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Abstract: Development of a rapid approach for universal microbial detection is required in the 

healthcare, food and environmental sectors to aid with medical intervention, food safety and 

environmental protection. This research investigates the use of enzymatic hydrolysis of a substrate 

by a microorganism to generate a volatile organic compound (VOC). One such enzyme activity that 

can be used in this context is nitroreductase as such activity is prevalent across a range of 

microorganisms. A study was developed to evaluate a panel of 51 microorganisms of clinical 

interest for their nitroreductase activity. Two enzyme substrates, nitrobenzene and 1-fluoro-2-

nitrobenzene, were evaluated for this purpose with evolution, after incubation, of the VOCs aniline 

and 2-fluoroaniline, respectively. Detection of the VOCs was done using headspace-solid phase 

microextraction-gas chromatography-mass spectrometry (HS-SPME-GC-MS) with obtained limits 

of quantitation (LOQ) of 0.17 and 0.03 µg/mL for aniline and 2-fluoroaniline, respectively. The 

results indicated that both enzyme substrates were reduced by the same 84.3% of microorganisms 

producing the corresponding volatile anilines which were detected using HS-SPME-GC-MS. It was 

found that nitroreductase activity could be detected after 6–8 h of incubation for the selected 

pathogenic bacteria investigated. This approach shows promise as a rapid universal microbial 

detection system. 

Keywords: nitroreductase; enzymatic substrates; microbial diagnostics; VOC detection; HS-SPME-

GC-MS 

 

1. Introduction 

The design and application of enzyme substrates, which facilitate the detection of specific 

enzymatic activities in pathogenic microorganisms have been widely exploited in diagnostic 

microbiology by many sectors of the economy including the health-care sector (e.g., hospitals), the 

food industry (e.g., food quality control) and the environmental sector (e.g., monitoring of water 

contamination) [1–4]. We have recently been interested in detecting hydrolytic enzymatic activities 

in pathogenic microorganisms using headspace-solid phase microextraction-gas chromatography-

mass spectrometry (HS-SPME-GC-MS), a technique that is amenable to automation [5–7]. In our 

previous work, the focus has been on identifying specific bacteria (e.g., Salmonella [5] and Pseudomonas 

aeruginosa [7]) and the ability to differentiate Gram-positive from Gram-negative bacteria [6] using 

the exogenous VOCs detected from esterase [5] and aminopeptidase [6,7] activities, i.e., phenols and 

anilines, respectively. The focus of this paper is on selecting a more universal enzyme system, but 
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still based on exogenous VOC evolution and detection, for rapid screening of microorganisms of 

clinical interest. 

The action of nitroreductase enzymes on appropriate nitroaromatic substrates also produces 

anilines [8]. Our research has been using enzyme substrates to liberate exogenous VOCS that can be 

analysed using HS-SPME-GC-MS; this approach would seem ideal for the detection of bacterial 

nitroreductase activity. Normally, the detection of enzyme activity in microorganisms is done using 

off-the-shelf or synthesized enzyme substrates that cleave, in the presence of the specific enzyme, 

liberating either a chromophore or fluorophore [4]. Our focus is on the same process, the major 

difference being that the enzyme substrate is cleaved liberating a VOC that can be easily and rapidly 

detected at low concentration. Microbial nitroreductase activity was first identified in Escherichia coli 

in 1957 [9] and its presence was later reported across a wide range of microorganisms [10] including 

Salmonella [11], Klebsiella [12], Pseudomonas [13] and Bacillus [14]. In view of the known nitroreductase 

activity across a range of microorganisms, the HS-SPME-GC-MS method might find potential use as 

a rapid universal microbial detection system for which the primary healthcare application is the 

detection of microorganisms in blood (known as bacteraemia or fungemia). An automated system 

such as the BacT alert system incubates patients’ blood samples in the presence of a pH indicator and 

monitors a pH-induced colour change resulting from an increase in acidity caused by the release of 

CO2 as a microbial respiration by-product [15], with median time to detection ranging between 10 

and 23 h amongst the most commonly encountered (nonfastidious) bacteraemia/fungemia pathogens 

[16]. In the United Kingdom, more than 200,000 cases annually of sepsis are diagnosed, which are 

associated with an estimated 52,000 deaths [17]. 

