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ABSTRACT 

Multiwavelength Uv-vis spectra of microorganisms and cell suspensions contain 

quantitative information on their properties such as number, size, shape, chemical 

composition, and internal structure. These properties are essential for the identification 

and classification of cells.  The complexity of microorganisms in terms of their chemical 

composition and internal structure make the interpretation of their spectral signature a 

difficult task. In this paper a model is proposed for the interpretation of the 

multiwavelength spectra of microorganisms. The proposed interpretation model is based 

on light scattering theory, spectral deconvolution techniques, and on the approximation 

of the frequency dependent optical properties of the basic constituents of living 

organisms. The optical properties as functions of wavelength, and available literature 

data on the size and chemical composition of E. coli cells and Bacillus globigii spores 

have been used to explore the sensitivity of the calculated spectra to the model 

parameters. It is shown that the proposed model can reproduce the features of 

experimentally measured spectra. The sensitivity of the spectra to the model parameters 

suggests that the proposed model can be used for the quantitative deconvolution of the 

Uv-vis spectra in terms of critical information necessary for the detection and 

identification of microorganisms.  
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INTRODUCTION    

Multiwavelength ultraviolet/visible (Uv-vis) spectroscopy is a versatile, 

quantitative, rapid, and reliable analytical tool that has immediate applications as a 

biosensor for the detection, identification, and enumeration of microorganisms and cells.  

The sample information contained in a spectrum includes cell size, chemical 

composition, shape, and information on their internal structure.  This information is 

obtained from the spectroscopic analysis of a sample measured over a broad range of 

wavelengths (200-900 nm) and/or with the scattered light measured at one or many 

different angles. The potential to extract large amounts of information from a single 

multiwavelength measurement makes Uv-vis spectroscopy a powerful characterization 

tool. In addition, process Uv-vis spectrometers and miniaturized systems, make this 

technique readily available for real-time in situ monitoring of biological, and 

environmental processes.  Furthermore, a spectroscopy-based biosensor provides the 

added benefits of being rapid, inexpensive and relatively simple to operate.  

Multiwavelength and angular scattering spectroscopy analysis of microorganisms 

has been reported in the literature (e.g. 1-21). Uv-vis and other spectroscopy techniques 

such as fluorescence, Raman and infrared have been reported and used for the estimation 

of the number of cells and their chemical composition, in particular, the nucleic acid and 

protein concentrations (1, 6, 11, 22-24). The angular scattering spectrum from cells and 

microorganisms has also received a great deal of attention because of the sensitivity of 

the angular intensity distribution to size, shape and orientation of the suspended particles 

(e.g. 8, 9, 11, 12 17, 18, 20, 21). More recently, polarized light scattering experiments 

have been used to further characterize microorganisms through sensitive elements of the 
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scattering matrix (2, 18, 25). The main limitations for the use of spectroscopy techniques 

have been both instrumental and theoretical. Commercially available light scattering 

instrumentation is typically designed for single wavelength operation with a goniometer 

or with detectors at fixed angles. To be able to discriminate between different 

microorganisms, considerable differences in size, shape and refractive index are 

necessary. This is difficult because most microorganisms have approximately the same 

chemical composition (i.e., water content, proteins, DNA, etc.) and as a result they have 

relatively small differences in refractive index (19, 20, 26).  In addition, particles the size 

of cells and microorganisms (0.5-10 µm) typically forward scatter light, which means that 

although distinguishing features may be present at wider measurement angles, 

particularly with polarized light (25, 27, 28), the signal to noise ratio is not favorable. 

Multiwavelength transmission measurements and related turbidimetry techniques have 

been extensively used in biological applications ranging from the definition of standards 

of water quality, to measurements of the DNA content in microorganisms and cell 

enumeration (6, 13, 19, 22, 23, 29). However these applications have been largely limited 

to corrections assuming Rayleigh scattering, or to calibrations relating the optical 

densities at discrete wavelengths to the particle concentration. To date there have been 

few attempts to model the spectra to extract quantitative information on the optical 

properties of microorganisms.  Notable exemptions are the reports by Inagaki (7), 

Waltham (19), Tuminello (30), and Yabushita (31, 32), who reported measurements of 

optical properties.  

