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Bacteria Size Determination by Elastic
Light Scattering
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Steven A. McCormick, and Robert R. Alfano, Fellow, IEEE

Abstract—Light extinction and angular scattering measure-
ments were performed on three species of bacteria with different
sizes and shapes (Pseudomonas aeruginosa, Staphylococcus au-
reus, and Bacillus subtilis). The Gaussian Ray approximation of
anomalous diffraction theory was used to determine the average
bacteria size from transmission measurements. A rescaled spectra
combining multiple angular data was analyzed in the framework
the Rayleigh–Gans theory of light scattering. Particle shape
and size distribution is then obtained from the rescale spectra.
Particle characteristics (size and/or shape) retrieved from both
methods are in good agreement with size and shape measured
under scanning electron microscopy. These results demonstrate
that light scattering may be able to detect and identify microbial
contamination in the environment.

Index Terms—Microorganism detection, optical extinction, op-
tical scattering.

I. INTRODUCTION

CURRENT methods for identifying and classifying bacteria
involve isolating a specimen and growing the bacteria in

culture media for 24–48 h in order to obtain an adequate pop-
ulation. Typically, bacteria are stained and identified under mi-
croscopic examination. A real-timein situ identification method
would be a significant advance in monitoring the environment
for microbial contamination and would allow rapid response to
biological contamination and prevent spread of disease. With
the recent threat of bioterrorism, optical approaches have the
potential to detect the spread of different types of microorgan-
isms and are being investigated. Light scattering may be able to
provide a real-time technology to detect and classify different
bacteria genera based on size and shape. Light scattering mea-
surements do not need large populations for detection. In point
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of fact, data analysis is more straightforward for concentrations
sufficiently dilute so as to avoid multiple scattering events. Over
thirty years ago, Wyatt [1] discussed the feasability of using of
light scattering to identify bacterial cells, “The characteristic of
each distinct microorganism that scatters is an essentially unique
scattering pattern” due to the distinct biochemical nature and
structure of each microorganism.

The light-scattering properties of bacteria, human cells and
tissues have been investigated for both purposes of species
identification and for determination of cell status. It has been
shown that the Rayleigh–Gans (R–G) theory agrees with mea-
surements of angular distribution of scattered light intensity
from bacteria [2], [3]. The refractive index and cell dimensions
have been correlated with light scattering measurements [4],
[5] and light scattering has been employed to look at the
structure of a single bacteria [6]. Mie scattering theory has
been applied to model bacteria growth patterns. [7] Polarized
light scattering at 633 nm was used to measure average size
distributions of bacteria [8]. Changes of bacteria size in growth
media was investigated using polarized light scattering [9].
Forward scattering from cell suspensions was used to relate
the scattering properties to internal cell structures [10]. More
recently, there have been investigations into using light scat-
tering from human tissues and cells in order to detect changes
indicative of malignancy [11]–[13].

Cells can be classified as either eukaryotic (Fungi, Plantae,
and Animalia kingdoms) or prokaryotic (Monera kingdoms,
i.e., bacteria and blue-green algae). Eukaryotic cells are larger
in size (10–100 microns) and contain a membrane-bound
nucleus with chromosomes, DNA and proteins, mitochondria,
and organelles. Prokaryotic cells are typically smaller in size
(0.2–10 m for bacteria) than eukaryotes and are characterized
by the lack of nuclear organization and the complex organelles
present in eukaryotic cells. [14] The scattering centers of
mammalian cells consist of many different structures and
organelles found within the cells [15] with potential scatterings
being: nuclei, on the order of 3–10m; mitochondria, 1–4 m
long and 0.3–0.7 m wide; and lysosomes, spherical in shape
with 0.2–0.5 m diameter [16]. The scattering properties of
prokaryotic cells will depend more on the size, shape, and index
of refraction of the cell than on internal cell structures. In point
of fact, standard laboratory practice employs optical density to
estimate microbe concentration. Most of the common bacteria
generally come in a few different shapes: spheres, rods, short
rods, and spirals. Their sizes are such that the angular and
wavelength distribution of scattered light is strongly dependent
on the size and shape of the microbes.

1077-260X/03$17.00 © 2003 IEEE
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TABLE I
LIST OF ACRONYMS AND ABBREVIATIONS

In this paper, the transmission and angular distribution of
scattered light were measured from three species of bacteria
with differences in size and shape. The transmission measure-
ments were analyzed to determine the average particle size and
to determine the absorption and scattering contributions to the
extinction coefficient. The angular distribution of scattered light
was analyzed to determine the particle size distribution of the
bacteria and the aspect ratio for the rod-shaped bacteria.