Following on from our previous VOC-based microbial detection studies using esterase and 

aminopeptidase substrates [5–7], we report in this paper our studies relating to the detection of 

microbial nitroreductase activity within a panel of clinically important pathogenic microorganisms 

using HS-SPME-GC-MS. Nitrobenzene and 1-fluoro-2-nitrobenzene were chosen as the 

nitroreductase substrates, as they are readily available at low cost and high purity, in order to 

generate the VOCs aniline and 2-fluoroaniline, respectively. The selection of the exogenous VOCs is 

done to try and avoid false positives in the data generated; earlier research on the use of HS-SPME-

GC-MS for the analysis of bacteria, in broth, indicated that VOCs with specific functionality, e.g., an 

amino group, and additionally a fluorine were unlikely to naturally occur [18]. We note that 

incomplete reduction in these nitroaromatics to the relatively involatile hydroxylamines may also 

occur in some microorganisms [19]. The aim of this study was to develop and evaluate a method for 

universal detection of clinically important bacteria and yeasts in blood cultures by monitoring VOC 

release from a novel nitroreductase substrate. 

2. Materials and Reagents 

All bacteria and fungi used in this study were supplied by the Freeman Hospital Microbiology 

Department, Newcastle upon Tyne, UK. Nitrobenzene (CAS number: 98-95-3; purity 99%), 1-fluoro-

2-nitrobenzene (1493-27-2; 99%), aniline (62-53-3; 99%), 2-fluoroaniline (348-54-9; > 99%) and 85 µm 

polyacrylate (PA) fibres were purchased from Sigma Aldrich, Gillingham, UK. N-Methyl-2-

pyrrolidone (872-50-4; 99+%) was purchased from Alfa Aesar, Morecambe, UK. Brain heart infusion 

(BHI) agar (CM1136) and brain heart infusion powder (CM1135) was purchased from Oxoid 

(Basingstoke, UK). Deionised water (18.2 MΩ cm) was obtained using a Milli-Q Integral 3 water 

purification system (Merck Millipore, Watford, UK). Brain heart infusion (BHI) broth was prepared 

following manufacturer’s instructions, by dissolving 37 g of the preprepared BHI broth powder in 1 

L of Milli-Q water and sterilising the mixture via autoclave at 121 °C for 15 min. 

2.1. Instrumentation 

The gas chromatography-mass spectrometry (GC-MS) analyses were performed using a 

ThermoFinnigan Trace GC Ultra paired with a Polaris Q ion trap mass spectrometer (Thermo Fisher 

Scientific, Loughborough, UK) with Xcalibur 1.4 SR1 software package (Thermo Fisher). Separation 

of aniline and 2-fluoroaniline was done using an Agilent Technologies (Wokingham, UK) DB-5MS 
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column (30 m × 0.25 mm internal diameter × 0.25 µm film thickness), using the temperature program: 

initial oven temperature 50 C (hold 2 min) and then a ramp to 250 C @ 12.5 C/min, followed by a 

final hold time of 2 min. The mass spectrometer was set to full scan mode, scanning a mass range of 

33–200 m/z, with a scan event time of 0.31 s. The ion source temperature was maintained at 260 °C, 

and the mass transfer line was maintained at 250 °C. Identification of aniline and 2-fluoroaniline was 

done using the National Institute of Standards and Technology (NIST) reference library (NIST Mass 

spectral library, version 2.0a, 2001) as well as authentic standards. 

