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Bacillus Spores and Their Relevant Chemicals Studied by Terahertz Time Domain Spectroscopy
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Terahertz Time Domain Spectroscopy has been used to investigate 0.2 to 2.2 terahertz (THz) transmission responses of Bacillus spores and their related chemical components. Whilst no THz signatures could be clearly associated with either sporulated cells or their chief chemical components, differing degrees of signal attenuation and frequency-dependent light scattering were observed depending on spore composition and culture media. The observed monotonic increase in absorption by spores over this THz spectral domain is mainly from Mie scattering and also from remnant water bound to the spores.

Keywords: THz in microbiology; Spores absorption spectra; D-glutamic acid; DPA; DAP; CaDP.3H2O.




Introduction
The detection of Bacillus spores is important in defence-science and heath technologies. Spores are dormant, tough, and temporarily non-productive structures which are formed by vegetative cells in response to adverse changes in the environment and produced by certain bacteria from the firmicute phylum. Sporing bacteria are the cause of a number of serious diseases in humans, such as Anthrax, an acute disease caused by Bacillus anthracis. An extensive investigation of bacterial cells of different species and strains has been conducted by three main spectroscopies and their derivatives: Raman [1, 2] and Fourier Transform infrared (FTIR) spectroscopy [3-11] and Mass spectrometry [12-14], each of which has its own technical strengths and weaknesses. 

The Terahertz (THz) spectral sub-domain of the electromagnetic spectrum spans 0.1 to 10 THz (~ 3.3 – 333 cm-1), corresponding to the long-wavelength end of the far-infrared, has successfully demonstrated capability in detecting explosives [15] and drugs [16] and is steadily gaining a diagnostic footing in biological and chemical sciences [17, 18]. There are, however, few publications systematically investigating the interaction of THz energies with microbial cellular components or their related spores. In contrast to the direct power detection method of FTIR, THz Time Domain Spectroscopy (TDS) coherently detects the complex electric field amplitude, allowing direct estimation of real and imaginary parts of the refractive index. The measurement philosophy [19] leads to a superior signal-to-noise performance compared with FTIR methods. The purpose of this study is to systematically investigate the THz spectra of two Bacillus spores and their related chemical cellular components. The effects of culture media on the spectra of the spores are also discussed.

Materials and methods
Measurement system
THz TDS [20] was applied to investigate the spectra of spores and their related chemical components. The samples were placed at the focus (spot-radius < 1.25 mm at 200 GHz) of a THz spectroscopy beam and spectra were recorded in transmission against the spectra without any samples in the focus. The TDS measurements were performed under a controlled temperature of 24.0 ± 0.1 0C and with a nitrogen purge that reduced the relative humidity to ≤ 0.3%.

Sample preparation
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Bacillus cereus (BC) and Bacillus subtilis (BS) identified by matrix-assisted, laser desorption/ionization–time-of-flight mass spectrometry (MALDI-TOF), were used to produce the spores. The bacteria were cultured overnight in a nutrient broth medium. A sterile loop was dipped into the medium before streaking on a plate. After overnight culture, one pure colony was placed into 20 ml of a nutrient broth medium (NB) for further overnight culture. The bacterial broth was then inoculated in a 200 ml nutrient broth to be cultured at 37 C and spun at 230 rpm until 95% of the vegetative cells were observed under a confocal microscope to form spores. The spores were then washed with sterile water and collected using a centrifuge spun at 4000 rpm for 20 min.  The collected spores were further washed three times by sterile water to remove all cell debris. The spore-water solution was stored at 4C and washed again before drying using a freeze-dryer (Virtis) to form the powder. The spore powders were mixed evenly in a 1:1 (20 mg: 20 mg) mass ratio with polyethylene (PE), a compound which is near-transparent at THz frequencies, and then compressed by a vacuum-presser into pellets having a 13 mm diameter and thickness <0.5 mm (variable for different samples), which were then stored in a desiccator to prevent humidity influencing the samples. In order to investigate the influence of culture media on the THz properties of the spores, the spores were also cultured in two other media: Tryptone Soya Broth (TSB) and Leighton Doi broth (LDOI) under exactly the same procedures as described above. NB is a standard medium which serves as a reference for the culture and accumulation of microorganisms, and it consists mainly of beef-extract, peptone and water. TSB is another general medium for culturing microorganisms whose nutrient content is casein, peptone and soya peptone. LDOI broth is a sporulation medium which is based on NB with more metallic ions added. 