 In this paper a model is proposed for the interpretation of the 

multiwavelength spectra of microorganisms. The proposed interpretation model is based 
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on light scattering theory, spectral deconvolution techniques, and on the approximation 

of the frequency dependent optical properties of the basic constituents of living 

organisms. The characteristic sets of optical properties for chromophoric groups present 

in microorganisms have been evaluated and are reported herein. The optical properties as 

functions of wavelength have been used to explore the sensitivity of the model. Several 

hypotheses have been tested to demonstrate the applicability of the proposed 

interpretation model for the deconvolution of spectra in terms of critical parameters 

necessary for the detection and identification of microorganisms. The experimental 

spectral fingerprints from E. coli cells, and B. Globigii spores are used as reference.   

THEORETICAL BACKGROUND 

The multiwavelength transmission spectrum of particle dispersions contains 

information that, in principle, can be used to estimate the particle size distribution (PSD) 

and the chemical composition of the suspended particles. The complexity of 

microorganisms in terms of their chemical composition and internal structure make the 

interpretation of their spectral signature a very difficult task. Nevertheless, several 

attempts have been made to model the shape and internal structure of the cells using the 

Rayleigh-Debye-Gans (RDG) approximation (4, 9, 17, 20) and the anomalous diffraction, 

or van de Hulst approximation (13, 33, 34). The motivation in using the RDG 

approximation is the ability to account for shape and orientation through appropriate 

form factors (25, 27).  The main limitation of both, the anomalous diffraction and the 

RDG approximation is the requirement that the refractive index ratio between the 

particles and the suspending medium be close to 1.  For vegetative cells this is not a 

serious limitation. However for spores, which are highly refractile, the refractive index 
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ratio is no longer close to 1 and therefore the RDG approximation no longer applies. It is 

worth noticing that in the RDG, the absorption cross-section only depends on the particle 

volume and it is independent of the particle shape. Similarly, in the anomalous diffraction 

approximation the absorption cross section is independent of the refractive index of the 

particles (28).  

A model for the interpretation of the Uv-vis spectra that is not often explored is Mie 

theory, where the volume of the microorganisms is expressed in terms of an equivalent 

sphere (15, 17). In addition to not having restrictions relative to the size of the particles 

and the values of the refractive index, there are several arguments justifying the use of 

the volume equivalent scattering approximation, particularly when it is used in the 

context of transmission measurements: 

1. Particles the size of cells and microorganisms (0.5-10 µm) typically forward 

scatter light, which means that measurements in the forward direction 

(transmission) with the appropriate angle of acceptance will capture the majority 

of the scattered light as well as the attenuation due to absorption. 

2. The sum rule for extinction developed for spheroids by Purcell (25, 35) suggests 

that, regardless of the shape of the particle, the integrated extinction (as function 

of wavelength) is proportional to the particle volume. Since multiwavelength 

transmission measurements are typically conducted over a wide range of 

wavelengths (200-900 nm), we can consider this proportionality to hold. 

3. Independent evaluations of scattering cross-sections for complex cells such as red 

blood cells have shown that the extinction efficiencies calculated using rigorous 

form factors and the volume equivalent spherical approximations yield 
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comparable results (36). It has been shown (12) that the effects of the particle 

shape on the scattering diagrams can be compensated by changes in the refractive 

index. Since the refractive indices have to be estimated, the use of the spherical-

equivalent approximation in combination with the refractive index estimation can 

be expected to yield adequate representation of the spectral features (12).  

The Equation that relates the turbidity τ(λo) measured at a given wavelength λo and 

the normalized particle size distribution for homogeneous particles f(D) is given by 

Kerker (27). 
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where n(λo) and )( 0λκ  represent the  real and imaginary  components of the complex 

refractive index of the particles and no (λo) represents the real refractive index of the 

suspending medium. 

