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ABSTRACT: The ability to effectively detect bacterial infection in human tissues is important for the 

timely treatment of the infection. However, traditional techniques fail to visualize bacterial species 

adhered to host cells in-situ in a target-specific manner. Dihydropteroate synthase (DHPS) exclusively 

exists in bacterial species and metabolically converts p-aminobenzoic acid (PABA) to folic acid (FA). 

By targeting this bacterium-specific metabolism, we have developed a fluorescent imaging probe, 

PABA-DCM, based on the conjugation of PABA with a long-wavelength dicyanomethylene 4H-pyran 

(DCM) fluorophore. We confirmed that the probe can be used in the synthetic pathway of a broad 

spectrum of gram-positive and negative bacteria, resulting in a significantly extended retention time 

in bacterial over mammalian cells. We validated that DHPS catalytically introduces a dihydropteridine 

group to the amino end of the PABA motif of PABA-DCM, and the resulting adduct leads to an 

increase in the FA levels of bacteria. We also constructed a hydrogel dressing containing PABA-DCM 

and graphene oxide (GO), termed PABA-DCM@GO that achieves target-specific fluorescence 

visualization of bacterial infection on the wounded tissues of mice. Our research paves the way for the 

development of fluorescent imaging agents that target species-conserved metabolic pathways of 

microorganisms for the in-situ monitoring of infections in human tissues. 
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Introduction 

Wound infections can cause progressive inflammation, destroy soft tissues in the infected area and 

inhibit wound healing.1 The World Health Organization estimates that by 2050, wound infections 

caused by bacteria will result in 10 million deaths annually.2 The ability to quickly visualize bacterial 

species on wound tissues in-situ is important as an early warning of infection, the timely eradication 

of bacteria, and the monitoring of subsequent therapeutic treatments. However, current clinical 

methods including wound swab and biopsy (the biopsied specimens are typically used for 

microbiological analyses and gene sequencing) are unable to achieve this goal since they are unable to 

specifically visualize bacterial infection on wounded human tissues in-situ.3,4 

Small-molecule based fluorescent probes, owing to their ease in preparation and implementation, high 

sensitivity, low cost, and capability for spatiotemporal monitoring of biologically important 

biomarkers, have attracted the interest of both academic and industrial groups over the past few 

decades.5-11 Recently, some elegant small-molecule fluorescent probes have been developed for 

bacterial detection by specifically targeting a diverse range of extracellular and intracellular 

biomarkers.11-23 The targeted extracellular elements include lipopolysaccharides,14 transmembrane 

glycoproteins,16 negatively charged teichoic acids,17 and cell-wall peptidoglycans.18 In addition, the 

intracellular biomarkers that can be targeted for the detection of bacterial species include nucleic acids, 

functional enzymes, and other signaling molecules.19-21 However, to the best of our knowledge, small-

molecule fluorescent probes capable of targeting a dynamic metabolic pathway that is highly-

conserved in a broad spectrum of bacterial species have yet to be developed. 
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While mammals are capable of direct uptake of folic acids (FAs) trough FA receptors expressed in 

nearly all types of mammalian cells,24 bacteria produce FAs from p-aminobenzoic acid (PABA).25 In 

a growing environment, bacteria use PABA and dihydropterin diphosphate (DHPPP) to synthesize 

dihydropteroate (DHP) under the catalysis of dihydropteroate synthase (DHPS).26 Then, DHP is 

further metabolically converted to tetrahydrofolate (THF), which is indispensable in the survival of 

bacteria, due to its vital role in the synthesis of nucleic acids and proteins.25 Considering that the 

DHPS-dependent FA synthetic pathway exclusively exists in bacterial species, we sought to develop 

a fluorescent probe that specifically targets the DHPS-mediated dynamic signaling pathway for the 

selective visualization of bacteria over mammalian cells. 

