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ABSTRACT:  
The emergence of antimicrobial resistance represents a significant health and economic challenge worldwide. The 
slow pace of antibacterial discovery necessitates strategies for optimal use of existing agents, including effective 
diagnostics able to drive informed prescribing; and development of alternative therapeutic strategies that go 
beyond traditional small-molecule approaches. Thus, the development of novel probes able to target bacteria for 
detection and killing, and that can pave the way to effective theranostic strategies, is of great importance. Here 
we demonstrate that metal-free green-emitting fluorescent carbon dots (FCDs) synthesized from glucosamine.HCl 
and m-phenylenediamine, and featuring 2,5-deoxyfructosazine on a robust amorphous core, can label both Gram-
positive (Staphylococcus aureus) and Gram-negative (Escherichia coli, Klebsiella pneumoniae, Pseudomonas 
aeruginosa) bacterial pathogens within 10 minutes of exposure. Moreover, effective killing of Gram-positive and 
-negative bacteria can be induced by combining FCD treatment with irradiation by LED light in the visible range. 
Cell-based, electron microscopy and Tandem Mass Tag (TMT) proteomic experiments indicate that FCD 
administration in combination with LED exposure gives rise to local heating, ROS production, and membrane- 
and DNA-damage, suggesting multiple routes to FCD-mediated bacterial killing. Our data identify FCDs as 
materials that combine facile synthesis from low-cost precursors with labelling and light-dependent killing of 
clinically important bacterial species, and that thus warrant further exploration as the potential bases for novel 
theranostics. 
 

 
1. Introduction 

Bacterial infections affect most people at some point in their lives and, while antibiotic treatments exist for most common 
pathogens, their effectiveness is threatened by growing antimicrobial resistance (AMR). This problem is exacerbated 
by the rising overuse of broad spectrum antibiotics combined with the slowing development of new antibiotics.[1]  
In an effort to control and prevent growing antibiotic resistance, rapid diagnostic tools that can be used to detect 
the presence of bacteria are key to avoid antibiotic treatments being unnecessarily prescribed.1b  
 Fluorescent labelling has been previously implemented to investigate antibiotic susceptibility, intracellular 
pathogenesis and detection of bacterial cell wall proteins.[2] However, molecular dyes are usually expensive and 
predisposed to photobleaching. Fluorescent nanoprobes on the other hand can be designed to exhibit high stability, 
sensitivity and specificity for their desired target without the limitations of organic fluorophores and fluorescent 
proteins and thus these nanomaterials have found many applications in the areas of bioimaging, drug delivery and 

diagnostics.[3] Furthermore, the fluorescence properties of molecular fluorophores can be affected upon binding 
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to the target, while intrinsically fluorescent nanoparticles are rarely affected and can be more robust bioimaging 
tools.[4] 
 One particular class of fluorescent nanoparticles, carbon dots (CDs), have emerged as promising bioimaging 
probes due to their many advantages over molecular fluorophores and other fluorescent nanoparticles such as the 
analogous heavy-metal containing quantum dots.[5] The synthesis of these water-soluble carbon-based nanodots 
is often practical and low-cost,[6] while CDs tend to be chemically inert, photo-stable and generally non-toxic, 
making them ideal for biological applications.[6f, 6h, 6i, 7] Examples of blue-emitting functionalized CDs have been 
reported to label bacteria.[8], [9] However, the autofluorescence properties of many microorganisms[10] overlap with 
the blue emission of the CDs used, meaning that the sensitivity of such probes is not high enough for practical 
use. In addition, parameters such as nanoparticle type, size, shape and surface functionalization have been shown 
to have significant effects on targeting ability, intracellular uptake and localization.[11] 
 Stemming from our interest in the synthesis of carbon-based water soluble fluorescent probes for bioimaging 
applications,[6f, 6g, 6i] we recently developed a new class of green-fluorescent CDs (FCDs) derived from 
glucosamine and m-phenylenediamine (Scheme 1) that could selectively label and kill human cancer cells upon 
activation by illumination with visible LEDs.[12] The unique targeting ability of this nanomaterial was attributed 
to the presence of 2,5-deoxyfructosazine on the FCD surface. 2,5-deoxyfructosazine is the product of 1,2-
aminoaldose self-dimerisation during FCD synthesis,[13] and analogous fructosazine, is itself a versatile molecule 
with anti-diabetic and anti-inflammatory properties.[14]  
 Based on these findings, we thus proposed that these green-emitting FCDs could be promising candidates to 
target live bacteria. Herein, we demonstrate that the unique surface functionality of these green-emitting FCDs 
can also be used to label both Gram-positive and Gram-negative bacteria. Furthermore, we also show the 
combination of FCD exposure with LED-activation to exert a bactericidal effect, and investigate the mechanism 
of bacterial killing action.  
 

 
 
Scheme 1: General synthetic approach to access green-emitting FCDs. 

