacteria in presence (Figure 10). 

Histopathological analyses indicated that the lung alveoli of PBS or 

AuNRs@pLAMA/pFEMA-50 treated mice were severely damaged, with abundant 

inflammatory cells infiltrated comparing with the healthy group (Figure 10). It was 

noteworthy that the lungs appeared to have reduced damage after treated with 

AuNRs@pLAMA/pFEMA-50 under NIR irradiation and the integrity of the alveoli 

was significantly better than the other infected groups. When challenged with P. 
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aeruginosa, airway epithelial cells typically show increased activation of the nuclear 

transcription factor-kappa B (NF-κB), which leads to overproduction of 

proinflammatory cytokines IL-6 and 8, and TNF-α.[34] NF-κB p65 is a subunit of 

NF-κB, and bacterial pneumonia markedly promoted NF-κB p65 expression.[35] We 

used immunofluorescence method to observe the expression of NF-κB p65, where the 

lung cells were stained with DAPI (blue fluorescence) and NF-κB p65 was stained 

with Alexa Fluor 488 (green fluorescence). As shown in Figure 10, the lung 

immunohistochemical and immunofluorescence results indicated that 

AuNRs@pLAMA/pFEMA-50 under NIR irradiation significantly reduced the 

expression of NF-κB p65, while other groups still remained with bacterial-pneumonia 

infection. 

Here we developed a novel antibacterial nanoconjugate formulation showing the most 

efficient biofilm inhibition (capacity up to 90%) and bacteria killing (nearly 100%) 

against P. aeruginosa infection. The outstanding bacterial inhibitory effect was 

attributed to heteromultivalent and 3-D display of two types of glycomimetic 

polymers on 50-100 nm scale nanostructures to specifically target LecA and LecB 

lectins on P. aeruginosa. This is a novel blocking approach mimicking the natural 

strengthening mechanism for carbohydrate-lectin interaction but has never been 

achieved before. The outstanding bacteria-killing effect was attributed to the 

capability of gold nanorods in converting near-infrared light to heat, resulting in the 

bacterial cell death and further elimination of the bacteria, facilitating the recovery of 

the host from severe inflammation induced by a clinically isolated strain of 
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drug-resistant P. aeruginosa. The design strategy can be utilized to further generate 

antibacterial agents for the efficient treatment of other infections as well.  

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the 

author. 

P. aeruginosa strains, cells, antibodies, and other reagents used in this study are 

described in Supporting Information. Detailed information on the synthesis and 

characteristics of materials, hemolysis and cytotoxicity assays, anti-adhesion property, 

in vivo anti-infection experiments, antibody staining, leukocyte, total protein, IL-1β, 

IL-6 and TNF-α assays, histological analysis, and statistics can be found in 

Supporting Information. This study was performed according to protocols approved 

by the University of Science and Technology of China Animal Care and Use 

Committee. 
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Figure 1. Fabrication and characteristics of the biomimetic nanoconjugates. a, 

Synthesis of AuNRs@pLAMA/pFEMA. b, TEM micrograph of 

AuNRs@pLAMA/pFEMA. c, UV-vis spectra of AuNRs and 

AuNRs@pLAMA/pFEMA. d, The temperature variation of the 

AuNRs@pLAMA/pFEMA solution as a function of NIR irradiation time. Insert 

pictures showed the thermographic images of AuNRs@pLAMA/pFEMA solution 

(250 μg/mL) at the end of laser irradiation. 
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Figure 2. The interaction of the nanoconjugates with bacteria. a, CLSM images of P. 

aeruginosa and E. coli after incubated with AuNRs@pLAMA, AuNRs@pFEMA, and 

AuNRs@pLAMA/pFEMA. The OD600 value of the supernatant as a function with the 

concentration (b) and time (c) after the incubation of AuNRs@pLAMA/pFEMA 

nanoconjugates with P. aeruginosa; *P < 0.05, **P < 0.01 vs. AuNRs group, and all 

of AuNRs@pLAMA/pFEMA nanoconjugates groups showed significant different vs. 