Acronyms and symbols used in this paper are listed in Table I.

II. THEORY

The usual approach to the scattering problem is to make ap-
propriate approximations to light scattering by small particles
depending on size parameter and relative refraction index [17],
[18]. The size parameter is defined as , where is the
“dimension” of the object and the relative refraction index is the
ratio of the index of the scatterer to the index of the surrounding
media. For spherical objects,is the radius. For soft particles,
such as bacteria, the R–G approximation is applicable when the
phase shift inside the particle is small ( ). Soft par-
ticles are those particles whose relative refractive index is close
to unity ( ). Anomalous diffraction theory (ADT)
becomes valid for . The R–G and the ADT overlap in the
region where the conditions and are sat-
isfied, the “so-called” intermediate case (IC) of light scattering.

A. Gaussian Ray Approximation

The ADT is a powerful tool for approximating scattering from
spherical and nonspherical particles [17]. The Gaussian ray ap-
proximation (GRA) was recently shown to be useful as a sta-
tistical interpretation of ADT [19]. In the GRA, the scattering
cross section in the absence of absorption can be approximated
by

(1)

where is the geometric cross section, is the mean
light path through the scatterer andis given by

(2)

This approximation is valid for soft particles with a medium
size parameter ( ). A range which includes most
microorganisms for scattering with visible light. The valid range
of the size parameter extends substantially if the particles are
polydisperse. In the long wavelength limit, the second term in
(1) is negligible and the GRA reduces to the IC.

Using the GRA on randomly oriented particles, the mean
geometric path and mean square root geometrical ray path, av-
eraged over all particle orientations and weighted by their re-
spective geometrical cross sections, can be determined by light
extinction measurements. This provides a measure of the sizes
of all particles involved. The nominal particle size can then be
deduced from the mean geometric path and mean square root
geometrical ray path, provided the particle shape is known. In
this case, knowledge of concentration is not necessary. In the
IC limit of the GRA, however, concentration information is re-
quired to obtain particle size, due to the absence of the second
term in (1).

In the IC and the large size limit of R–G, the total scattering
cross sections for spheres and cylinders are given by [17], [18]

sphere

cylinder

random orientation (3)

where is the radius of the sphere or cylinder,is the length of
the cylinder, is the index of the surrounding media, andis
the wavelength in vacuum. It is assumed that the cylinders are
randomly oriented.

B. Transmission

For medium in which both scattering and absorption is
present, the ballistic light intensity is given by

(4)

where is the scattering cross section, is the absorption
cross section, is the concentration, and is the optical path
length. In the absence of absorption, the total scattered fluence is
the difference between the incident fluence and the transmitted
fluence.

In transmission measurements, the light incident on the de-
tector consists of both the true ballistic light and the fraction of
scattered light incident within the detector collection angle,.
When a highly collimated illumination source is used,can be
made small by increasing the sample to detector distance. How-
ever, with white light illumination, beam divergence will limit
the sample to detector distance. For samples with low scattering
and absorption, is relatively large while the total scattered
light intensity ( ) is small and the detected signal is composed
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almost entirely of ballistic light. The optical density ( ) is
then given by

(5)

For highly scattering samples, is small while is large
and the detected signal will consist of both ballistic light and
light which is scattered within the detector collection angle. In
this situation, the measured will deviate from being propor-
tional to concentration and be smaller than its true value. The

at which forward scattering light leakage becomes notice-
able depends on particle size, as scattering from larger particles
is concentrated more at smaller angles.

Due to the range of wavelengths available in this paper, only
the leading term of in the GRA was observed in the trans-
mission measurements for the smaller sized bacteria. For these
particles, the scattering contribution to the is approximately
proportional to and approaches zero in the long wavelength
limit. From the expression given for the scattering cross section
(3) the for spherical particles is given by

(6)

and for cylindrical particles by

(7)

The particle size be can calculated from the following expres-
sions for spheres

(8)

and cylinders

(9)

where is the bacteria cell radius,is the bacteria cell length,
is the concentration, and is the slope of plotted as a

function of . The evaluation of (8) or (9) requiresa priori
knowledge of the concentration and shape in order to calculate
particle size.

For larger bacteria investigated in this study, the second term
in (1) provides an appreciable contribution to the extinction and
the can be fitted by a function of the form

(10)

From (1) and (2), the bacteria size can then be obtained without
the knowledge of the concentration.

Single scattering is not assumed for particle sizing from trans-
mission measurements. This may provide some advantage in
real-time environmental monitoring.