 
2. Results and Discussion 

Green-fluorescent carbon dots (FCDs) surface functionalized with 2,5-deoxyfructosazine were obtained by a 
three-minute microwave-assisted one-pot reaction of glucosamine and m-phenylenediamine following a 
previously reported synthesis.[12] To evaluate the ability of the FCD to label bacteria, different initial FCD 
concentrations (50- 200 µg/mL) were incubated with four different bacterial species to assess the optimal labeling 
conditons over a range of time exposures (30-60 min). To that end, Escherichia coli (BW25113 strain), a Gram-
negative bacterium; and Staphylococcus aureus (Newman strain), a Gram-positive bacterium; and further two 
Gram-negative species, Pseudomonas aeruginosa (PA01 strain) and Klebsiella pneumoniae (NCTC 5055 strain) 
were chosen as relevant microorganisms. Labelling of the bacteria was assessed using confocal microscopy. To 
our delight, all bacterial species evaluated showed labeling after as little as 10 min incubation with green FCDs 
(Figure 2) and at FCD concentrations as low as 25 µg/mL. As expected, fluorescence labeling increased with the 
amount of FCDs used. In general, optimal labelling was achieved with a 1 x108 cfu/mL suspension of bacteria in 
phosphate buffered saline (PBS) incubated with 200 µg/mL of FCDs at room temperature for 30 min (see ESI 
Figure S1). To quantify bacterial labelling, fluorescent measurements of FCD-labeled bacterial suspensions were 
compared to a FCD calibration curve. Uniformly, FCDs were found to show increased labelling of Gram-negative 
bacteria when compared to the Gram-positive species S. aureus, which had the lowest levels of labelling (Figure 
1).  
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 Previous investigations of the chemical structure of the green-emitting FCDs[12] revealed that the carbon-
based probe contains a stable amorphous core, decorated with 2,5-deoxyfructosazine as the major surface 
component. It is however important to note that neither previously reported amine coated blue-emitting FCDs[6i] 
or 2,5-deoxyfructosazine (itself non-fluorescent) isolated from green FCDs or from a commercial source, were 
able to fluorescently label the bacteria, demonstrating that the observed effects can be attributed to the properties 
of the green-emitting FCDs as a whole (see figures S1 and S2 in ESI).   

   
A             B 

 
 

 
 
 
 
 
 
 To establish whether the FCDs are internalized within the bacteria, or remain associated with the cell surface, 
FCD-treated bacteria were then labelled with the membrane dye FMTM 4-64FX (Figure 2). FMTM 4-64FX is a 
lipophilic probe which has low fluorescence in aqueous media, but upon binding to plasma membranes fluoresces 
intensely in the infrared, allowing visualisation of the bacterial membrane and hence localisation of the green-
emitting FCDs with respect to this.[15] Confocal microscopy images of bacteria labeled with both FCDs (green) 
and FMTM 4-64FX (red, Figure 2) identified distinct patterns of staining for the two labels, confirmed that the 
FCDs are internalised within the bacteria and hence demonstrating their ability to penetrate the bacterial envelope. 
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Figure 1: FCDs label Gram-positive and -negative Bacteria. A) Hyvolution confocal microscopy z-stack max-projected 
images of FCD labelled bacteria; E. coli, S. aureus, P. aeruginosa and K. pneumoniae and B) quantification of FCD labelling for 
each bacteria species after 10 min incubation with 200  µg/mL of FCDs at room temperature.  

 