All samples and standards were maintained at 37 °C, using a temperature-controlled hotplate, 

during SPME sampling with an 85 µm polyacrylate fibre (Sigma-Aldrich, Poole, UK). SPME was done 

using a manual holder, and exposure to the headspace above all standards and samples was done for 

10 min. Following the adsorption of the VOCs, the fibre was immediately retracted inside the needle 

and transported directly to the inlet of the GC-MS. Desorption of aniline and 2-fluoroaniline was 

carried out by exposing the fibre within the split-splitless GC injection port at 250 °C for 2 min. The 

inlet was set to split mode with a split ratio of 1:10, with the helium carrier gas flow rate set to 1 

mL/min. The limit of detection (LOD) and limit of quantification (LOQ) for HS-SPME-GC-MS were 

determined by calculating the standard deviation (n = 7) of the background noise from the same 

retention time as the analyte. The LOD was determined by multiplying the standard deviation by 3, 

and the LOQ determined by multiplying by 10. Calibration curves were determined by running 

known concentrations of each VOC standard ranging from 0 to 100 µg/mL, giving a y = mx + c value 

for sample concentration calculations. Due to variability of adsorptive efficiency within the fibres, a 

new calibration for each analyte was required each time a new fibre was used. 

2.2. Nitroreductase Activity Study across 51 Microorganisms 

Microorganisms were selected to represent a wide range of pathogens responsible for a variety 

of infections including blood stream infections and gastroenteritis. For the most common pathogenic 

species encountered in bloodstream infections (such as Escherichia coli, Staphylococcus aureus and 

Pseudomonas aeruginosa), more than one example of each was included. All bacteria and fungi used in 

this study were subcultured overnight on to brain heart infusion agar plates and incubated at 37 °C. 

Following overnight incubation, the fresh bacterial/fungal colonies were inoculated into sterile brain 

heart infusion broth. The sample inocula were set by adjusting the absorbance of the broth 

suspensions to 0.132 at 600 nm (equivalent to 0.5 McFarland units) giving approximately 1 × 108 

CFU/mL. Using this 108 CFU/mL suspension, 100 µL was dispensed into a sterile 20 mL glass vial 

containing 9.9 mL sterile brain heart infusion broth and 100 µg/mL of the desired nitroreductase 

substrate, thereby giving a final substrate concentration of 100 µg/mL and a preincubation inoculum 

of 1 × 106 CFU/mL. Samples were incubated at 37 °C. All samples were analysed in duplicate for the 

presence of the VOCs using HS-SPME-GC-MS. 

2.3. Incubation Time Study 

The 6 bacteria used for this study were inoculated into sterile BHI broth containing 100 µg/mL 

1-fluoro-2-nitrobenzene at a preincubation inoculum of 1 × 10 CFU/mL. All samples were then 

analysed via HS-SPME-GC-MS and immediately placed into an incubator set to 37 °C. All samples 

were then analysed in duplicate for VOC production following 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 24, 36 and 

48 h of incubation. All samples were returned to the incubator between sampling times and were 

immersed in a 37 °C water bath during sampling in order to maintain sample temperature. Samples 

were prepared in staggered time slots to ensure VOC analysis occurred following the correct 

incubation period. Bacterial growth was monitored using a duplicate set of vials to monitor 

absorbance. 

2.4. Initial Inoculum Study 

The 2 bacteria used in this study were inoculated into sterile BHI broth containing 100 µg/mL 1-

fluoro-2-nitrobenzene at the following preincubation inocula: 1 × 101, 1 × 102, 1 × 10 3, 1 × 104, 1 × 105 
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and 1 × 106 CFU/mL. The sample inocula were set by adjusting the absorbance of an initial broth stock 

to 0.132 at 600 nm (equivalent to 0.5 McFarland units), approximately 1 × 108 CFU/mL, and diluting 

to the appropriate inoculum using sterile BHI broth. Once samples had been adjusted to the 

appropriate parameters, they were incubated overnight at 37 °C prior to having their headspaces 

analysed in duplicate using HS-SPME-GC-MS for the presence of 2-fluoroaniline. 

3. Results and Discussion 

Calibration curves were constructed for aniline and 2-fluoroaniline so that the amount of these 

VOCs produced could be measured and their limits of detection (LOD) and limits of quantification 

(LOQ) determined (Table 1). A panel of 51 microorganisms with a preincubation inoculum of 1 × 106 

CFU/mL were grown between 18 and 24 h in brain heart infusion (BHI) broth at 37 °C in the presence 

of either nitrobenzene or 1-fluoro-2-nitrobenzene (100 µg/mL). The headspaces of the sample vials 

were then analysed in duplicate for the presence of either aniline or 2-fluoroaniline (Table 2). 