C. Angular Scattering

For single scattering in the R–G approximation, the angular
spectrum of the scattered light is given by [17]

(11)

where is volume of the particle, is the distance from the
scatter to the detector, and is the form factor

(12)

which is an integration of slices perpendicular to the bisectrix,
each slice having an areaand a thickness . The form factor
for a randomly oriented particle is obtained through integration
over the solid angles that the orientation of the particle can have
with the incident beam, the scattering direction () and hence
the bisectrix are fixed. The expression for the averagedis
given by

(13)

where ( ) is the angle of the particle relative to the fixed
bisectrix. The key consequence of (12) and (13) is that

(14)

is only a function of for any particle because a
common set of all different orientations of the particle are av-
eraged to form , independent of scattering direction (, ).
Note, this is valid for randomly oriented particles of any shape,
but not valid when particles are not randomly oriented. The scat-
tered light intensity under this condition is given by

(15)
due to the randomly oriented particles.

For a collection of particles of “size” and a particle size
distribution (PSD) given by , the scattered light intensity
is

(16)

From this, the necessary conditions for the application of
the R–G approximation are that: 1) scattering is dominated by
single scattering and 2) the rescaled spectra from different an-
gles and wave vectors agree with each other, i.e., the rescaled
plots of versus for the
different scattering angles should align.

III. SPECIMENS ANDEXPERIMENTAL METHOD

A. Specimens

Three species of bacteria,Pseudomonas aeruginosa(Pa),
Staphylococcus aureus(Sa), and Bacillus subtilis(Bs), were
chosen for their differences in size and shape.Paare Gram-neg-
ative aerobic rod-shaped bacteria.Pa are commonly found
in soil and water and can inhabit the surfaces of plants and
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animals. It is an opportunistic pathogen which can infect almost
any human tissue although it rarely infects healthy tissues.
From fluorescence spectroscopy studies,Pa are known to have
siderophores which absorb at 400 nm [20], [21]Saare aerobic
to facultatively anaerobic, spherical-shaped, Gram-positive
bacteria. These bacteria can form conglomerates such as pairs,
chains, or grape-like clusters.Bs are aerobic to facultatively
anaerobic Gram-positive, rod-shaped bacteria and often grow
in long chains.Bs are an endospore-forming type of bacteria
which produce endospores when the ambient conditions are
not suitable for growth or reproduction. Malachite green with
safranin-counter staining was performed to verify that at the
time of the measurements, theBssamples were almost entirely
vegetative cells with almost no endospores present.

The bacteria were grown at 37C for 18 h on agar plates. After
incubation and growth, the bacteria were harvested by adding
20 mL of sterile 0.45% saline solution directly onto the cultures
and the bacterial colonies scraped into the solution under aseptic
conditions avoiding disruption of the agar surface. The concen-
trated bacterial solutions were then diluted with sterile, 0.9%
saline to the specific optical densities used in this study and
transferred to 1 1 cm quartz cuvettes. Scattering and transmis-
sion measurements were performed at room temperature within
2–4 h of removing the specimens from the growth media. For
each of the bacteria, the transmission and scattered light inten-
sities were measured for a range of concentrations and optical
densities were computed using a saline cuvette as a reference.
Use of a saline cuvette reference corrected for reflections at
the cuvette surfaces and scattering from the saline and cuvette.
Specimens were diluted to concentrations which ranged from
1 10 to 5 10 microbes/mL. At the more dilute concen-
trations, most of the photons were either ballistic or underwent
only single scattering.

1) Index of Refraction of Bacteria:The dielectric constant
of bacterial cells is not well characterized. The index of refrac-
tion for the different components of mammalian cells has been
measured and reported in the literature. [10] The data in [10]
can be used to estimate the refractive index of the bacteria. Bac-
terial cells lack the higher index mitochondria and melanin of
human cells and therefore the refractive index should be some-
what lower then for human cells. Using for cytoplasm
and for nuclear material and assuming bacteria cells
are approximately equal parts cytoplasm and nucleus, the index
of refraction is estimated to be 1.38. By way of comparison, an
index of 1.3886 was reported for marine bacteria. [22]

For bacteria in a saline solution, the relative index,
and the condition is satisfied.

For bacteria cells whose sizes are equal to, or a few times larger
than the wavelengths of visible light, the condition
is still satisfied although and the intermediate case is a
valid approximation for calculating the scattering cross section.