Figure 2: FCDs are Internalised by Gram-positive and -negative bacteria. Confocal image of different bacterial species 
incubated with membrane dye FM 4-64 (red) and FCDs (green). 
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 Having confirmed that FCDs are internalized by bacteria, the toxicity of the green FCDs towards both the 
Gram-negative (E. coli, K. pneumoniae, P. aeruginosa) and Gram-positive (S. aureus) was next explored. Overall, 
little antibacterial activity was detected upon treatment with FCDs, even at high FCD concentrations (MIC > 1024 
µg/mL), with the most notable effect being an increase in the duration of the lag phase (see ESI). 
 Previously, we have shown photothermal activation of green-emitting FCDs using low cost blue-light-
emitting diodes (LEDs, λem = 460 nm).[12] Irradiation by blue LEDs in the absence of FCDs did not induce toxic 
effects on bacteria, however, when LED irradiation was combined with FCD exposure, bactericidal activity was 
detected towards all four species tested (E. coli, S. aureus, K. pneumoniae and P. aeruginosa (ESI, figure S4)). 
Complete killing was reproducibly observed after treatment with 200 µg/mL FCDs with 4 hours of irradiation, 
and significant killing (>95%) could be observed after just 90 minute LED irradiation.  
 For two strains of E. coli, the antimicrobial effects of UV-B irradiation have been shown to be potentiated by 
fructosazine.[16] To demonstrate that the bactericidal effects observed here were linked to the combination of 
FCD/LED treatment, and not due to either the presence of 2,5-deoxyfructosazine/LED, or 2,5-deoxyfructosazine 
alone, E. coli was treated with 2,5-deoxyfructosazine obtained from a commercial source at the same 
concentrations as those found on the FCDs, as estimated by NMR, and also exposed to LED irradition under the 
same conditions as previously used (See ESI figure S5 for details). Viable counts of treated cells showed that 
significant antibacterial effect could only be detected on exposure to the FCD/LED combination (t-test, P < 
0.0001), with no effects observed, compared to controls, for cells treated with 2,5-deoxyfructosazine, either with 
or without LED illumination (t-test, P = 0.4254 and P = 0.3916 respectively) (Figure 3A). 
 Photothermal therapy (PTT) is a promising non-invasive therapeutic strategy, in which nanoparticles 
embedded within a pathogenic target  generate heat, typically in response to exogenously applied light, for thermal 
ablation. Our previous study of green FCD interactions with cultured human cells[12] demonstrated killing to be 
predominantly mediated by photothermal effects. Accordingly, the temperatures of bacterial suspensions 
incubated with 200 µg/mL and 800 µg/mL FCDs and exposed to LED irradiated for 60 min were measured, and 
found to be 3 °C higher (32 oC and 33 oC respectively) than those of cultures exposed to LED irradiation only, i.e. 
in the absence of FCDs.[17] These data suggest that, consistent with our earlier investigation, photothermal 
activation of FCDs internalized within the bacteria might be responsible for at least some portion of the observed 
antimicrobial activity. However, we also sought to identify whether other mechanisms might contribute to the 
effects of FCD exposure upon bacteria. Reactive oxygen species (ROS) production is involved in the mechanism 
of action of multiple physical and chemical antibacterial agents and treatments,[18] thus the superoxide indicator 
dihydroethidium (DHE, for which decrease in fluorescence on oxidation indicate ROS production) was used to 
monitor ROS formation in LED and FCD treated bacteria. For both E. coli  and S. aureus  the DHE’s fluorescence 
intensity for FCD-incubated (200 µg/mL) bacteria after 90 minutes of LED illumination was significantly lower 
by 46% (compared to DHE controls) than that of cultures treated with FCDs but without LEDs (t-test P = 0.0007 
and P = 0.0008 respectively) (Figure 3B). This suggests that FCDs, when combined with LED irradiation, are 
eliciting ROS generation. Taken together, these data indicate that stress factors, such as ROS and temperature 
changes, are likely pertinent to the observed toxicity engendered by the LED/FCD combination. 
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 Confocal microscopy (Figure 2) helped us demonstrate the ability of FCDs to penetrate the envelopes of both 
Gram-positive and -negative bacteria. To establish whether FCD exposure leads to membrane damage, and 
investigate the possibility that this may also contribute to the observed effects upon bacterial growth, scanning 
electron microscopy (SEM) was used to study the effects of LED and FCD exposure on E. coli and S. aureus. 
Bacterial cells exposed to 512 µg/mL FCDs, either with or without LED irradiation, indeed showed signs of 
envelope stress, evident in increased membrane blebbing and lysis. Importantly, LED irradiation alone did not 
induce these phenotypes, with these samples comparable to the control cells (Figure 4).  
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Figure 3: A) Antimicrobial Effects of Combined FCD Treatment and LED Illumination. Viable count shown as cfu/mL 
of E. coli cells treated with green FCDs (200 µg/mL), commercial 2,5-deoxyfructosazine (30 µg/mL) and controls with and 
without 90 min LED irradiation. Counts were averaged and shown with SD error bars (n=3). B) FCD Treatment and LED 
Illumination elicits ROS production in Gram-positive and -negative bacteria. Fluorescence intensity measurements 
show decrease in fluorescence at 460 nm (DHE emission) for E. coli and S. aureus incubated with 200 µg/mL FCDs and 
illuminated with LEDs (FCD, DHE, LED) or kept in the dark (FCD, DHE) for 90 min. Fluorescence intensities were averaged 
and shown with SD. Error bars (n=6). 
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Figure 4. Representative SEM images of E. coli (A-D) and S. aureus (E-F) with FCD, LED and LED-FCD treatments. 
Signs of envelope stress/damage highlighted by arrows. 
 