INTERPRETATION MODEL 

Under the assumption that the fundamental scattering model described in 

equations (1-2) applies, it is proposed to approximate the complex structure of 

microorganisms by dividing it into M groups or populations, each of which will be 

characterized by its corresponding scattering and absorption components. The 
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characteristic dimensions of each structure with its corresponding optical properties will 

largely define the scattering component, whereas the absorption component will be 

defined by the chemical composition of the structure, in particular by its chromophoric 

content. For example the following groups may be considered as distinct populations: the 

main body of the microorganisms, the cell wall, nuclei, mitochondria, and other internal 

structures such as inclusions, etc. The total scattering and absorption components of the 

spectrum will be given by the weighted sum of the contributions from the selected M 

structures. Since it is not known a priori which absorption and/or scattering component 

will dominate, with this approach it is possible to formulate and test hypotheses as to the 

location and properties of chromophoric groups and scattering elements.  Under the 

above approximations, the turbidity spectrum of a microorganism can be written in terms 

of M distinct populations (37): 
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The real and imaginary parts of the complex refractive index are functions of the 

chemical composition and can be calculated as a weighted sum of the contributions from 

the chromophores within each population: 
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Where ωij represents the mass fraction of jth chromophore contained in the ith population, 

ni and ki correspond to the real and imaginary refractive indices of each population, and 

Ni represents the total number of chromophoric groups in the ith population. Ntotal 

corresponds to the sum of the chromophores present in all the structures. It is important 

to note that the additivity of the optical properties applies only within each population. 

Adding the scattering contributions represented by equations (3-6) closes the total mass 

balance for each chromophoric group.  Assuming volume additivity, the total 

concentration can be readily calculated in terms of the concentration of each population 

or structure:  
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Where ci is the concentration of each population. 

 

The diameter in equation (3) can be calculated from the closest geometrical 

approximation to the shape of the microorganisms (i.e., the diameter is calculated from 

the cell volume). For example, if the shape of a microorganism is approximated as a 

prolate ellipsoid (20-21), the volume equivalence for the ellipsoid and the sphere is given 

by: 
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Where: Ve is volume of the ellipsoid, a and b are the major respectively minor lengths of 

the semi-axes of the ellipsoid, Vs is the volume of the sphere and D is the equivalent 

diameter of the microorganism. 

MATERIALS AND METHODS 

Materials 

E. coli (JM 109ATCC #53323) and Bacillus globigii spores (ATCC #9372) were 

obtained from the American Type Culture Collection (ATCC) Manassas, Virginia. The n-

acetyl/ethyl ester derivatives used as model molecules to represent chromophores 

imbedded in protein molecules were purchased from Sigma-Aldrich, Saint Louis 

Missouri. The dipicolinic acid was also from Sigma-Aldrich. 

Spectroscopy measurements 

 The Uv-vis transmission spectra from the model molecules and cell suspensions 

were recorded using a diode array spectrometer (HP 8443 Hewlett-Packard, Palo Alto, 

CA) having an acceptance angle smaller than 20. All measurements were conducted at 

room temperature using a 1 cm pathlength cuvette. To illustrate the composition 

information, the first derivative of the spectra was numerically evaluated.  The first 

derivative amplifies the presence of absorption bands related to the chromophoric 

(chemical) composition of the sample (37).  

To obtain the extinction spectra of model molecules, stock solutions of the model 

molecules were prepared in phosphate buffers at several pH values and at physiological 

concentrations.  The stock solution was diluted with buffer to suitable concentrations  
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(i. e., selected to yield optical density values below 1.2 Absorbance Units (Au)) and the 

spectra were recorded. A minimum of 5 dilutions were measured to obtain adequate 

estimates of the extinction coefficients. A least squares procedure was implemented to 

estimated the extinction coefficient at each wavelength (37). 

The Bacillus globigii spores were directly suspended in sterilized de-ionized 

water and vortexed for few seconds prior to the spectroscopy measurements. Vegetative 

cells of E. coli were washed in sterilized de-ionized water according to the protocol 

described in Alupoaei (37). To eliminate concentration and particle number effects, the 

transmission spectra were normalized with the average optical density evaluated between 

230-900 nm (37). 

Scattering Calculations 

 The Mie scattering coefficients in equation 3 were calculated with a computer 

program which includes multiwavelength spectral calculations and has been adapted to 

calculate distributions of particle sizes (37). This program has been extensively tested 

against available computer codes and published tables (25, 39). The refractive index of 

water no(λo) in Equation 2 as a function of wavelength was calculated from the 

correlation reported by Thormählen (40). 