Here, we report the construction of the fluorescent imaging probe (PABA-DCM) based on the simple 

conjugation of PABA with a long-wavelength fluorescent dye, dicyanomethylene 4H-pyran (DCM), 

using the Cu(I)-catalyzed azide-alkyne cycloaddition “click” reaction. The PABA motif of the probe 

can be specifically exploited by bacteria in the DHPS-dependent FA synthetic pathway to produce a 

DHP-coupled DCM intermediate, which is subsequently degraded and used to generate FA (Figure 

1a). This metabolic action results in a prolonged retention of PABA-DCM in bacterial species that 

exclusively expresses DHPS over mammalian cells. In contrast, DCM without PABA modification 

does not participate in the DHPS-dependent FA synthetic pathway and is therefore quickly excreted 

by bacteria (Figure 1b). We also constructed a hydrogel dressing consisting of PABA-DCM with 

graphene oxide (GO), creating PABA-DCM@GO for the target-specific fluorescence visualization 

of bacterial infection on the wounded tissues of mice (Figure 1c). 
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Figure 1. Schematic illustration of the metabolically-selective fluorescence imaging of bacteria using 

PABA-DCM. (a) Structure of PABA-DCM and its specific structural transformation mediated by 

enzymes selectively expressed in bacteria. (b) Schematic illustration of the mechanism by which 

bacteria-specific in-situ imaging is achieved by the probe. After internalization by bacterial species 

that highly expresses 7,8-dihydropteroate synthase (DHPS), PABA-DCM is used by the DHPS-

dependent biosynthetic pathway, thereby resulting in a prolonged retention time intracellularly. 

However, when internalized by mammalian cells that lack DHPS expression, the probe is quickly 

excreted by the cells. (c) Self-assembly between PABA-DCM and graphene oxide (GO) producing a 

PABA-DCM/GO hydrogel for metabolically visualizing bacterial infection on the wounded tissues of 

mice. PABA, p-Aminobenzoic acid. DCM, dicyanomethylene 4H-pyran. 
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Results and discussion 

Synthesis of PABA-DCM. A known long-wavelength DCM dye27 was used for coupling with PABA 

via the CuAAC click reaction (Scheme S1). Amidation between PABA (a) and 2-propynylamine (b) 

produced the propargyl PABA intermediate c, which then underwent a cycloaddition reaction with a 

known azido DCM derivative (d)28 to produce the desired triazole-linked PABA-DCM probe (Figure 

1a). DCM without PABA modification was used as a control probe. 

Metabolic retention of PABA-DCM in bacterial species through the DHPS-mediated FA 

metabolic pathway. To produce FA, bacteria internalize PABA as a raw material via the DHPS-

dependent metabolic pathway, while, FA is directly obtained from the diet for mammals.24,25 Through 

an initial multiple sequence alignment, we found that the folP gene (Figure S1) as well as the amino 

acid sequences (Figure S2) encoding DHPS are present in several bacterial species,29,30 and a 

subsequent homology comparison shows that DHPS expression is highly conserved in bacteria over 

mice and humans (Table 1). 

Table 1. Sequence alignment of different species.a 

 Identity to S. aureus (%) 

folP DHPS 

 Bacterial species   

 Aerobic and facultative anaerobic Gram-positive bacteria   

1 Staphylococcus aureus (S. aureus) 100.00 100.00 

2 Staphylococcus aureus (strain MSSA476) 99.38 95.51 

3 Staphylococcus aureus (strain MRSA252) 95.40 100.00 

4 Staphylococcus epidermidis (strain ATCC 35984 / RP62A)  74.00 76.40 

5 Staphylococcus haemolyticus 74.75 74.16 

6 Enterococcus faecalis (strain ATCC 700802 / V583) 48.96 34.88 



 8 

7 Enterococcus faecium 42.36 32.69 

8 Streptococcus pyogenes 54.05 44.16 

9 Streptococcus pneumoniae 

 

46.03 36.88 

 Special Gram-positive pathogen   

10 Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv)  42.12 37.74 

11 Mycobacterium leprae (strain TN) 

 

44.03 37.17 

 Aerobic and facultative anaerobic Gram-negative bacteria   

12 Pseudomonas aeruginosa 42.26 36.19 

13 Acinetobacter baumannii 47.56 34.77 

14 Escherichia coli (strain K12) 46.28 36.88 

15 Enterobacter cloacae 44.74 36.12 

16 Enterobacter cloacae subsp. Cloacae 44.62 36.12 

17 Klebsiella pneumoniae 43.97 35.74 

18 Stenotrophomonas maltophilia (strain K279a) 40.71 35.04 

19 Aeromonas hydrophila subsp. Hydrophila 41.18 33.97 

20 Neisseria gonorrhoeae 45.07 36.82 

21 Neisseria meningitidis serogroup B (strain MC58) 45.36 37.98 

  

Anaerobic bacteria 

  

22 Clostridium perfringens 57.25 47.47 

 

 

Homo sapiens (human) — — 

 

 

Mice 

 

— 

 

— 

a. Homology comparison of cDNA (folP) and amino acids of S. aureus encoding DHPS 

(dihydropteroate synthase) with other pathogenic bacteria, human and mice in the UniProtKB and 

EMBL-EBI database using the multiple sequence alignment tool Clustal Omega. folP and DHPS exist 

in all surveyed bacterial species, but not in humans and mice. 