 To further probe the cellular stress responses activated by FCD exposure, and the effects upon this of LED 
irradiation, E. coli and S. aureus cultures were grown in M9 minimal media in the presence or absence of 512 
µg/mL FCDs and with and without LED irradiation, and analysed by Tandem Mass Tag (TMT) proteomics. 
Approximately 2,600 individual protein hits were obtained in each of the bacterial cultures analysed. From each 
sample (LED irradiated, FCD-treated or FCD-treated and LED irradiated), the total protein hits were compared 
against the control untreated sample. Changes in protein expression levels are summarised in Figure 5. The 
functions of proteins of interest were searched using PantherDB44. 
 In both bacterial species, of the tested conditions LED irradiation had the least effect on protein expression 
levels (174 E. coli and 167 S. aureus proteins were identified as up- or down-regulated, p<0.05). Only 11 and 21 
proteins in the two species, respectively, showed over 2-fold changes in expression level compared to the control. 
In E. coli, upregulated proteins included cation efflux protein (CusF), acetolactate synthetase (IlvG) and RNA 
helicase (DeaD), while various protein and amino acid transport proteins, such as the inner membrane metabolite 
transport protein YhjE and the Sec-independent protein translocase protein TatE, were downregulated. In S. 
aureus, 20 proteins were upregulated, including the amino acyl tRNA synthetases ValS and PheT, and only 1 
protein, the elongation factor Tu fragment Tuf was downregulated by over 2-fold compared to the control. All 
proteins of interest are summarised in Figure 7 and the complete list of proteins with ≥2-fold changes in expression 
level is provided in the ESI. 
 Upon FCD exposure, the number of protein expression changes doubled in E. coli and increased by 7-fold in 
S. aureus. In E. coli, the protein showing the highest increase in expression level was D-galactonate dehydratase 
(DgoD), followed by a range of proteins involved in cellular and metabolic processes, some of which were 
indicative of DNA damage (UvrA, RecN), cell envelope stress (YmgD, Spy) and toxic/chemical stimulus (FadA). 
Downregulation of cellular, metabolic and localisation proteins was also observed, with at least two-log fold 
decreases in expression of enzymes involved in biosynthesis of important metabolic precursors such as amino 
acids (AroF, AroG, MetR), in carbohydrate metabolism (GatZ), ribosomal RNA transcription (Fis) and transport 
systems (CusF, DppF, YhjE). In S. aureus, the DNA repair protein RecN was the most upregulated protein, 
followed by hundreds of proteins involved in a vast range of cellular and metabolic pathways. Notable groups of 
upregulated proteins included those involved in responses to ROS exposure (KatA, AhpC), DNA damage (PcrA, 
SbcD, Rot) and RNA repair (RnhB). In terms of proteins involved in the response to cell envelope stress, various 
genome-wide transcriptional profiling studies of S. aureus treated with cell-wall-active antibiotics highlighted the 
upregulation of genes involved in cell envelope biogenesis[19]. Some of these corresponding proteins were also 
noted to be upregulated in the proteomics data, such as the glycine betaine transporter (OpuD), glycine-glycine 
endopeptidase (LytM), carboxyl-terminal processing proteinase (CtpA) and UDP-N-acetylglucosamine 1-
caryboxylvinyl transferase (MurZ). Similarly, expression of over 200 enzymes was downregulated, with notable 
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changes in translational, metabolite interconversion and nucleic acid metabolism proteins, including those 
involved in DNA repair (RecO, RecG, RecF and MutL). 
 With FCD treatment and LED irradiation, expression levels of a further ~200 proteins were affected, 
compared to the FCD-treated samples, for both bacterial species. In E. coli, multiple enzymes involved in DNA 
damage were upregulated compared to the FCD-only sample. Some of these (RecN, UvrA) were significantly 
upregulated on FCD exposure and further upregulated with LED irradiation; for others (RmuC, RecA) there was 
apparent upregulation on FCD exposure but the difference was not statistically significant without LED 
irradiation; and a third group (DinI, YebG, Cho) were little changed in the FCD-treated sample but showed 
significant upregulation with LED irradiation. Other proteins upregulated included those involved in the cellular 
response to reactive oxygen species (ROS, RclC), toxic/chemical stimuli (FadA), oxidative stress (KatG) and 
starvation (YqjH). In S. aureus, all of the proteins listed above (with the exception of Rot) were further 
upregulated, along with additional proteins involved in the cellular response to DNA damage (RecA, AddB). The 
majority of other upregulated enzymes were those involved in metabolite interconversion, followed by translation, 
transport and nucleic acid binding. Downregulation of the proteins involved in DNA repair listed above was 
maintained, and there was downregulation of additional proteins involved in DNA repair, such as MutS and RadA.  
In summary, the proteomic results suggest that exposure of E. coli to FCDs alone is associated with induction of 
responses to both membrane and DNA damage. In the case of S. aureus, the effect of FCD exposure upon the 
proteome is more profound, but also includes proteins involved in the response to ROS exposure. However, when 
FCD treatment is augmented with LED irradiation, in both organisms proteomic signatures are consistent with a 
response to multiple stressors that include both membrane and DNA damage, as well as elevated ROS-levels. 
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Figure 5. Volcano plots of (Top) E. coli and (Bottom) S. aureus treated with LED, FCD and LED-FCD. Overall 
number of proteins with changes in abundance levels indicated in green font. Grey circles represent proteins with differences 
in abundance levels (compared to control) that are not statistically significant, yellow circles represent those with statistical 
significance (p<0.05) and red circles represent those that are ≥ 2-fold different in abundance.  
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Figure 6. Summary of proteins of interest from proteomics analysis. LogFC, average log2 fold change (n=2). Heat map applied to LogFC values - shading in red indicate upregulation and 
blue indicate downregulation of protein abundance levels compared to control samples. Statistically significant values shown in black font (p<0.05) and insignificant values (p>0.05) in grey font 
as determined by t-test.