Table 1. Analytical figures of merit for volatile organic compound (VOC) quantitation. 

VOC 

Retention 

Time 

(min) 

Quantitative 

m/z 

Linear 

Range 

(µg/mL) 

y = mx + c 

Correlation 

Coefficient 

r2 

N 
LOD 

(µg/mL) 

LOQ 

(µg/mL) 

Aniline 6.23 39, 66, 93 0–100 y = 19574x + 120.3 0.996 5 0.05 0.17 

2-Fluoroaniline 5.96 83, 84, 111 0–100 y = 78901x + 346.8 0.999 5 0.01 0.03 

Precise positive responses were produced by both nitroaromatic substrates with 43 of the 51 

(84.3%) panel of microorganisms exhibiting nitroreductase activity as indicated by the detection of 

the appropriate aniline. Eight microorganisms did not generate any detectable VOCs (Yersinia 

enterocolitica (NCTC 11176), Providencia rettgeri (NCTC 7475), Providencia stuartii (NCTC 10318), 

Burkholderia cepacia (ATCC 25416), Acinetobacter baumannii (ATCC 19606), Corynebacterium diphtheriae 

(NCTC 10356), Candida albicans (ATCC 90028) and Candida glabrata (NCPF 3943)) (Table 2). To further 

contextualise the results, within 49 bacteria evaluated, 43 (87.8%) produced the appropriate aniline. 

Furthermore, 31 out of 36 Gram-negative bacteria and 12 out of 15 Gram-positive bacteria produced 

anilines thus giving detection rates of 86.1% and 92.3%, respectively. None of the fungi tested (C. 

albicans and C. glabrata) exhibited detectable nitroreductase activity, however, it is important to note 

that only 2 fungal organisms were evaluated in this study and therefore work on a wider selection of 

these microorganisms would be required before any reliable inferences could be made. Furthermore, 

the choice of growth medium is optimized for bacteria rather than fungi. 

Table 2. VOC production of various microorganisms in brain heart infusion (BHI) broth following 

overnight incubation at 37 °C with an inoculum of 1 × 106 CFU/mL and a substrate concentration of 

100 µg/mL. 

Microorganism ID 
Gram 

Designation 

Aniline Concentration 

(µg/mL) 

2-Fluoroaniline 

Concentration (µg/mL)  

Escherichia coli 
NCTC 

12241 
Negative 

55.9 a 

(55.2, 56.7) b 

75.0 

(74.6, 75.3) 

Escherichia coli 
NCTC 

8912 
Negative 

35.8 

(35.4, 36.2) 

63.9 

(65.4, 62.4) 

Escherichia coli 

CPE 14 
Clinical Negative 

13.5 

(13.5, 13.6) 

57.8 

(57.7, 57.9) 

Escherichia coli 

CPE 15 
Clinical Negative 

36.9 

(36.6, 37.2) 

62.2 

(62.3, 62.0) 

Escherichia coli 

O157 

NCTC 

12079 
Negative 

28.1 

(26.9, 29.2) 

60.4 

(60.4, 60.3) 

Klebsiella pneumoniae 
NCTC 

9633 
Negative 

43.0 

(42.4, 43.7) 

66.9 

(67.4, 66.3) 

Klebsiella pneumoniae  NCTC 418 Negative 
44.5 

(45.2, 43.8) 

64.2 

(64.1, 64.2) 
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Salmonella stanley  Clinical Negative 
38.9 

(38.6, 39.3) 

66.6 

(66.5, 66.7)  

Salmonella london  Clinical Negative 
45.7 

(44.6, 46.9) 

76.9 

(76.7, 77.1) 

Salmonella gallinarum Clinical Negative 
41.8 

(41.2, 42.5) 

76.8 

(77.2, 76.3) 

Salmonella 

typhimurium 
NCTC 74 Negative 

9.1 

(9.0, 9.2) 

25.0 

(24.8, 25.1) 

Salmonella enteritidis 
NCTC 

6676 
Negative 

33.6 

(32.9, 34.3) 

62.9 

(61.9, 63.8) 

Citrobacter freundii 
NCTC 

9750 
Negative 

24.8 

(24.6, 24.9) 