Spectroscopy Results 

 Figures 1-2 show typical optical density spectra measured for E. coli cells and 

Bacillus globigii spores together with their first derivative spectra. Qualitative 

comparison of the multiwavelength transmission spectra of E. coli cells and Bacillus 

globigii spores reveals the sensitivity and discriminating power of the spectroscopy 

approach, as expected, the spectra of E. coli cells and Bacillus globigii spores are quite 
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different (1, 15, 19). Notice in the spectrum of E. coli the peak at approximately 260 nm, 

which is generally but not necessarily, attributed to the absorption of nucleic acids (6, 19, 

30, 37). This band is not apparent in the spectrum of the spores. The spores, on the other 

hand, show features that can be attributed to the presence of dipicolinic acid (41) (see 

also Figure 5). These spectral fingerprints will be used as reference to test the sensitivity 

of the calculated spectra to the model parameters, and for the estimation of the refractive 

index of the microorganisms. 

Estimation of Optical Properties 

Careful inspection of the chemical data reported for microorganisms (41) suggests 

that the majority of the dry mass is composed of proteins and organic matter with small 

or negligible absorption in the wavelength region of interest. Therefore, the optical 

properties necessary for the implementation of equations (3-8) have been divided into 

three categories, the average optical properties pertaining to the non-chromophoric 

scattering groups approximating the cell macrostructure, the average optical properties 

pertaining to the non-chromophoric scattering groups approximating the cell the internal 

structure, and the optical properties of known chromophoric groups within the cells. 

Within the context of the categories described above, non-chromophoric groups include 

molecules like polysaccharides, proteins, lipids and other biomolecules for which the 

contribution of chromophoric groups to their absorption spectra can be neglected.  

The first set of properties is assumed to represent the bulk refractive index of the 

microorganism macrostructure (30). For this the Cauchy approximation to the real 

refractive index was used (41): 
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Equation 9, in two-parameter form, has been extensively used for representation of the 

refractive index wavelength dependence of non-chromophoric macromolecules (43), and 

it adequately represents the data reported for the refractive index of microorganisms (30). 

The Cauchy parameters for the bulk refractive index of microorganism macrostructure 

were estimated from the measured spectra (Figs 1-2) and the microorganism volume 

approximated by eqn. 8 from the dimensions determined by microscopy (37). A least 

squares iterative procedure was set up where a transmission spectrum was calculated with 

eqn. 1 in the spectral region where no chromophore absorption was expected (400-900 

nm) and compared with the measured transmission spectrum at each wavelength. The 

procedure was repeated with new estimates of the refractive index parameters obtained 

using a standard Marquardt-Levenberg algorithm (37). This iterative procedure continued 

until convergence was achieved (i.e., relative changes in the sum of squares were less 

than 10-6). The parameter values estimated from Figures 1-2 are given in Table I and 

yield refractive index estimates that are in good agreement with values reported in the 

literature. 

The second set of optical properties corresponding to the refractive index 

parameters for the internal structure elements (Equation 9) were estimated under the 

assumption that primarily non-absorbing macromolecules compose the internal scattering 

elements (41).  Analysis of the data reported in the literature in the form of specific 

refractive index increments of proteins, polysaccharides, etc. (43) resulted in the 

following average estimates: 
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  The third category of optical properties corresponds to chromophoric groups that 

can be incorporated to defined scattering elements, or can scatter by themselves (i.e., 

DNA). These optical properties were estimated from measurements of the absorption 

coefficients of model molecules, and of measurements of the refractive index at 542 nm. 

To account for the protein content, and the concentration of other chromophoric groups 

such as DNA, RNA, and dipicolinic acid, model molecules representing the Uv-vis 

absorption characteristics of chromophoric amino acids and nucleotides were used (44). 

The chromophores imbedded in protein molecules have been represented with n-

acetyl/ethyl ester derivatives of the aminoacids (44). Whenever possible, as in the case of 

dipicolinic acid, the actual chromophoric molecules were used. The spectra for the purine 

and pyrimidine bases were obtained from the data reported by Adams, Knowler and 

Leader at room temperature and pH=7 (45).  