LogFC T.Test LogFC T.Test LogFC T.Test
E. coli
Q6BF17 D-galactonate dehydratase Carbohydrate acid metabolism dgoD 0.414 3.13E-01 3.280 2.53E-03 4.167 1.01E-02
P75685 Inner membrane protein Reactive chlorine species (RCS) rclC -0.020 9.65E-01 -0.194 6.46E-01 3.714 2.72E-02
P05824 DNA repair protein DNA damage recN 0.281 2.16E-01 1.002 9.67E-03 3.325 6.71E-03
P0ABR1 DNA damage-inducible protein DNA damage dinI -0.155 4.14E-01 0.255 9.37E-02 3.144 2.67E-02
P0ACY9 Uncharacterized protein DNA damage yebG -0.252 2.80E-01 0.257 1.93E-01 2.904 1.26E-02
P0AB46 Uncharacterized protein Cell envelope stress ymgD 0.065 7.56E-01 1.826 1.89E-02 2.474 2.42E-02
P0AG71 DNA recombination protein DNA damage rmuC 0.215 6.98E-02 0.868 1.10E-01 2.148 2.50E-02
P77754 Periplasmic chaperone Cell envelope stress spy 0.042 6.43E-01 1.429 1.05E-02 2.079 8.28E-04
P0A698 UvrABC system protein A DNA damage uvrA 0.126 8.31E-02 1.066 2.44E-03 1.940 2.57E-02
P0A7G6 Protein RecA DNA damage recA 0.015 9.34E-01 0.886 9.04E-02 1.865 1.70E-02
P76213 Excinuclease DNA damage cho -0.060 6.02E-01 -0.452 6.93E-02 1.756 3.02E-02
P21151 3-ketoacyl-CoA thiolase Toxic/chemical stimulus fadA 0.039 5.06E-02 1.349 4.18E-02 1.364 1.82E-02
P13029 Catalase-peroxidase Oxidative stress katG 0.107 4.71E-01 0.949 2.06E-02 1.362 1.17E-02
Q46871 NADPH-dependent ferric-chelate reductase Starvation yqjH -0.036 8.55E-01 0.546 1.15E-01 1.038 4.10E-02
P0C8J8 D-tagatose-1,6-bisphosphate aldolase subunit Carbohydrate transport gatZ -0.471 6.15E-01 -2.164 1.48E-02 -0.858 7.63E-02
P0A9F9 HTH-type transcriptional regulator Methionine biosynthesis metR -1.188 3.25E-01 -2.116 4.53E-02 -1.028 7.46E-02
P77214 Cation efflux system protein Copper and silver resistance cusF 1.581 1.19E-01 -2.150 2.73E-02 -1.214 5.86E-02
P37313 Dipeptide transport ATP-binding protein Dipeptide transport dppF 0.207 2.03E-02 -2.104 1.79E-02 -1.911 6.37E-04
P0AB91 Phospho-2-dehydro-3-deoxyheptonate aldolase, Phe-sensitive Amino acid biosynthesis aroG -0.537 1.18E-01 -2.401 4.99E-03 -2.166 4.31E-03
P00888 Phospho-2-dehydro-3-deoxyheptonate aldolase, Tyr-sensitive Amino acid biosynthesis aroF -1.599 1.51E-01 -2.723 2.89E-02 -2.431 1.97E-02
P0A6R3 DNA-binding protein Ribosomal RNA transcription fis -0.984 1.57E-01 -2.634 2.00E-03 -2.456 1.82E-02
P37643 Inner membrane metabolite transport protein Metabolite transport yhjE -1.653 1.14E-02 -2.096 7.03E-03 -2.578 7.61E-03
S. aureus
A0A3S4Q2Y7 DNA repair protein DNA damage recN 0.980 4.77E-01 7.177 1.37E-02 8.094 3.31E-02
A0A1D4Q690 Alkyl hydroperoxide reductase protein C Oxidative stress ahpC 0.066 8.75E-01 4.311 4.04E-02 5.894 9.36E-03
A0A2X2P2D7 DNA helicase DNA damage pcrA 0.230 7.15E-01 4.241 2.80E-02 5.205 1.46E-02
A0A380DY12 Glycine betaine transporter Cell envelope biosynthesis opuD 1.214 7.32E-02 4.053 1.04E-02 5.077 7.43E-03
A0A380EHB7 Catalase Oxidative stress katA 0.503 4.24E-01 3.540 2.63E-02 4.540 2.19E-02
A0A131JP41 Glycine-glycine endopeptidase Cell envelope biosynthesis lytM 0.069 2.22E-01 1.735 3.14E-04 1.977 3.20E-02
A0A0D6HLS2 Carboxy-terminal processing proteinase Cell envelope biosynthesis ctpA 0.035 2.84E-01 1.245 6.58E-02 1.647 1.79E-02
A0A380DX42 UDP-N-acetylglucosamine 1-carboxyvinyl transferase Cell envelope biosynthesis murZ 0.134 3.90E-01 1.225 6.40E-04 1.631 2.33E-03
A0A3S4NH17 Ribonuclease HII RNA damage rnhB 0.205 4.11E-01 1.024 3.54E-02 1.561 2.11E-02
A0A133Q404 Nuclease SbcCD subunit D DNA damage sbcD 0.116 1.41E-01 1.261 6.74E-04 1.509 7.99E-03
A0A077UL73 ATP-dependent helicase DNA damage addB 0.102 3.64E-01 0.883 1.01E-02 1.389 8.09E-03
A0A133PVC0 HTH-type transcriptional regulator DNA damage rot -0.128 2.26E-01 1.094 4.64E-02 -0.011 9.79E-01
P68863 DNA replication and repair protein DNA damage recF -0.024 2.79E-01 -1.937 4.32E-02 -1.777 1.08E-02
A0A077UYM9 DNA repair protein DNA damage radA -0.096 2.00E-01 -2.246 1.25E-01 -2.419 4.79E-02
A0A0D6HQ28 DNA mismatch repair protein DNA damage mutL -0.075 1.52E-01 -2.327 4.09E-02 -2.738 2.61E-04
P0C1S1 DNA mismatch repair protein DNA damage mutS -0.028 4.92E-01 -2.326 5.17E-02 -2.802 9.36E-04
A0A0D6HQT9 ATP-dependent DNA helicase DNA damage recG -0.019 4.99E-01 -2.692 3.52E-02 -3.029 1.98E-03
A0A090N1X6 DNA repair protein DNA damage recO 0.049 8.49E-02 -3.125 7.59E-04 -3.079 4.56E-02
A0A222UAN2 Protein RecA (Fragment) DNA damage recA -0.496 1.14E-01 -3.743 7.59E-02 -3.160 1.64E-02