 9 

To begin with, a variety of Gram-positive bacteria including Staphylococcus aureus ATCC 12600 (S. 

aureus) and Enterococcus faecalis ATCC19433 (E. faecalis), and Gram-negative bacteria including 

Acinetobacter baumannii ATCC 19606 (A. baumannii), Escherichia coli ATCC 11775 (E. coli) and 

Pseudomonas aeruginosa ATCC 10145 (P. aeruginosa) were used for imaging assays with PABA-

DCM using a confocal laser-scanning microscope (CLSM) (Figure 2). DCM was used as control under 

the same conditions. We detected a strong PABA-DCM fluorescence in all bacterial species used for 

imaging, which overlapped well with that of SYTO-9 green (a known staining agent for nucleic acids) 

(Figure 2a). However, the fluorescence of DCM was almost absent in all bacteria tested (Figure 2b). 

This preliminarily result suggests that PABA-DCM is more selective for bacterial imaging than the 

unmodified DCM equivalent. 

 

Figure 2. PABA-DCM specifically accumulated in a variety of bacteria. Representative 

fluorescence images of different Gram-negative bacterial strains including Pseudomonas aeruginosa 
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(P. aeruginosa) ATCC 10145, Escherichia coli (E. coli) ATCC 11775, and Acinetobacter baumannii 

(A. baumannii) ATCC 19606, and Gram-positive bacterial strains including Enterococcus faecalis (E. 

faecalis) ATCC 19433 and Staphylococcus aureus (S. aureus) ATCC 12600 (106 CFU mL-1) incubated 

with (a) PABA-DCM (10 μM) and (b) DCM (10 μM) for 2 h by a confocal-scanning laser microscope. 

SYTO-9 (1 μM) was used to stain bacterial nucleic acids. PABA-DCM and DCM channel: λex = 460 

nm, λem = 630 nm; SYTO-9 channel: λex = 485-486 nm, λem = 498-501 nm. Scale bars: 7.5 μm.  

Then, a time-dependent fluorescence imaging assay was carried out. As such, both PABA-DCM and 

DCM were incubated with P. aeruginosa as a model bacterial strain (Figure S3). We observed that 

both dyes exhibited a similar level of fluorescence at 0.5 h, and the fluorescence of DCM began to 

decline sharply from 1.0 h to 2.0 h (Figures S3a and S3b). In contrast, the intracellular fluorescence of 

PABA-DCM continued to enhance from 1.0 h to 1.5 h, and decreased slightly at 2.0 h. The 

fluorescence intensity of PABA-DCM was determined to be ca. 6.5-fold larger than that of DCM after 

2 h of incubation, suggesting that the former accumulates and is retained in bacteria much more 

effectively than the latter. 
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Figure 3. Time-dependent fluorescence imaging of a representative Gram-positive bacterial 

strain, S. aureus. (a) Representative fluorescence images of Staphylococcus aureus ATCC 12600 (S. 

aureus) (106 CFU mL-1) without and with pretreatment of SA (Sulfanilamide, 1000 μM), followed by 

incubation with PABA-DCM (10 μM) for 0-120 min by a confocal-scanning laser microscope. (b) 

Quantification of PABA-DCM fluorescence shown in the images of panel (a) (for complete 

fluorescence images, see Fig. S4). SYTO-9 (1 μM) was used to stain bacterial nucleic acids. PABA-

DCM and DCM channel: λex = 460 nm, λem = 630 nm; SYTO-9 channel: λex = 485-486 nm, λem = 498-

501 nm. Scale bars: 7.5 μm. 