60.4 

(59.5, 61.2) 

Enterobacter cloacae 
NCTC 

11936 
Negative 

23.4 

(22.0, 24.7) 

73.5 

(74.1, 72,8) 

Enterobacter aerogenes 
NCTC 

9777 
Negative 

24.0 

(24.5, 23.6) 

71.4 

(70.9, 71.8) 

Pseudomonas 

aeruginosa 

NCIMB 

8295 
Negative 

1.8 

(1.8, 1.8) 

14.0 

(14.2, 13.7) 

Pseudomonas 

aeruginosa 

NCTC 

12903 
Negative 

2.2 

(2.4, 2.1) 

14.8 

(14.9, 14.7) 

Stenotrophomonas 

maltophilia 

NCTC 

10257 
Negative 

22.3 

(21.6, 23.1) 

82.3 

(82.6, 81.9) 

Serratia marcescens 
NCTC 

10211 
Negative 

24.3 

(24.2, 24.5) 

38.7 

(39.1, 40.2) 

Serratia odorifera 
NCTC 

11214 
Negative 

1.9 

(1.9, 1.9) 

29.3 

(29.1, 29.3) 

Serratia liquefaciens 
NCTC 

11361 
Negative 

45.4 

(45.7, 45.3) 

76.9 

(77.6, 76.1) 

Shigella sonnei 
NCTC 

9774 
Negative 

5.4 

(5.9, 5.0) 

11.5 

(11.9, 11.1) 

Shigella boydii 
NCTC 

9327 
Negative 

2.4 

(2.8, 2.1) 

8.1 

(8.2, 7.9) 

Shigella flexneri 
NCTC 

9780 
Negative 

3.8 

(3.5, 4.0) 

17.4 

(17.1, 17.7) 

Shigella dysenteriae 
NCTC 

9730 
Negative 

8.2 

(8.2, 8.3) 

31.2 

(31.8, 30.6) 

Proteus vulgaris 
NCTC 

4175 
Negative 

24.9 

(24.5, 25.3) 

63.7 

(62.5, 64.8) 

Proteus mirabilis 
NCTC 

11938 
Negative 

29.3 

(27.9, 30.6) 

69.2 

(70.8, 67.6) 

Cronobacter sakazakii 
ATCC 

29544 
Negative 

12.6 

(13.0, 12.2) 

65.6 

(65.9, 65.2) 

Morganella morganii Clinical Negative 
4.5 

(5.0, 4.1) 

33.3 

(32.0, 34.6) 

Hafnia alvei 
NCTC 

8105 
Negative 

19.4 

(18.8, 20.1) 

71.3 

(71.7, 70.8) 

Yersinia 

pseudotuberculosis 

NCTC 

10275 
Negative 

15.1 

(14.2, 16.0) 

34.9 

(35.5, 34.3) 

Yersinia enterocolitica 
NCTC 

11176 
Negative 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

Providencia rettgeri 
NCTC 

7475 
Negative 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

Providencia stuartii 
NCTC 

10318 
Negative 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

Burkholderia cepacia 
ATCC 

25416 
Negative 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 
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Acinetobacter 

baumannii 

ATCC 

19606 
Negative 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

Staphylococcus aureus 
NCTC 

12973 
Positive 

2.9 

(2.7, 3.1) 

4.0 

(4.1, 3.8) 

Staphylococcus aureus 

(MRSA) 

NCTC 

11939 
Positive 

4.7 

(4.6, 4.8) 

9.2 

(9.4, 8.9) 

Staphylococcus 

epidermidis 

NCTC 

11047 
Positive 

15.3 

(15.7, 14.8) 

13.0 

(13.2, 12.7) 

Listeria monocytogenes 
NCTC 

11994 
Positive 

11.9 

(12.2, 11.7) 

20.6 

(20.9, 20.2) 

Enterococcus faecium 
NCTC 

7171 
Positive 

7.9 

(7.9, 7.9) 

5.1 

(5.2, 4.9) 

Enterococcus faecalis NCTC 775 Positive 
11.2 

(11.5, 10.9) 

11.8 

(12.2, 11.4) 