UniProt 
Accession Protein Description Involved in/Response to…

Gene 
Name

LED/Control FCD/Control LED-FCD/Control
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3. Conclusions 
In summary, we have shown that green-emitting FCDs can be used to label both Gram-positive and Gram-negative 
bacteria within minutes of exposure at room temperature. Moreover, combining FCD treatment with LED-
activation leads to effective bacteria cell killing. There are very few examples of FCD photothermal activation in 
antimicrobial photothermal therapy (PTT) [20] and most materials contain transition metals which can be activated 
with NIR light or other sensitizers for photodynamic therapy applications or do not achieve complete bacteria 
killing.[21] We showed that the targeting properties exhibited by the FCDs are dependent upon the surface 
functionality on the nanomaterial with the presence of 2,5-deoxyfructosazine on the FCD surface being key and 
that the FCDs are internalized within the bacterial cell. Our investigations of the mechanism of bactericidal action 
suggest that upon FCD exposure, both E. coli and S. aureus experience membrane and DNA damage, as evidenced 
by both SEM and proteomic experiments, while combination of the FCD exposure with mild LED irradiation 
enhances DNA damage and induces additional effects including ROS production and local heating. In summary, 
our data show that these low cost metal-free bifunctional nanoprobes display unique physico-chemical and 
targeting properties that can be exploited as bioimaging tools, as well as in antimicrobial PTT and hence show 
great potential for further development as effective theranostic antimicrobial agents. 
 
 

4. Materials and Methods 
Bacterial strains, media, growth conditions, suspensions and blue-LED irradiation 
Escherichia coli BW 25113, Klebsiella pneumoniae NCTC 5055, Pseudomonas aeruginosa PA01 and 
Staphylococcus aureus Newman were used in this study. All four strains were grown on Nutrient agar/broth 
(Neogen) at 37°C overnight (18-20 h) unless otherwise stated. Bacterial suspensions were prepared from overnight 
plates in PBS to an OD600 of 0.8-1.0 (~1 x 109 cfu/mL) unless otherwise stated. LED-irradiated samples were 
exposed to blue-LED strip lights (24 W, 12 V, λem= 460 nm) for durations specified below. 
 
FCD preparation 
FCDs were prepared as previously described.[12] Briefly, glucosamine.HCl and m-phenylenediamine were heated 
for 3 min in a domestic microwave (800W), re-suspended in water and filtered through a MWCO 10 kDa 
centrifugal concentrator. The solution was then reduced in vacuo and hydrolysed in water prior to use. 
 