To validate that the prolonged retention of PAPA-DCM is dependent on the DHPS-mediated FA 

metabolic pathway, a series of other experiments were performed. We first evaluated whether the 

presence of a known DHPS inhibitor, sulfanilamide (SA), would competitively reduce the 

accumulation of PAPA-DCM in bacteria. As such, a pair of Gram-positive (S. aureus) and negative 
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(P. aeruginosa) bacterial strains was used. Bacteria were pre-treated with SA (SA (+)), incubated with 

the probe, and then the resulting fluorescence images were recorded at 5 min, 10 min, and then every 

10 min for 120 min; those without pre-treatment with SA were used as control (SA (-)) (Figures 3 and 

4). We observed that PAPA-DCM exhibited a gradual fluorescence enhancement in S. aureus from 5 

min to 40 min in both SA (+) and SA (-) groups (Figures 3a and 3b, Figure S4). However, at 50 min, 

while the fluorescence of PABA-DCM continued to increase in the SA (-) group, it began to drop for 

the SA (+) group. In the SA (+) group, the fluorescence did not decline until 80 min, and at the final 

time point (120 min), the fluorescence of PABA-DCM was significantly stronger in the SA (-) group 

than that in the SA (+) group. 

A similar trend in fluorescence variation was also observed for the Gram-negative bacterial stain (P. 

aeruginosa) after pre-treatment with SA (Figures 4a and 4b, Figure S5). A sharp fluorescence decrease 

was observed for the probe from 40 min in the SA (+) group, while the fluorescence enhancement of 

PABA-DCM continued up to 80 min. These results suggest that the inhibition of DHPS activity 

suppresses the fluorescence of PABA-DCM in bacteria. We also evaluated the time-dependent 

fluorescence changes of PABA-DCM in human skin cells including human keratinocyte (HaCaT) 

human foreskin fibroblast (HFF) and human microvascular endothelial (HMEC) cells without 

endogenous DHPS expression (Figure S6). The results indicated that the probe was effectively 

internalized by the cells and began to be excreted quickly after 10 min (Figures S6a and S6b). At 60 

min, almost no fluorescence of the probe was observed in the human cells. This observation is akin to 

that seen for SA-treated bacterial cells, corroborating the importance of DHPS for intracellular 

retention of PABA-DCM. 
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Figure 4. Time-dependent fluorescence imaging of a representative Gram-negative bacterial 

strain, P. aeruginosa. (a) Representative fluorescence images of Pseudomonas aeruginosa ATCC 

10145 (P. aeruginosa) (106 CFU mL-1) without and with pretreatment of SA (Sulfanilamide, 1000 

μM), followed by incubation with PABA-DCM (10 μM) for 0-120 min by a confocal-scanning laser 

microscope. (b) Quantification of PABA-DCM fluorescence shown in the images of panel (a) (for 

complete fluorescence images, see Fig. S5). SYTO-9 (1 μM) was used to stain bacterial nucleic acids. 

PABA-DCM and DCM channel: λex = 460 nm, λem = 630 nm; SYTO-9 channel: λex = 485-486 nm, 

λem = 498-501 nm. Scale bars: 7.5 μm. 

To better illustrate the mechanism of action for the prolonged retention of PABA-DCM in bacteria, 

high-performance liquid chromatography (HPLC) and mass spectroscopy (MS) were employed. We 

determined that the concentration of DCM decreased quickly in P. aeruginosa over time, and almost 

no signal was detectable at 2.0 h (Fig. S7b). Nevertheless, PABA-DCM was found to diminish much 
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more slowly in bacterial cells than DCM, with a recovery rate of 37.9% at 2.0 h (Fig. S7a). MS was 

used to characterize the structural transformation of PABA-DCM in bacteria (Fig. S8). In the bacterial 

lysate after being incubated with PABA-DCM for 2 h, we observed a MS signal that could be assigned 

to DHP ([m + K] m/z 353.2650) as well as that to an amino triazolyl DCM metabolite ([m + Na] m/z 

478.1650). Considered in concert, we deduce that the substantially stronger fluorescence of PABA-

DCM than DCM in bacterial cells after 2 h of incubation was the result of the continued utilization of 

PABA-DCM by the DHPS-mediated pathway, through which it was being converted into metabolic 

products, whichresulted in an extended intracellular retention of the fluorescent DCM residue. 