The chief chemical components in the cell wall of spores, such as dipicolinic acid (pyridine-2, 6-dicarboxylic acid, DPA) and its calcium chelates (Ca-DPA), have been intensively investigated by Raman spectroscopy [21-26], mass spectrometry [27] and FTIR spectroscopy [28-30], in an effort to seek for a potential biomarker in spore detection. Likewise, this THz spectral domain study sought to identify spores through the spectra of unique chemicals present in the cell wall of bacterial spores. In addition to DPA, Diaminopimelic acid (DAP) and D-glutamic acid (D-Glu) are also selected for analysis. DAP, a sub-unit of the peptide portion of peptidoglycan, is also a characteristic component of the cell wall of the spore, and is a component allied to bacteria and does not occur in non-bacterial cells. Poly-D-glutamic acid is one of the major virulence factors of Bacillus anthracis, which causes a highly lethal infectious disease. D-glutamic acid (D-Glu), as a sub-unit of Poly-D-glutamic, was also therefore investigated. In order to get comparison spectra, DAP, DPA and D-glutamic acid powders were prepared by two separate methods: the first was to compress the mass ratio 1:1 for the chemicals and PE (total 40 mg) into thin (approx. 0.40 mm thick) and 13 mm diameter pellets; the second was to press PE and the chemical mixtures based on their real proportion according to the dry-weight of the spores. Details are listed in Table 1. All the chemicals are from Sigma Aldrich, and are used without further purification. 

Results and discussion
The absorption spectra of 1:1 mass-ratio chemical mixtures with PE and their related proportional mixtures with PE are plotted in Fig.1. The effective spectra are cut-off around 2.2 THz, which vary with the different chemicals. The spectra above 2.2 THz give a poor signal to noise ratio due to the limited system dynamic range from both high loss properties of the test samples and a falling photoconductive efficiency of the GaAs THz emitter. For 1:1 mass-ratio chemical DAP and DPA mixtures with PE, absorptions all increase with increasing frequency. The absorption features of D-glu at 1.21 and 2.01 THz are clearly observed, which have been well explained by weak skeleton torsion and torsion of the whole structure from DFT calculation [34]. The ripples at 1.12 THz and 1.68 THz are observed through all the measured spectra due to remnant THz water absorption, which can come from the measurement environment despite the humidity being reduced to 0.3% by nitrogen purge.  Recent experimentally and theoretically work from Johnson et al [29-30] clarifies that a key spore component is not DPA, as is often reported, but rather the trihydrate of the calcium salt of the DP anion. CaDP.3H2O exhibits reproducible IR spectra specifically a unique ‘quartet’ of peaks at 22.98, 21.75, 21.03 and 19.77 THz due to Ca-O-H bends, H2O-Ca-O torsion and O-C-O bends. The same features are seen too in different species of Bacillus endospores. Consequently it is reasonable to assume that additional torsion and libration modes exist or are shifted to lower THz bands as compared to those of the acid form of DPA. The work from Cook et al [35] in deed proves this point where only hydrogen bonding is clearly observed in the characteristic water absorption band, about 1.13 THz for CaDP.3H2O.