Sample preparation for confocal imaging 
10 µl of 5 mg/mL FCDs were added to 240 µl bacterial suspensions to a final concentration of 200 µg/mL. The 
mixtures were rotated for 30 min at room temperature before centrifuging at 5,000 xg for 5 min. The supernatants 
were removed and the cell pellets re-suspended in 25 µl 2% paraformaldehyde (PFA). The cells were left to fix 
for 1 h at room temperature before transferring 5 µl into 15 µl ProLongTM Gold Antifade mountant 
(ThermoFisher). For cell membrane staining, FCDs were added to bacterial suspensions to a final concentration 
of 40 μg/mL and processed as above. Prior to the addition of PFA, the cell pellets were washed in PBS solution, 
resuspended in 25 μL of 100 μg/mL of FMTM 4-64FX (ThermoFisher) and shaken at 37 °C for 30 min. 10 μL of 
4% PFA was then added and processed as above. The samples were mounted on glass slides with coverslips and 
left to set at room temperature for at least 12 h. 
 
HyVolution Confocal microscopy 
Images were acquired on a Leica TCS SP8 system attached to a Leica DMi8 inverted microscope (Leica 
Microsystems) using a 100x HC PL APO CS2 oil immersion objective. The FCD-treated samples were excited 
using a 120mW 405 nm diode laser. Fluorescence of the FCDs were detected using a hybrid detector operating 
over an emission range of 480-550 nm and images acquired at 512 x 512 pixels.. FMTM 4-64FX (ThermoFisher)-
treated samples were excited using a white light laser tuned to 561 nm and fluorescence detected over an emission 
range of 700-770 nm. 
  
Growth curves 
5 mL overnight bacterial cultures were centrifuged at 2,900 xg for 10 min at room temperature and washed twice 
in PBS. Serial dilutions of FCDs in water were prepared in flat-bottom 96-well plates (Corning), inoculated with 
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10 µL of 1x108 cfu/ml of washed cells and continuously shaken on a rotating platform with or without blue-LED 
exposure for up to 4 h. The samples were then further diluted 10-fold in Mueller Hinton broth 2 (Sigma-Aldrich) 
and placed in a plate reader (BMG Omega) for absorbance readings at 600 nm every 10 min for 16.5 h at 37°C. 
 
Viable cell counting 
Sample preparation was as described for confocal imaging above. After 30 min exposure to FCDs, samples were 
irradiated with LED lights for 30, 60 or 90 min. The samples were then centrifuged at 5,000 xg for 10 min and 
the cell pellet resuspended in 1 mL of PBS. 25 μL of this suspension was taken and diluted in ten-fold serial 
dilutions up to 10-7. 100 μL of the last three dilutions were plated on to agar plates and incubated overnight. Cell 
colonies were then counted to determine viable cell counts.  
 
Temperature measurements 
In a flat-bottom 96-well plate (Corning), 240 µL of bacterial suspensions were mixed with either 10 µL (800 
µg/mL final concentration) or 2 µL (200 µg/mL) of 20 mg/mL FCDs. Control wells contained PBS only. Wells 
were either irradiated with LEDs or kept in the dark, temperature was recorded at regular 30 min intervals. A 
Thermocouple (type K from Fisher Scientific) was used to record temperature to 1 decimal place. 
 
Dihydroethidium ROS determination 
192 µL of bacterial suspensions were added to wells of 2 flat-bottom 96 well plates. 8 µL of either FCDs (10 
mg/mL) or sterile water was incubated for 1 hour. One plate was then irradiated with LED lights for 90 min whilst 
the other was kept in the dark. 10 µL dihydroethidium (DHE) (1 mg/mL) was then added to each well and 
fluorescence measured at λex = 350 nm and λem = 460 nm (BMG PolarStar Omega plate reader).  
 
Scanning Electron Microscopy (SEM) 
1 mL bacterial overnight cultures were centrifuged at 13,000 xg for 5 min and the pellets washed once in PBS. 
FCDs were added to yield a final concentration of 512 µg/mL and incubated for 30 min with rotation. After 30 
min, the blue-LED board was placed in front of the rotator and samples not requiring LED-treatment were covered 
with foil. The samples were rotated for another 30 min before centrifuging at 8,000 xg for 5 min and washing 
twice in PBS. On the last wash, 50 µl of sample was removed, centrifuged and the pellet re-suspended in 50 µl of 
PBS. Samples were fixed on poly-L-lysine (0.1% w/v in water) treated glass coverslips in 2.5% glutaraldehyde 
overnight at 4°C. The samples were dehydrated in a series of ethanol solutions from 20, 50, 70, 90 and 100% and 
chemically dried with hexamethyldisilizane (HMDS) before being mounted on metal stubs and gold sputter coated 
(Emitech). The samples were imaged at magnifications of 20,000-120,000x on the FEI Quanta 200 FEG-SEM 
with a working distance of 10-13 mm, chamber pressure of <10-5 Pa in high vacuum mode and an accelerating 
voltage of 15-10 kV. 
 