The dependence of the refractive index as function of wavelength was established 

through the use of the Kramers-Kronig transforms (7, 25, and 37). The optical properties 

of the three main chromophoric species, total nucleotides, a typical protein containing 

chromophoric aminoacids, and dipicolinic acid estimated with the procedures described 

above are shown in Figures 3-5. As it can be appreciated in Figure 4, the values of the 

optical properties of DNA calculated from the model molecules are in good agreement 

with the values reported in the literature (7). 
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SENSITIVITY ANALYSIS 

With the refractive index estimates for E. coli cells and Bacillus globigii spores 

(Table I and equation 10), and with the literature values of typical dimensions of the 

microorganisms and their chromophore content (Table II), the sensitivity of the 

calculated spectra (equation 3) to the size and composition of the scattering elements can 

be explored. To study the sensitivity of the model a computer program based on 

equations 3-7 has been implemented. This program enables the calculation of M 

monodisperse or polydisperse populations of scattering elements, and it allows for the 

chromophoric groups to de distributed among the populations selected. To explore the 

effect of variance of the particle size distribution within each population, a lognormal 

distribution has been used. The sensitivity of the predicted spectra to the model 

parameters has been studied by formulating a series of hypothesis concerning: the mean 

particle size and the variance of each population, the distribution of chromophores 

between the structures defined (equations 3-7), and by varying the number fraction for 

each population over a range of interest. The hypotheses formulated have been tested by 

comparing the spectral features predicted by the model with the features of the 

normalized measured spectra (Figs. 1-2). In comparing the measured and the calculated 

spectra it is important to note that the wavelength correlation is the key variable, not the 

amplitude of the spectra, which is dictated by the number of particles.  

The first step in the exploration of the sensitivity of the predicted spectra to the model 

parameters consists in comparing the relative magnitude of the absorption coefficients of 

the main chromophoric groups. This is important in the context of equations 5-7. Note 

that the chromophore composition enters the model linearly in the calculation of the 
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optical properties of the scattering elements, but non-linearly in the calculation of the 

contribution from each scattering element.  

Figure 6 shows a comparison of the absorption spectra from total nucleic acids, 

dipicolinic acid, and the main chromophoric aminoacids weighted by their typical 

relative concentrations (41). Notice that the contribution of the aminoacids to the total 

spectrum is rather small and for all practical purposes may be considered negligible (46). 

This leads to an important simplification because it suggests that it may be possible to 

represent the main spectral features of microorganisms with only a small set of 

chromophoric groups (37). Also, notice from Figure 4 that, the spectral differences 

between the nucleic acids are sufficiently small that, initially, a representative set of 

optical properties can be used for the evaluation of model (37). 

If the effect of the concentration of chromophoric aminoacids is initially neglected, 

the total number of variables to explore is: M×(Ntotal+2) -1, and includes, the average 

size and variance for each population, the number fraction of each population, and the 

total number of chromophores (Ntotal) present in all the structures. The minimum number 

of structures is one (i.e., M=1). However, with one structure it was not possible to 

replicate the spectral features shown in Figures 1-2. The next logical step is to assume a 

contribution from the internal structure of the microorganisms (i.e., M=2), and to 

formulate the hypotheses concerning the distribution of chromophoric groups on this 

basis.  The resulting number of variables for M=2 and Ntotal=3, has been extensively 

explored by varying one parameter at the time (37); the results for relevant variable 

combinations are described below. For these, unless otherwise indicated, the main 

chromophoric groups have been assumed to be part of the microorganism macrostructure. 
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The effect of the microorganism size on the spectra is shown in Figure 7 for E. coli 

cells and in Figure 8 for Bacillus globigii spores, notice that the calculated spectra for 

both microorganisms replicate the spectral features of the measured spectra (see Figures 

1-2 for comparison). As it can be readily appreciated, the size of the microorganism plays 

a definite role in defining the features across the spectrum. Similarly, the average size 

representing the internal structure elements has an important effect in the definition of 

spectral features, particularly at short wavelengths. It is also interesting to notice that, for 

the range of refractive index ratios estimated (Table I), and for the average sizes 

estimated for the internal structure (50-200nm), the effect of the variance of the size 

distribution on the calculated spectra is small. For example, changes in the variance of 

the lognormal distribution between 0-0.2, for particles with a mean diameter of 1 µm and 

a refractive index of 1.388, result in differences smaller than 10% in the normalized 

optical density spectrum. The effect of the variance of the distribution for the internal 

structure is somewhat more pronounced given that the refractive index of the internal 

structure is higher, but it is small enough to justify using the mean size to explore the 

effect of the size of the internal structure on the spectra. This is further demonstrated in 

Figure 9 with the calculated spectra for E. coli cells. Because the size of the internal 

structure is relatively small (0.02-0.1 µm), the scattering effects are more pronounced at 

shorter wavelengths. The inset figure shows the contribution of the internal structure to 

the overall spectra.  