Compared with the 1:1 mass-ratio mixtures, the proportional weight-mixture of chemicals in the large volume of PE, reveals some interesting periodic, Fabry-Perot (FP) or etalon-like effects, which are caused mainly by the THz beam reflecting from the boundary between the sample and its immediate surrounding atmosphere. The FP periodic range is fully dependent on the sample’s refractive index  and thickness; is the speed of light in vacuum. Based on the method of Jepsen et al [36], the calculated refractive indices of DAP and D-Glu mixture with PE are 1.45 ± 0.02 and 1.45 ± 0.01 respectively between 0.2 to 1 THz. From these calculated refractive indices and sample thickness listed in Table 1, = 248 GHz for both DAP and D-Glu samples, which is coincident with the observed spectra in the frequency range from 0.2 to 1 THz. For the DAP-PE mixture, the high absorption properties of DAP above 1 THz, results in damped FP behavior from 1 to 1.8 THz. For the D-Glu–PE mixture, the feature of D-Glu at 1.21 THz can be still faintly observed. The feature at 2.01 THz of D-Glu directly causes the absorption-jump of the mixture. For the DPA-PE mixture, the calculated refractive index is 1.54 ± 0.01, and the calculated = 280 GHz is in good agreement with the observed FP effects.

As observed, the diluted pellets, containing a large proportional volume of PE, present fewer absorption features in the THz range; however, the THz properties of the chemicals can be still marginally observed in their mixtures. In general, THz radiation is able to probe low energy molecular motion and interactions such as torsion modes, librations and phonon modes within molecular lattices. However, in real organisms, with many other cellular components to disperse these chemicals and with other relaxation processes in play, there are significant spectra-broadening mechanisms to prevent identification of any particular molecular modes existing in the simple molecule. The THz response of BC and BS spores, as whole organisms mixed with PE powders, are shown in Fig.2, where the featureless spectra support this view. All the data demonstrate that any THz signatures of chemicals associated with bacterial spores are non-observable in this far-infrared (i.e. THz) spectral domain. This confirms a point made earlier by Johnson and Kemp et al [37, 38] in that the featurelessness of the spore-spectra may be due to the fact that the motions of transition-dipole moments are fundamentally weak and the chemical complexity in spores leads to the spectra being broadened over a very large bandwidth.









From Fig. 2, the absorption of both BS and BC increases with increasing THz frequency and they present almost similar extinction coefficients when the frequency is below 0.8 THz. Above 0.8 THz TSB-cultured BC spores absorb more heavily compared with BC spores cultured from NB and LDOI; however, for BS spores, the NB culture medium gives more THz absorption than the other media. Other studies [39, 40] have reported that the different culturing media result in carbohydrate variation in spores. In order to understand these differences, images were taken using confocal microscopy. The dried spores of BC, and BS from different culture media, were spread on a slide with a drop of sterile water and then heat-fixed. The camera of the microscope was used to photograph the spores at ×100 magnification with an oil-immersed lens. The micrographs obtained are shown in Fig.3. The morphological differences from these pictures show that BC and BS spores, cultured from LDOI, are more likely to coalesce into a sphere, compared with the random clustering for other culture media. This may be due in some way to the rich content of metallic ions in LDOI. The radius of the individual spores is typically around 1 μm, assuming they are spherical particles [41], whereas the diameter of the clusters is nearly ten times bigger than this. There remains therefore the possibility that some of the absorption can be explained by Rayleigh and/or Mie scattering of the THz beam. To test this hypothesis, the calculated extinction scattering spectra, based on the method shown in the work of Shen et al [42], was firstly fitted to a function of the type, where v is frequency in THz. The fit to a formula of this type is tight with  0.982, as listed in Table 2. However, despite the high quality of fit to a power-law curve, the fit indicates that the induced absorption increases approximately only as , dependent on the species of spore and culture media. There being no evidence of Rayleigh scattering, which follows a spectral dependence of  [43], the increasing absorption with increasing frequency is taken mainly to be from the action of Mie scattering. A model function of  is therefore used to fit the extinction coefficients of the spores, where a sinusoid is added to account for etalon effects. The quality of fit is high with  0.991 as listed in Table 3 and the fitting curves are shown in Fig.4. The parameters indicate that the scattering is proportional to  and variable with culture media. Spectral loss could be from particles scattering in the spores. Another possible reason for the increasing loss characteristic is probably from remnant water held in the dried spores, and their residual bound water produces the well-known increasing dielectric loss with increasing frequency. In order to test the THz dielectric properties of water,  a Bruker liquid cell , consisting of two 1 mm thick polymethylpentene (TPX) plates and a 100 μm spacer between these, is injection-filled with 50 μl sterile water and then measured in the THz-TDS system at 24.0 0C. Due to the ultra-low-loss THz absorption properties of TPX, the measurement is simply carried out between water inside the liquid cell with respect to the empty cell and the extinction spectra are presented in Fig.5. The theoretically-calculated extinction spectrum of water is also presented in Fig.5 based on the work of Liebe et al [44], where a double-Debye model is used to simulate the dielectric properties of water below 1 THz. The combination of a double-Debye model, together with a model of two Lorentzian resonances, is used to create the dielectric response of water above 1 THz. The measured extinction spectra are generally in the confidence range of these theoretical calculations. The measured extinction spectra fit strongly with a direct first-order frequency-dependence with 0.998. The conclusion is therefore that for Bacillus spores, the increase in absorbance with increasing frequency is dominated by Mie scattering from particles of the spore cortex and from residual water bound to the cell wall of the spore.  
[bookmark: _GoBack]
Conclusions
THz spectra from 0.2 – 2.2 THz have been measured for two spores (Bacilius subtilis and Bacillus cereus) and their related chemicals. Analysis of THz spectra cannot link spores with their chemicals and no definitive THz spectral fingerprinting of spores is discernable. The pure chemical components are suppressed when bound to the surface of the spores. The spores exhibit a monotonically increasing absorption with increasing frequency, which is dominated by Mie scattering from particles, complemented by remnant water bound to the spore casing. The result is very similar to the work from Johnson et al [37-38] and strongly suggests it is not possible to discriminate different Bacillus spores using THz transmission spectra due to the fundamentally weak molecular energies involved. 