Proteomics Sample Preparation and Analysis 

Tandem Mass Tag (TMT) Labelling and High pH reversed-phase chromatography 

Whole cell lysates were obtained from E. coli and S. aureus cultures grown in M9 minimal media in duplicate for 
6 and 3 h respectively, with or without 512 μg/mL CD and continuous LED irradiation. Aliquots of 50 µg of each 
sample were digested with trypsin (2.5 µg trypsin per 100 µg protein; 37°C, overnight), labelled with Tandem 
Mass Tag (TMT) ten plex reagents according to the manufacturer’s protocol (Thermo Fisher Scientific) and the 
labelled samples pooled. 
The pooled sample was evaporated to dryness, resuspended in 5% formic acid and then desalted using a SepPak 
cartridge according to the manufacturer’s instructions (Waters, Milford, Massachusetts, USA). Eluate from the 
SepPak cartridge was again evaporated to dryness and resuspended in buffer A (20 mM ammonium hydroxide, 
pH 10) prior to fractionation by high pH reversed-phase chromatography using an Ultimate 3000 liquid 
chromatography system (Thermo Scientific). In brief, the sample was loaded onto an XBridge BEH C18 Column 
(130Å, 3.5 µm, 2.1 mm X 150 mm, Waters, UK) in buffer A and peptides eluted with an increasing gradient of 
buffer B (20 mM Ammonium Hydroxide in acetonitrile, pH 10) from 0-95% over 60 minutes. The resulting 
fractions were evaporated to dryness and resuspended in 1% formic acid prior to analysis by nano-LC MSMS 
using an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific). 
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Nano-LC Mass Spectrometry 
High pH RP fractions were further fractionated using an Ultimate 3000 nano-LC system in line with an Orbitrap 
Fusion Lumos mass spectrometer (Thermo Scientific). In brief, peptides in 1% (vol/vol) formic acid were injected 
onto an Acclaim PepMap C18 nano-trap column (Thermo Scientific). After washing with 0.5% (vol/vol) 
acetonitrile 0.1% (vol/vol) formic acid peptides were resolved on a 250 mm × 75 μm Acclaim PepMap C18 
reverse phase analytical column (Thermo Scientific) over a 150 min acetonitrile gradient, divided into 7 gradient 
segments (1-6% solvent B over 1 min., 6 - 15% B over 58 min., 15 - 32% B over 58 min., 32 - 40% B over 5 min., 
40 - 90% B over 1 min., held at 90% B for 6 min and then reduced to 1% B over 1 min.) with a flow rate of 300 
nl min−1.  Solvent A was 0.1% formic acid and Solvent B was aqueous 80% acetonitrile in 0.1% formic acid.  
Peptides were ionized by nano-electrospray ionization at 2.0kV using a stainless steel emitter with an internal 
diameter of 30 μm (Thermo Scientific) and a capillary temperature of 275°C.  
 
All spectra were acquired using an Orbitrap Fusion Lumos mass spectrometer controlled by Xcalibur 4.1 software 
(Thermo Scientific) and operated in data-dependent acquisition mode using an SPS-MS3 workflow. FTMS1 
spectra were collected at a resolution of 120 000, with an automatic gain control (AGC) target of 200 000 and a 
max injection time of 50ms. Precursors were filtered with an intensity threshold of 5000, according to charge state 
(to include charge states 2-7) and with monoisotopic peak determination set to Peptide. Previously interrogated 
precursors were excluded using a dynamic window (60 s +/- 10 ppm). The MS2 precursors were isolated with a 
quadrupole isolation window of 0.7m/z. ITMS2 spectra were collected with an AGC target of 10 000, max 
injection time of 70ms and CID collision energy of 35%. 
 
For FTMS3 analysis, the Orbitrap was operated at 50 000 resolution with an AGC target of 50 000 and a max 
injection time of 105 ms. Precursors were fragmented by high energy collision dissociation (HCD) at a normalised 
collision energy of 60% to ensure maximal TMT reporter ion yield. Synchronous Precursor Selection (SPS) was 
enabled to include up to 5 MS2 fragment ions in the FTMS3 scan. 
 
Data Analysis 
The raw data files were processed and quantified using Proteome Discoverer software v2.1 (Thermo Scientific) 
and searched against the UniProt Human database (downloaded September 2018: 152927 entries) using the 
SEQUEST algorithm.[22] Peptide precursor mass tolerance was set at 1ppm, and MS/MS tolerance was set at 0.Da. 
Search criteria included oxidation of methionine (+15.9949) as a variable modification and carbamidomethylation 
of cysteine (+57.0214) and the addition of the TMT mass tag (+229.163) to peptide N-termini and lysine as fixed 
modifications. Searches were performed with full tryptic digestion and a maximum of 2 missed cleavages were 
allowed. The reverse database search option was enabled and all data were filtered to satisfy a false discovery rate 
(FDR) of 5%. 
 
Volcano plots were plotted to visualise statistical significance (p-value) versus fold change using R studio[23]. 
PantherDB was used for geneontology analysis[24]. 
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