PBS group (P < 0.01, not marked), one-way ANOVA with Bonferroni post hoc test.  
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Figure 3. Inhibition of biofilm formation by the nanoconjugates. a, Inhibition of 

biofilm formation of AuNRs (800 μg/mL) and AuNRs@pLAMA/pFEMA containing 

different lengths of glycopolymer ligands, and (b) AuNRs containing different types 

of glycopolymer ligands. Each value represents the mean ± SD (n = 5). * P < 0.05, 

one-way ANOVA with Bonferroni post hoc test. 
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Figure 4. CLSM images of biofilm inhibition associated with the nanoconjugates. a, 

P. aeruginosa biofilm treated without or with AuNRs and AuNRs@pLAMA/pFEMA 

at 200 μg/mL. b, P. aeruginosa biofilm treated with AuNRs@pLAMA-50, 

AuNRs@pFEMA-50 or AuNRs@pLAMA/pFEMA-50 at different concentrations.  
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Figure 5. In vitro anti‐adhesive activity of the nanoconjugates against P. aeruginosa. 

a, CLSM of A549 nuclei stained with DAPI, infected by P. aeruginosa labeled with 

FITC without or with the presence of AuNRs, AuNRs@pLAMA, AuNRs@pFEMA 

and AuNRs@pLAMA/pFEMA (100 μg/mL) after washing off non-adherent bacteria 

with PBS. b, Residual adhesion of P. aeruginosa to A549 cells after treatment with 

AuNRs, AuNRs@pLAMA, AuNRs@pFEMA and AuNRs@pLAMA/pFEMA at a 

concentration of 100 μg/mL; *P < 0.05, **P < 0.01 vs. PBS and AuNRs group, #P < 

0.05 vs. AuNRs@pLAMA group, §P < 0.05 vs. AuNRs@pFEMA group, one-way 

ANOVA with Bonferroni post hoc test. c, Cell viability of A549 after incubation with 

AuNRs@pLAMA/pFEMA for one day. 
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Figure 6. Photothermal lysis of P. aeruginosa in vitro. a, Live/Dead images of P. 

aeruginosa by CLSM after treated with AuNRs@pLAMA/pFEMA under different 

NIR irradiation time, stained with AO (green for live cells) and EB (red for dead 

cells). b, SEM images of P. aeruginosa after treated by PBS, AuNRs and 

AuNRs@pLAMA/pFEMA-50 with or without NIR laser irradiation. The control 

group (PBS) has no presence of AuNRs@pLAMA/pFEMA. 



31 
 

 

Figure 7. Photothermal therapy for focal infection in vivo. a, Mouse having a 

subcutaneous abscess developed before treatment. b, the thermographic image of mice 

with a subcutaneous abscess following treatment by AuNRs@pLAMA/pFEMA-50 

plus NIR exposure. c, Quantitative analysis of bacterial CFU obtained from infected 

tissues of mice that had been treated under various experimental conditions. **P < 

0.01, one-way ANOVA with Bonferroni post hoc test. d, Photographs of the infected 

skin of untreated mice (day 9) and mice following the treatment of 

AuNRs@pLAMA/pFEMA-50 plus NIR exposure (day 0-9). 
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Figure 8. Inflammatory response of subcutaneous abscess after treated with the 

nanoconjugates. a, Histological photomicrographs of infected tissues of healthy mice, 

untreated mice and mice following AuNRs@pLAMA/pFEMA-50+NIR treatment 

after H&E staining and immunohistochemical staining of BAG3 and TNF-α. 

Quantitative analysis of (b) BAG3 and (c) TNF-α based on the optical density 

generated from the immunohistochemical staining. The infected tissues analyzed had 

been treated under various experimental conditions. **P < 0.01, one-way ANOVA 

with Bonferroni post hoc test. 
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Figure 9. The inflammatory response for antibiotic-resistant bacterial pneumonia in 

vivo. Quantitative analysis of (a) bacterial CFU, (b) leukocytes, (c) total protein, (d) 

IL-1β, (e) IL-6 and (f) TNF-α of aminoglycoside-resistant P. aeruginosa induced 

pneumonic mice. The data were presented as mean ± SD (n = 6). *P < 0.05, **P < 

0.01, one-way ANOVA with Bonferroni post hoc test. 
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Figure 10. The suppressive inflammatory response of bronchoalveolar via the 

treatment of nanoconjugates. Pulmonary clearance of aminoglycoside-resistant P. 

aeruginosa by immunofluorescence analysis of lung sections, using an antibody 

against P. aeruginosa; H&E staining of lungs in each group; NF-κB p65 expression in 

lungs by immunohistochemical and immunofluorescence staining. 
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Table of Content 

 
A nanoconjugate was designed to mimic natural strengthening mechanism for 
carbohydrate-lectin interaction occurred when bacteria initially infect the host, 
containing two glycomimetic ligands targeting two critical lectins of P. aeruginosa 
heteromultivalently and 3-D displayed on 50-100 nm gold nanorods. This novel 
formulation showed the most efficient bacteria inhibition and killing against 
drug-resistant P. aeruginosa infection, through lectin blocking and NIR induced 
photothermal effect, respectively. 
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