Acknowledgements: The authors thank Dr. H. R. Christopher from the Defence Science and Technology Laboratory of UK for his invaluable discussions and the detailed critique of a reviewer for this paper. This work was supported by the Defence Science and Technology Laboratory of UK under Grant ECSA1E8R. 

Authors’ contribution
Jianhua Tang and Bin Yang contributed equally to this work.


References
[1]W.F.Pearman and A.W.Fountain, Applied Spectroscopy, vol 60, No. 4, 356-365, 2006.
[2]R.M.Jarvis and R.Goodacre, Chemical Society Reviews, 37, 931-936 (2008).
[3]D. Naumann, D. Helm and H.Labischinski, Nature, 351:81-82 (1991).
[4]D.Helm and D.Naumann, FEMS Microbiol Letter, 126, 75-80 (1995).
[5]S.H.Beattie, C.Holt, D.Hirst and A.G.Williams, FEMS Microbiology Letters, 164, 201-206 (1998).
[6]L.Mariey, J.P.Signolle, C.Amiel and J.Travert, Vibrational Spectroscopy, 26, 151-159 (2001).
[7]S.E.Thompson, N.S.Foster, T.J.Johnson, N.B.Valentine and J.E.Amonette, Applied Spectroscopy, vol 57, No.8, 893-899 (2003).
[8]N.S.Foster, S.E.Thompson, N.B.Valentine, J.E.Amonette and T.J.Johnson, Applied Spectroscopy, 58(2), 203-211 (2004).
[9]V.Erukhimovitch, V.Pavlov, M.Talyshinsky, Y.Souprun and M.Huleihel, Journal of Pharmaceutical and Biomedical Analysis, 37, 1105-1108 (2005).
[10]A.C.Samuels, A.P.Snyder, D.K.Emge, D.ST.Amant, J.Minter, M.Campbell and A.Tripathi, Applied Spectroscopy, vol 63, No.1, 14-24 (2009).
[11]T.J.Johnson, YF.Su, N.B.Valentine, H.W.Kreuzer-Martin, K.L.Wahl, S.D.Williams, B.H.Clowers and D.S.Wunschel, Applied Spectroscopy, vol 63, No.8, 899-907 (2009).
[12]A.Fox, G.E.Black, K.Fox and S.Rostovtseva, Journal of Clinical Microbiology, vol 31,    No.4, 887-894 (1993).
[13]K.H.Jarman, S.T.Cebula, A.J.Saenz, C.E.Petersen, N.B.Valentine, M.T.Kingsley and K.L.Wahl, Anal.Chem, 72, 1217-1223 (2000).
[14]K.L.Wahl, S.C.Wunschel, K.H.Jarman, N.B.Valentine, C.E.Petersen, M.T.Kingsley, K.A.Zartolas and A.J.Saenz, Anal.Chem, 74, 6191-6199, (2002).
[15]M.C.Kemp, P.F.Taday, B.E.Cole, J.A. Cluff, A.J. Fitzgerald and W.R.Tribe, Proc.SPIE, vol.5070, 44 (2003).
[16] P.F.Taday.  Phil. Trans. R. Soc. Lond. A, 362, 351-364, (2004).
[17]Joo-Hiuk. Son, J.Appl.Phys. 105, 102033 (2009). 
[18]A.I. McIntosh, B.Yang, S.M. Goldup, M. Watkinson, R.S. Donnan, Chem Soc Rev, 41(6):2072-82 (2012).
[19]M.Tonouchi, Nature photonics, vol 1, 97-105 (2007).