The above-results corroborate our hypothesis that PABA-DCM participates in the FA synthetic 

pathway with the addition of a dihydropteridine group to the amino end of the probe as the initial step 

(Figure 1a and Figure 5a).31, 32 Subsequently, the DHP-DCM adduct of the probe is hydrolyzed 

intracellularly to produce DHP and a DCM-containing fluorescent residue; the former is used for FA 

accumulation in bacteria, and the latter was eventually metabolically degraded to produce the residual 

DCM species as detected in the MS spectrum (Figure S8). Indeed, using an enzyme-linked 

immunosorbent assay (ELSA), we determined that all 5 bacteria used in this study produced a similar 

level of FA after incubation with PABA-DCM, comparing to that with PABA (Figure 5b). This 

confirms that PABA-DCM is used by the DHPS-dependent metabolic pathway for the generation of 

FA in bacteria. 
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Figure 5. PABA-DCM upregulates folic acid level in different bacteria. (a) Schematic illustration 

of the metabolic pathway of PABA-DCM to produce tetrahydrofolates in bacteria mediated by 7,8-

dihydropteroate synthase (DHPS). DHPS catalyzes the addition of a dihydropteridine group to the 

amino end of PABA-DCM producing DHP-DCM. After being hydrolyzed by intracellular hydrolases, 

the sequential catalytic transformation of the resulting DHP by dihydrofolate synthase (DHFS) and 

dihydrofolate reductase (DHFR) leads to the production of tetrahydrofolates. However, the presence 

of sulfanilamide (SA) competitively suppresses the activity of DHPS. (b) Quantification of folic acid 

(FA) concentration in different bacteria including Pseudomonas aeruginosa (P. aeruginosa) ATCC 
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10145, Escherichia coli (E. coli) ATCC 11775, Acinetobacter baumannii (A. baumannii) ATCC 

19606, Enterococcus faecalis (E. faecalis) ATCC 19433 and Staphylococcus aureus (S. aureus) ATCC 

12600 (106 CFU mL-1) after treatment with PABA-DCM (10 μM) for 2 h; PABA was used as a 

positive control. S. D. means standard deviation (n = 3); *P < 0.05. 

Binding mode between PABA-DCM and DHPS simulated using molecular docking. DHPS 

exhibits a classical α/β TIM barrel structure, and DHPPP binds into a deep and highly conserved pocket 

of the β barrel of DHPS. While, the PABA binding site is located to the edge of the barrel.33 To explore 

the binding mechanism of PABA-DCM with DHPS, we used the SwissDock's online molecular 

docking webserver to predict the potential binding modes using DHPS models from the five bacteria 

evaluated above.34 PABA and SA were also used as controls for the docking calculations (Fig. S9). In 

general, the poses obtained from docking indicated that PABA-DCM and SA interact with DHPS from 

all the representatively selected bacterial strains in a manner similar to the resolved crystal structure 

of PABA with DHPS (PDB code: 5U10).35 For instance, in PaDHPS (Pseudomonas aeruginosa 

dihydropteroate synthase), the para aminophenyl groups of PABA-DCM and SA locate at the same 

binding site as the PABA-PaDHPS complex. All ligands established hydrogen bonds with the 

sidechain of S229 and the backbone of T69, and hydrophobic interaction with the phenyl ring of F197. 

This agrees with previous reports that the mutations of these amino acid residues affected the binding 

of small molecules to DHPS.36, 37 This suggests that PABA-DCM may mimic the binding patterns of 

PABA to the target protein. Such similarities were also observed in the docking simulations of PABA-

DCM and SA with DHPS from EcDHPS (Escherichia coli dihydropteroate synthase), AbDHPS 
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(Acinetobacter baumannii dihydropteroate synthase), EfDHPS (Enterococcus faecalis dihydropteroate 

synthase) and SaDHPS (Staphylococcus aureus dihydropteroate synthase). 

Additionally, we compared the molecular docking scores of PABA-DCM, PABA, SA and DCM 

bound to DHPSs from 22 strains of common pathogens.38, 39 Specifically, PABA was used as an 

internal reference, and SA and DCM as positive and negative control, respectively. As shown in Fig. 

S10, no statistical difference was determined between the scoring of PABA and PABA-DCM, 

suggesting that both ligands probably bind to DHPS with similar affinity. The analysis also indicated 

that SA has the lowest scoring value (highest binding affinity) compared with other ligands, which is 

in accordance with the fact that SA is a strong competitive inhibitor of DHPS.40, 41 In contrast, the 

scoring of DCM is the highest among all ligands, suggesting its lowest affinity for DHPS.  