Figure 10 shows the effect of changing the chemical composition by varying the 

dipicolinic acid content. As it can be observed, the spectral features due to the absorption 

bands of dipicolinic acid are clearly discernable. Notice that, although the amplitude of 
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the absorption bands is proportional to the changes in concentration (see the 

magnification in the inset Figure), the effect of the concentration on the spectra is non-

linear. The reason for this is that the scattering of light is a non-linear function of the 

optical properties of the particles and therefore of the chemical composition (equations 1-

2).  Because of this non-linear dependence the association of the chromophoric groups 

with a particular scattering structure is important. Figure 11 shows the effect, on the 

simulated transmission spectra of E. coli, of associating the same concentration of 

nucleotides per cell with either the macrostructure or with the internal structure. In other 

words, the nucleotides will be considered alternatively part of the macrostructure or part 

of the internal structure. Note that the association of different chromophoric groups 

results in changes in the refractive index of the scattering structures and of the total 

refractive index of the microorganism. For example, the refractive index, at 542 nm, of 

the macrostructure without the nucleotides is 1.3879 and with nucleotides is 1.4059. 

Similarly, the refractive index of the internal structure with nucleotides is 1.5764 and 

without 1.5701. Notice that the internal structure with nucleotides will have higher 

contrast. It is evident that the overall refractive index will also be affected. In the first 

case the composite refractive index of the microorganism becomes 1.4518 whereas in the 

second case becomes 1.44068. Since the number of particles and the particle sizes are 

kept constant, a difference in optical density is obviously expected. As it is shown in 

Figure 11, these effects are apparent in the spectra. 

The volume fraction and the size of the internal structure elements are also reflected 

in changes in the spectral features. Figure 12 shows the effect of changing the average 

size of the internal structure, at constant volume fraction, when the chromophoric groups 
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are associated with the internal structure. As in the case described in Figure 9, because 

the size of the internal structure is relatively small (see inset Figure), the scattering 

effects are more pronounced at shorter wavelengths. Comparison of Figures 9 and 12 

demonstrate the differences arising from the location of the chromophoric groups. Figure 

13 shows the effect of changing the volume fraction of internal scattering elements on the 

calculated spectra for E. coli, for a given size of the internal scattering elements. The 

inset figure shows the contribution of the volume fraction occupied by the internal 

structure to the overall spectra.  Clearly, the model predicted spectra reflect the main 

features present in the measured spectra of both microorganisms. Furthermore, the 

sensitivity of the calculated spectra to the model parameters suggests that the proposed 

model can be used for the quantitative deconvolution of experimental data (37). 
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SUMMARY AND CONCLUSIONS 

A model for the interpretation of the multiwavelength Uv-vis spectra of microorganisms 

and cells has been formulated. The proposed interpretation model is based on light 

scattering theory, spectral deconvolution techniques, and on the approximation of the 

frequency dependent optical properties of the basic constituents of living organisms. The 

optical properties of chromophores known to be present in microorganisms have been 

evaluated and reported. The optical properties as functions of wavelength, and literature 

data on the size and chemical composition of E. coli cells and Bacillus globigii spores 

have been used to explore the sensitivity of the calculated spectra to the model 

parameters. By comparison with experimentally measured spectra it has been shown that 

the proposed model can reproduce the spectral features of these two very different 

microorganisms. The sensitivity of the spectra to the variables in the interpretation model 

parameters suggests that the proposed model can be used for the quantitative 

deconvolution of spectra in terms of critical parameters necessary for the detection and 

identification of microorganisms. Subsequent publications will report on applications of 

the model to the interpretation of the spectra of bacterium vegetative cells and spores, 

Cryptosporidium and other microorganisms of interest. 
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 Table I. Refractive index estimates for the microorganism macrostructure (eqn. 9) 

 Estimated values (300-900 nm) Literature values 

 E. coli B. globigii 

spores 

Vegetative cells1 Spores1 

a0 1.3776 1.4993 - - 

a1 3034.91 4393.90 - - 

n542 1.3879 1.5142 1.386 1.52 
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Table II. Literature and calculated values (prolate ellipsoid approximation) of typical 

dimensions of the microorganisms and their chromophore content 

 