Bacillus subtilis 
NCTC 

8236 
Positive 

14.3 

(13.2, 15.2) 

27.3 

(27.5, 27.1) 

Bacillus cereus 
NCTC 

7464 
Positive 

3.1 

(3.1, 3.1) 

14.4 

(14.2, 14.5) 

Streptococcus pyogenes 
NCTC 

8306 
Positive 

5.4 

(5.2, 5.5) 

6.0 

(5.8, 6.1) 

Streptococcus agalactiae 
ATCC 

27956 
Positive 

9.8 

(9.3, 10.3) 

8.8 

(8.6, 9.0) 

Streptococcus 

pneumoniae 

DSMZ 

11865 
Positive 

8.8 

(8.9, 8.7) 

7.0 

(7.2, 6.8) 

Micrococcus luteus 
NCIMB 

10474 
Positive 

10.3 

(10.6, 10.1) 

11.0 

(11.3, 10.7) 

Corynebacterium 

diphtheriae 

NCTC 

10356 
Variable 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

Candida albicans 
ATCC 

90028 
Fungi 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

Candida glabrata 
NCPF 

3943 
Fungi 

0.0 

(0.0, 0.0) 

0.0 

(0.0, 0.0) 

a Mean of duplicates; b individual values. 

When nitrobenzene was employed as the substrate, the highest concentration of aniline liberated 

was recorded for E. coli (NCTC 12241), which produced a mean of 55.9 µg/mL. The lowest 

concentration of aniline produced was associated with P. aeruginosa (NCIMB 8295), which produced 

an average of 1.8 µg/mL. Despite both P. aeruginosa strains generating relatively small amounts of 

aniline in comparison with the majority of the other microorganisms, the average concentrations were 

well above the LOQ (0.17 µg/mL). An interesting observation was the disparity between the two 

members of the Yersinia genus. Yersinia pseudotuberculosis (NCTC 10275) produced an average aniline 

concentration of 15.1 µg/mL, whereas no aniline production could be detected for Yersinia 

enterocolitica. Many species of the same genus were part of our panel of 51 microorganisms, and the 

disparity between members of the same genus only occurred with members of Yersinia, with 

Escherichia, Klebsiella, Salmonella, Enterobacter, Pseudomonas, Serratia, Shigella, Proteus, Providencia, 

Staphylococcus, Enterococcus, Bacillus, Streptococcus and Candida all displaying intragenus concurrence 

regardless of whether aniline could be detected or not. 

The same microorganisms, which produced aniline from nitrobenzene also generated 2-

fluoroaniline from 1-fluoro-2-nitrobenzene. Interestingly, there was a substantial increase in the 

amount of 2-fluoroaniline that was liberated when 1-fluoro-2-nitrobenzene was used as the substrate 

with the exception of 3 microorganisms where nitrobenzene produced the highest VOC 

concentrations. These microorganisms were Staphylococcus epidermidis NCTC 11047 (liberating an 

average of 13.0 µg/mL of 2-fluoroaniline and 15.3 µg/mL of aniline), Enterococcus faecium NCTC 7171 

(producing an average of 5.1 µg/mL of 2-fluoroaniline and of 7.9 µg/mL of aniline) and Streptococcus 

agalactiae (generating an average of 8.8 µg/mL of 2-fluoroaniline and 9.8 µg/mL of aniline). In all 
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instances, the amount of 2-fluoroaniline measured was at least 133 times its LOQ (0.03 µg/mL) with 

the lowest concentration (4.0 µg/mL) produced by Staphylococcus aureus NCTC 12973. 

It is interesting to note that for some of 8 microorganisms that did not generate VOCs, 

nitroreductase activity has been demonstrated using other substrates. For example, in our previous 

work using fluorogenic 2-(2-nitrophenyl)benzothiazole and 2-(2-nitrophenyl)benzoxazole 

derivatives as nitroreductase substrates, P. rettgeri, B. cepacia and A. baumannii generally produced 

strong fluorescent responses in Columbia agar medium [20]. Thus, the absence of VOC production 

does not infer the absence of nitroreductase enzymes. 