Construction of PABA-DCM@GO-based hydrogel dressing. Next, we evaluated the potential for 

using PABA-DCM in the fluorescence imaging of wound-tissue infection using live mice. To facilitate 

wound coating, graphene oxide (GO) was used to prepare a hydrogel-based dressing of PABA-DCM 

in the presence of gelatin, a clinically common material for wound dressings. GO has been extensively 

shown as a promising low-dimensional material for biomedical applications including the construction 

of antibacterial dressings due to its intrinsic activities42 and the ability to enhance the stiffness of the 

dressing.43 Through the simple self-assembly between PABA-DCM and GO in an aqueous solution, 

a PABA-DCM@GO ensemble was prepared. 

A series of techniques were then used to characterize the ensemble. From representative transmission 

electronic microscopic images (Figure 6a), typical GO flakes were seen before and after assembly with 
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the probe. Notably, more densely clustered GO sheets were observed for PABA-DCM@GO than GO. 

Shown in Figure 6b are the representative atomic force microscopic images of GO with and without 

coating with PABA-DCM. A height increase of ca. 1.95 nm was observed for PABA-DCM@GO 

with respect to GO alone, suggesting the adsorption of the probes to both sides of the material surface, 

probably due to - stacking as the main driving force.27 A size increase was determined for PABA-

DCM@GO (ca. 296 nm) when compared to GO (ca. 255 nm) by dynamic light scattering (Figure 6c), 

and a decreased zeta potential from -25 to -34 was determined for GO after assembly with the probe 

(Figure 6d), suggesting an enhanced stability of the ensemble.28 Finally, we used fluorescence 

spectroscopy to detect the fluorescence changes of the probe with GO. We observed a gradual 

fluorescence quenching for PABA-DCM with increasing concentrations of GO (Figure 6e), which 

agrees with results,28 which suggests that the assembly of fluorescent dyes with GO can lead to 

fluorescence quenching due to combined mechanisms of Förster resonance energy transfer, electron 

transfer and inner filter effect.44, 45  
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Figure 6. Characterization of PABA-DCM@GO. Representative (a) transmission electron 

microscopic (TEM) and (b) atomic force microscopic (AFM) images of PABA-DCM@GO (PABA-

DCM/GO = 1 μM/ 10 μg mL-1). (c) Dynamic light scattering and (d) zeta potential of GO (10 μg mL-

1) and PABA-DCM@GO (PABA-DCM/GO = 1 μM/ 10 μg mL-1). (e) Fluorescence titration of 

PABA-DCM (10 μM) in the presence of increasing GO (from top to bottom curve: 0-100 μg mL-1) in 

phosphate-buffered saline solution (0.01 M, pH 7.4); λex = 460 nm.  

With the PABA-DCM@GO ensemble in hand, we evaluated its imaging capacity for bacteria (P. 

aeruginosa ATCC 10145 and S. aureus ATCC 12600) and with human skin cells (HaCaT, HFF and 
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HMEC) as controls. We observed that analogous to PABA-DCM, the ensemble was amenable to 

fluorescence imaging of both ATCC 10145 and ATCC 12600 (Figure S11). However, minimal 

fluorescence was detected in the human skin cells after being treated with PABA-DCM@GO after 2 

h (Figure S11a and S11b). Interestingly, the fluorescence intensity produced by the ensemble was 

stronger than that of just PABA-DCM in bacterial cells (Figure S11a and S11b), which agrees with 

our previous observation that GO enhances the imaging capacity of small-molecular fluorescent 

probes.44 We also determined that the pre-incubation of PABA as a competing agent for PABA-DCM 

suppressed the fluorescence of PABA-DCM@GO in 5 bacterial strains (Figure S12), demonstrating 

that the bacterial imaging of the ensemble is also dependent on the DHPS-mediated metabolic 

pathway. In addition, using a series of assays including the LIVE/DEAD® Viability/Cytotoxicity 

staining (Figure S13), flow cytometry using the Annexin V-FITC/PI Apoptosis Detection Kit (Figure 

S14) and the CCK-8 assay (Figure S15), minimal cytotoxicity for PABA-DCM@GO was determined 

for all the skin cells evaluated. 