 Calculated values Literature values 

Microorganism 
E. coli B. globigii 

spores 

E. coli B. globigii 

spores 

Dimensions, µm - - 2width: 1.1-1.5 

2length: 2-6 

3<1 

Volume, µm3 1.26-7.06 0.51-1.00 41 50.17-0.718 

Equivalent diameter 1.34-2.38 0.99-1.24 - - 

RNA g/cell - - - 512.1-100.2x10-16 

DNA g/cell - - - 55.0-20.8x10-16 

DNA+RNA g /cell - - 47x10-14 17.1-121x10-16 

DPA, % dry weight - - - 65.6-13.55 

 

 

1B. cereus, Ross and Billing, 1957 

2Values from Bergey’s Manual 

3Values from Los Alamos National Laboratory 

4http://esg-www.mit.edu:8001/esgbio/cb/ecoli.html 

5Doi, 1969,  in The Bacterial Spore, pp 131 

6Murrell, 1969,  in The Bacterial Spore, pp 250 
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Figure 1. Typical measured Uv-vis spectra replicates of E. coli cells; the inset plot is the 

first derivative of the optical density spectrum 
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Figure 2. Typical measured Uv-vis spectra replicates of B. globigii spores, the inset plot 

is the first derivative of the optical density spectrum 
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Figure 3. Absorption coefficient of an artificial protein containing chromophoric 

aminoacids in proportions reported for B. subtilis (Murrell, 1969) 
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Figure 4. Comparison of the optical properties estimated for DNA from E. coli with the 

measured optical properties of DNA from calf thymus as reported by Inagaki et al, 1974. 

The estimated properties were corrected for moisture content.  
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Figure 5. Optical properties of Dipicolinic acid, the inset plot is the first derivative of the 

absorption coefficient 
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Figure 6. Comparison of the absorption coefficient of the total nucleic acid, 

chromophoric aminoacids, and dipicolinic acid weighted by their typical concentration in 

microorganisms (Murrell, 1969) 
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Figure 7.  Effect of the microorganism size on the calculated spectra of E. coli cells. The 

nucleotides are associated with the macrostructure (compare with Figure 1). The 

chemical composition is given in Table II. The volume fraction occupied by the internal 

structure in 0.28 and the average size of the internal structure is 80 nm. 
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Figure 8. Effect of the microorganism size on the calculated spectra of B. globigii spores. 

The dipicolinic acid is associated with the macrostructure (compare with Figure 2). The 

chemical composition is given in Table II. The volume fraction occupied by the internal 

structure in 0.41 and the average size of the internal structure is 132 nm. 

 
 

 38



 

 

 

 

Figure 9.  Effect of the average size of the internal structure on the calculated spectra of 

E. coli cells. The chromophores are associated with the macrostructure (compare with 

Figure 1). The chemical composition is given in Table II. It is assumed that the volume 

fraction occupied by the internal structure in 0.28 and the average size of the 

microorganism is 1.34 µm. 
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Figure 10.  Effect of changing the chemical composition on the calculated spectra of B. 

globigii spores. Notice the spectral features due to the absorption bands of dipicolinic 

acid. It is assumed that the volume fraction occupied by the internal structure is 0.41, the 

size of the microorganism is 1.14 µm and the average size of the internal structure is 132 

nm.  

 40



 

 
 
 

Figure 11.  Effect of the location of the chromophoric groups on the calculated spectra of 

E. coli cells. The concentration of nucleotides per cell is kept constant. It is assumed that 

the volume fraction occupied by the internal structure is 0.28, the average size of the 

internal structure is 80 nm, and the size of the microorganism is 1.34 µm. 
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Figure 12.  Effect of the average size of the internal structure on the calculated spectra of 

E. coli cells. The inset shows the contribution of the internal structure as function of its 

average size. For these spectra: the chromophores are associated with the internal 

structure (compare with Figure 9.), the concentration of nucleotides per cell is kept 

constant, and it is assumed that the volume fraction occupied by the internal structure is 

0.28, and the size of the microorganism is 1.5 µm.  
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Figure 13.  Effect of the volume

calculated spectra of E. coli cell

structure as function of its volum

associated with the macrostructu

is assumed that the average size

microorganism is 1.34 µm.  
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