Following the encouraging results observed with 1-fluoro-2-nitrobenzene, it was of interest to 

establish the minimum time required for microorganism detection. In addition to following 2-

fluoroaniline production, bacterial growth was also monitored by measuring absorbance at 600 nm. 

An initial bacterial inoculum of 1 × 106 CFU/mL prior to incubation was used with a substrate 

concentration of 100 µg/mL and an incubation temperature of 37 °C. We selected a subpanel of 6 

bacteria from our original panel of 51 microorganisms. The 6 bacteria were chosen according to their 

previously described nitroreductase activities with 1-fluoro-2-nitrobenzene such that (i) a range of 

relative nitroreductase activities would be profiled (as determined by the quantities of 2-fluoroaniline 

liberated), (ii) a selection of both Gram-positive and Gram-negative bacteria would be represented 

and (iii) no two members of same genus were tested. The Gram-negative bacteria selected for this 

study were E. coli (NCTC 12241 with relatively high 2-fluoroaniline production), S. typhimurium 

(NCTC 74 with moderate 2-fluoroaniline production) and P. aeruginosa (NCIMB 8295 with relatively 

poor 2-fluoroaniline production). The Gram-positive bacteria selected were B. subtilis (NCTC 8236 

with relatively high 2-fluoroaniline production), S. aureus (NCTC 11939 with moderate 2-

fluoroaniline production) and E. faecium (NCTC 7171 with relatively poor 2-fluoroaniline 

production). 

As expected from its previously described activity, E. coli (NCTC 12241) began reducing 1-

fluoro-2-nitrobenzene after 6 h producing a mean of 2.3 µg/mL of 2-fluoroaniline (Figure 1A). 

Increasing growth of this microorganism after 2 h was apparent from the absorbance measurements, 

which had almost reached its maximum value after 6 h thus demonstrating a significant lag (>ca 5 h) 

in 2-fluoroaniline production. Interestingly, after a further 2 h of incubation (8 h in total), the amount 

of 2-fluoroaniline produced by this microorganism increased notably to a mean 31.3 µg/mL. 

Following this period of incubation, there was a small plateau in the concentration of 2-fluoroaniline 

produced and an eventual increase to 36.4 µg/mL at 12 h. At the end of the study (48 h), the average 

concentration of 2-fluoroaniline had steadily increased reaching 79.2 µg/mL. Broadly similar growth 

and 2-fluoroaniline production profiles were observed for the other bacteria (i.e., S. typhimurium 

NCTC 74, P. aeruginosa NCIMB 8295, B. subtilis NCTC 8236, S. aureus NCTC 11939 and E. faecium 

NCTC 7171.) evaluated (Figure 1B–F) with 2-fluoroaniline detection possible within 6–8 h. 

To determine the minimum preincubation inoculum required to achieve a detectable response, 

we conducted a study using E. coli (NCTC 12241) and B. subtilis (NCTC 8236). Samples were prepared 

containing 1-fluoro-2-nitrobenzene (100 µg/mL) and preincubation inocula ranging from 10 (1 × 101) 

to 1,000,000 CFU/mL (1 × 106) (Table 3). All samples were analysed in duplicate for 2-fluoroaniline 

following overnight incubation at 37 °C. 
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Figure 1. Growth and 2-fluoroaniline production for selected bacteria at 37 °C in brain heart infusion 

(BHI) broth. Initial inoculum 1 × 106 CFU/mL, 1-fluoro-2-nitrobenzene concentration 100 µg/mL. (A) 

E. coli (NCTC 12241), (B) S. typhimurium NCTC 74, (C) P. aeruginosa NCIMB 8295, (D) B. subtilis NCTC 

8236, (E) S. aureus NCTC 11939 and (F) E. faecium NCTC 7171. 
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Table 3. The 2-fluoroaniline concentrations detected from various inocula following overnight 

incubation at 37 °C with 1-fluoro-2-nitrobenzene (100 µg/mL). 