[20]A.I. McIntosh, B.Yang, S.M. Goldup, M. Watkinson, R.S. Donnan, Chemical Physics Letters, 558, 104-108 (2013).
[21]E.Ghiamati, R.Manoharan, W.H.Nelson and J.F.Sperry, Applied Spectroscopy, vol 46, No.2, 357-364 (1992).
[22]A.P.Esposito, C.E.Talley, T.Huser, C.W.Hollars, C.M.Schaldach and S.M.Lane, Applied Spectroscopy, vol 57, No.7, 868-871 (2003).
[23]W.H.Nelson, R.Dasari, M.Feld and J.F.Sperry, Applied Spectroscopy, vol 58 No.12, 1408-1412 (2004).
[24]S.E.J.Bell, J.N.Mackle and N.M.S.Sirimuthu, Analyst, 130, 545-549 (2005).
[25]R.M.Jarvis, A.Brooker and R.Goodacre, Faraday Discussions, 132,281-292 (2006).
[26]XY.Zhang, M.A.Young, O.Lyandres and R.P.Van Duyne, J.Am.Chem.Soc, 127, 4484-4489 (2005).
[27]M.B.Beverly, K.J.Voorhees and R.B.Cody, Anal Chem, 72, 2428-2432 (2000).
[28]D.L.Perkins, C.R.Lovell, B.V.Bronk, B.Setlow, P.Setlow and M.L.Myrick, Applied Spectrocopy, vol 59, No.7, 893-896 (2005).
[29]T.J.Johnson, S.D.Williams, N.B.Valentine and YF. Su, Applied Spectroscopy, vol 63, No.8, 908-915 (2009).
[30]T.J.Johnson, S.D.Williams, N.B.Valentine and YF.Su, Vibrational Spectroscopy, 53, 28-33 (2010).
[31]W. G. Murrell and W. J. Scott, J.Gen.Microbiol, 43(3), 411-25 (1966). 
[32]T.A. Slieman and W.L.Nicholson, Appl Environ Microbiol, Mar, 67(3):1274-9 (2001).
[33]B.Setlow, P.G. Wahome and P.Setlow, J. Bacteriology, Jul, 190(13):4759-63 (2008). 
[34]Z.Yan, D. Hou, P.Huang,B.Cao, G.Zhang and Z.Zhou, Meas.Sci.Technol, 19, 015602, (2008).
[35]D.J.Cook, B.K.Decker, G.Dadusc and M.G.Allen, Proc.SPIE vol. 5268 (2004).
[36]P.U.Jepsen and B.M.Fischer, Optics Letters, January, 1, vol.30, No.1 (2005). 
[37]T.J.Johnson, N.B.Valentine and S.W.Sharpe, Chemical Physics Letters, 403, 152-157 (2005).
[38]M.Kemp, Proc. SPIE, vol.8189, 81890J-14 (2011).
[39]H.A. Colburn, D.S. Wunschel, K.C. Antolick, A.M. Melville and N.B.Valentine, J Microbiol Methods, 85(3):183-9 (2011). 
[40]J.B. Cliff, K.H. Jarman, N.B.Valentine, S.L.Golledge, D.J.Gaspar, D.S. Wunschel and K.L.Wahl, Appl Environ Microbiol, 71(11):6524-30 (2005).
[41]M. Carrera, R.O.Zandomeni, J.Fitzgibbon and J-L.Sagripanti, Journal of Applied Microbiology, vol 102, issue 2, pages 303-312 (2007).
[42]Y.C.Shen, P.F.Taday and M.Pepper, Appl.Phys.Letter, 92, 051103 (2008).
[43]C.E. Barnett, J.Phys.Chem 46 (1): 69–75 (1942).
[44]H.J.Liebe, G.A.Hufford and T.Manabe, International Journal of Infrared and Millimeter Waves, vol.12, No.7 (1991).