Metabolically-selective fluorescence imaging of bacterial infection on wound tissues of mice with 

PABA-DCM@GO-based hydrogel dressing. We prepared a hydrogel dressing of PABA-

DCM@GO using gelatin which facilitated the application to tissues.46 With the hydrogel dressing 

prepared (Figure S16), we constructed full-thickness skin-defect wound models using male C57BL/6 

mice. Circular wounds with diameter 6 mm were cut on both sides along the dorsal midline of each 

mouse (10 mm interval). Then, different live bacteria including P. aeruginosa (ATCC 10145), E. coli 

(ATCC 11775), A. baumannii (ATCC 19606), E. faecalis (ATCC 19433), and S. aureus (ATCC 

12600) (106 CFU mL-1) were injected sub-fascia to the left wound; the bacteria pre-treated with heat 
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(to induce bacterial death) (107 CFU mL-1) were injected to the right wound of the same mice. The 

wound tissues were then kept soaked by wrapping with a transparent film. We observed purulent 

secretions on the left-infected wound for all mice groups, whereas only minimal yellow jelly-like 

exudations were seen on the right wound after 2 days (Figure 7a). The infection was also confirmed 

by the nutrient agar plating method (Figure 7a), showing a significantly larger number of bacteria on 

the left side than on the right. Subsequently, wounds on both sides were coated using the PABA-

DCM@GO hydrogel dressing for 2 h, and the corresponding images were taken using a fluorescence 

imaging system (Figures 7b and 7c). We observed that the fluorescence intensity on the left wounded 

tissues (infected with live bacteria) was significantly stronger than that on the right (with heat-killed 

bacteria). The difference in fluorescence intensity reached up to 4-fold for the P. aeruginosa-infected 

group. These imaging results suggest that our metabolically- selective probe exhibits promise for the 

selective visualization of bacterial infection of wounded tissues. 
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Figure 7. Metabolically-selective fluorescence imaging of infected wounds by PABA-DCM@GO 

with implant-related mice models. (a) Photos of wounds on both sides of implant-related mice treated 

with viable bacteria (106 CFU mL-1) (left wound) and heat-killed bacteria (107 CFU mL-1) (right 

wound). Wound infection was also confirmed by NA (nutrient agar) plating. (b) Fluorescence imaging 

of implant-related wound infection mice models treated with PABA-DCM@GO (PABA-DCM/GO 

= 10 μM/100 μg mL-1). The left and right wounds were infected with viable (106 CFU mL-1) and heat-

killed bacteria (107 CFU mL-1), respectively. (c) Fluorescence quantification of the right and left 

wound of the mice treated with PABA-DCM@GO (PABA-DCM/GO = 10 μM/100 μg mL-1). AFI: 

Average fluorescence intensity (×108 photons/sec/cm2/sr); S.D. means standard deviation (n = 3); **P< 

0.01, ****P< 0.0001. 
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Previously, Murawski et al.47 developed a fluorine-labelled PABA analogue as a broad-spectrum 

imaging tracer for bacteria. However, isotopic labelling is radioactive, which poses challenges when 

being employed directly at the bedside. Compared to radioisotopic imaging, fluorescence is 

particularly advantageous in terms of biosafety, and on-demand applications since it requires a portable 

UV lamp and exhibits extended shelf-life. We anticipate that our PABA-DCM@GO hydrogel 

dressing with metabolic specificity for bacterial species could become a simple alternative to the 

current clinical methods for the effective visualization of bacterial infection in-situ. 

Conclusions 

We developed a PABA-modified long-wavelength probe, PABA-DCM, for the metabolically-specific 

imaging of bacterial species versus mammalian cells. In combination with GO, we constructed a 

hydrogel dressing using the probe and gelatin, thereby facilitating the in-situ fluorescence imaging of 

bacterial infections of the wounded tissues of live mice. PABA-DCM was shown to be specifically 

sequestered by the DHPS-dependent FA synthetic pathway, which is highly conserved in bacterial 

species, resulting in prolonged retention of the probes fluorescence. In bacteria with attenuated DHPS 

activity (PABA or SA inhibition) or in mammalian cells without DHPS expression, the probe was 

rapidly excreted. PABA-DCM was also shown to contribute to an increase of the FA levels in several 

bacteria, suggesting that the DHPS-dependent metabolism determines the prolonged retention of the 

probe in bacterial species. This research offers insights into the construction of imaging probes that 

can target pathogen-conserved metabolic pathways, making possible the development of simple and 

clinically transformable fluorescent agents and materials for the timely monitoring of bacterial 

infections in-situ. The development of fluorescent probes that can be activated by species-specific 
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biomarkers in order to further enhance imaging precision is underway in our group.48-52 Moreover, 

owning to the inherent antimicrobial properties of GO, we are also exploring the use of PABA-

DCM@GO hydrogel dressing for image-guided photodynamic and/or photothermal therapy of 

bacterial infections.53-57 
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