Preincubation Inoculum 

(CFU/mL/mL) 

2-Fluoroaniline Concentration (µg/mL) 

E. coli 

NCTC 12241 

B. subtilis 

NCTC 8236 

101 
9.3 a 

(9.1, 9.5) b 

1.8 

(1.6, 2.0) 

102 
25.3 

(24.6, 26.0) 

6.2 

(6.3, 6.1) 

103 
31.7 

(31.1, 32.3) 

11.0 

(10.9, 11.2) 

104 
38.3 

(38.7, 38.0) 

12.4 

(12.7, 12.0) 

105 
48.0 

(47.6, 48.4) 

14.1 

(13.9, 14.3) 

106 
75.0 

(74.6, 75.3) 

33.2 

(32.2, 34.1) 
a Mean of duplicates; b individual values. 

The results from this study were encouraging with nitroreductase activity detectable in every 

instance, even at a preincubation inoculum of just 10 CFU/mL. The lowest recorded average value 

for 2-fluoroaniline production (1.8 µg/mL) was predictably obtained from B. subtilis at a 

preincubation inoculum of 10 CFU/mL. Although this concentration is relatively low, especially for 

this microorganism, it is still within the detection capabilities of our VOC method and is 60 times 

higher than our calculated LOQ (0.03 µg/mL). Of the 2 microorganisms tested, E. coli was the more 

prolific in terms of 2-fluoroaniline liberation, and this was expected given the previous results 

described earlier. 

As already mentioned, one of the most attractive applications that might be possible using this 

approach is the detection of microorganisms causing bloodstream infections. Various attempts have 

been made over the last 40 years to analyse the headspace of blood cultures for VOCs to determine 

bacterial growth or to attempt to rapidly identify bacterial species [21–25]. Allardyce et al. utilized 

selected ion flow tube mass spectrometry (SIFT-MS) to detect VOCs in the headspaces of 

conventional BacT/ALERT blood culture bottles that had been artificially infected with 5 bacterial 

strains [22]. They reported that growth and species identification could be determined after 6 h 

incubation by measuring a panel of 9 VOC products. In a more recent study, Drees et al. applied gas 

chromatography coupled to ion mobility spectrometry (GC-IMS) to analyse the headspace of blood 

cultures artificially inoculated with S. aureus, E. coli and P. aeruginosa [23]. They concluded that GC-

IMS headspace analyses allowed faster recognition of bacterial growth than the standard colorimetric 

indicator and differentiation between the three investigated species was possible after 6 h of 

incubation. Finally, Dolch et al. examined the headspace of 282 positive blood cultures using an ion-

molecule reaction mass spectrometer (IMR-MS). VOC analysis allowed them to differentiate between 

Gram-positive and Gram-negative bacteria in anaerobic bottles but not using aerobic bottles [24]. 

Using the same technique, the same group were able to demonstrate differentiation of four common 

Gram-positive species (S. aureus, S. epidermidis, E. faecalis and E. faecium) using VOC analysis after a 

24 h incubation period [25]. 

We have described here a novel approach that differs from all previous approaches by the 

incorporation of a synthetic substrate that is reduced to generate a unique VOC that is not generated 

by growth in unsupplemented standard culture media. This approach proved to be successful with 

some important limitations as we were unable to detect growth of some important pathogens 

including A. baumannii and C. albicans. As these species are known to demonstrate nitroreductase 

activity, we speculate that changing the substrate may improve sensitivity and enable us to create a 

genuinely universal detection system. 
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4. Conclusions 

Nitroreductase activity was detected by 84.3% of the panel of 51 selected microorganisms when 

using nitrobenzene or 1-fluoro-2-nitrobenzene as enzyme substrates. The determined concentration 

of VOC was generally greater when 1-fluoro-2-nitrobenzene was utilised as the substrate, with 

detection of 2-fluoroaniline by HS-SPME-GC-MS. No detectable nitroreductase activity was observed 

for the 2 fungi included in this study. On that basis, 87.8% of the 49 bacteria exhibited nitroreductase 

activity. Nitroreductase activity could be reliably detected within a subpanel of the selected bacteria 

after 6–8 h. This approach shows promise as a universal microbial detection system, based on 

nitroreductase enzyme activity. The preferred enzyme substrate is 1-fluoro-2-nitrobenzene with 

detection of the exogenous VOC, 2-fluoroaniline. Further research is required to extend the number 

of bacteria investigated. 
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