Table 1: Proportion of PE and the Chemicals
	Chemical
	Chemical (mg)
	PE (mg)
	Ratio
	Thickness (mm)
	       Ref

	DAP
	0.8
	39.20
	2%
	0.417
	         [31]

	DPA
	4.00
	36.00
	10%
	0.348
	         [32]

	D-Glu
	0.15
	39.85
	0.3%
	0.417
	         [33]




























Table 2: Fitting parameters (A, B) and Square of the multiple correlation coefficients (R2) for the spores under different culture media by function .
	Media
	BC spores
	BS spores

	
	A
	B
	R2
	A
	B
	R2

	LDOI
	1.424
	0.423
	0.997
	1.272
	0.320
	0.990

	NB
	1.193
	0.263
	0.982
	1.595
	0.446
	0.999

	TSB
	1.893
	0.315
	0.986
	1.353
	0.324
	0.993

























Table 3: Fitting parameters (C, D) and Square of the multiple correlation coefficients (R2) in Figure 4 for the spores under different culture media.
	Media
	BC spores
	BS spores

	
	C
	D
	R2
	C
	D
	R2

	LDOI
	0.753
	-0.397
	0.995
	0.479
	-0.194
	0.991

	NB
	0.360
	-0.121
	0.995
	0.962
	-0.617
	0.996

	TSB
	0.916
	-0.717
	0.994
	0.536
	-0.257
	0.996
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Fig.1: Absorbance of spore components. Left hand side plots are for 1:1 ratio of the chemicals with PE; right hand side plots present spectra of low percentages of chemicals mixed with PE. Spore component chemicals from top to bottom are DAP, DPA and D-Glu. 
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Fig2: Absorbance spectra of the spores developed from different culture media. Lines are for the TSB growth medium; dashed for LDOI and crossed for NB. The top set of plots is for Bacillus cereus spores; the bottom for Bacillus subtilis. 
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Fig.3 Microscopic photos of BC (left) and BS (right) spores cultured from different media. 
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Fig4: Extinction spectra of the spores cultured from different culture media. Ordinate axis units are measured extinction coefficients. Points are experimental results; red line-traces are fitting results. From top to bottom, the culture media are LDOI, NB and TSB, respectively. The left column is for BC spores and the right for BS spores.
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Fig5: Extinction spectra of sterile water at 24.0 0C: measurement data (dots);  fitted curve (solid line-trace); theoretical calculation of extinction coefficients with 10% error bars as based on a double-Debye model for the frequencies below 1 THz (square points) and theoreticall calculated extinction coefficients with 10% error bars based on the combination of a double-Debye model and a two-Lorentzian-resonance model for the frequencies above 1 THz (crosses).
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