2) Bacteria Size Distribution:The size distribution of the
bacteria can be taken to be a Gamma function PSD with the
form of [20], [23]

(17)

where is the “effective” radius defined as the average of the
radius weighted by the geometric cross section and given by

(18)

and is the “effective” variance of the distribution, given by

(19)

The mean radius is

(20)

and the maximum of the PSD is at .
3) Bacteria Concentration and Size by Electron Mi-

croscopy: In preparation for electron microscopy, the bacteria
were first fixed which serves to stabilize the cells during the
removal of water, then dehydrated using ethanol in a series of
increasing concentrations, then mounted and sputter coated
with a conducting high atomic number metal. The concentra-
tions were estimated by uniformly distributing 50l volumes
from two samples of each of the three bacteria on 25 mm
diameter filters and using a scanning electron microscope
to count the number of bacteria cells in randomly selected
areas on the filters. Since the is linear in concentration,
the concentrations of the remaining samples were calculated
by comparing the at 0.5 m for these samples with the

of the samples subjected to microscopy. The calculated
concentrations agreed closely with the relative concentrations
determined by the (known) sample dilutions. Microscopic
examination also provided an independent estimate of particle
size and aspect ratio for the rod-shaped bacteria. Although the
accuracy of this method for determining concentration was
not expected to be high, the bacteria sizes calculated from
transmission measurements were in very good agreement with
microscopy.

The particle sizes observed under electron microscopy are:
0.85 m diameter forSa; 0.6 m diameter and 1.5 m

length forPa; and 1.0 m diameter and 3 m length for
Bs.

B. Experimental Apparatus

A schematic of the experimental setup for the transmission
and scattering measurements is presented in Fig. 1. The light
scattering and transmission measurements were performed in
the visible region of the spectrum using a cw xenon lamp
light source (Xenon Fiber Optic Light Source Model ILC201
from ILC Technology, Sunnyvale, CA) and a compact spec-
trometer/ charge-coupled device (CCD) detector combination
(Ocean Optics Model PC 1000, Ocean Optics, Dunedin, FL).
Illumination from the xenon lamp was coupled into a 500-m
diameter optical fiber and collimated upon exiting the fiber.
The transmitted and scattered light was collected by a second
500- m diameter quartz fiber positioned 4.0 cm from the en-
trance face of the cuvette. In order to prevent detector saturation,
spectrally flat metallic filters were placed in the light path
for reference intensity and transmission measurements. No
filters were needed for the angular scattering measurements.
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Fig. 1. Schematic of experimental apparatus for transmission and scattering
measurements.

The transmission of the metallic filters were independently
measured with a Varian Cary 500 absorption instrument and,
when appropriate, a filter correction was applied to the data.
A 0.8-mm diameter aperture mounted in front of the collec-
tion fiber restricted the collection aperture angle to 1.35.
The spectral range of the transmission and scattering spectra
were limited by the response of the spectrometer and CCD
to 345–600 nm. The Ocean Optics spectrometer is mounted
on a PCI expansion card installed in a personnel computer.
The detector consists of a 1024 pixel linear array and 12-bit
analog-to-digital converter. Data is transferred to the PC for
storage and further processing. The integration time is pro-
grammable and multiple readouts of the CCD can be stored
in memory and later summed to provide additional integra-
tion. Dark current is stored electronically and can be digitally
subtracted from the data. In the data presented in this study,
the PC 1000 was programmed to sum 600 frames, with a
10 ms readout time per frame, for a total integration time of
6 s per scan. For each measurement, 20 scans were acquired
and averaged, for a total integration time of 120 s.

The collection fiber is mounted on a rotation stage which
allows precise angular rotation of the collection fiber while
maintaining a fixed distance to the entrance face of the sample
cuvette. In this apparatus, the cuvette does not rotate with the
detection fiber, but remains oriented normal to the incident light.
The maximum measurable scattering angle is 48.7(in water),
limited by total internal reflection at the quartz/air interface.
The minimum scattering angle is limited to 5(in air) by
the divergence of the illumination beam. At 5, the intensity
of the scattered light from the saline reference cuvette was
less than 1% of the scattered light intensity from the weakest
scattering bacteria specimen at this angle. Angular scattering
spectra were collected in 2.5steps between 5and 20 (in
air). In the geometry used in this apparatus (see Fig. 1), the
relationship between the scattering angle in air and water is
given by

(21)

Fig. 2. Optical density of polystyrene 1.0�m microspheres plotted as function
of 1=� and the corresponding linear fit.

where is the radius of the rotation stage (4.0 cm), is the
angle of the stage, is the scattering angle in water, and
are the indices of water and quartz, respectively,is the thick-
ness of the cuvette wall (1 mm), andis the optical path length
in the cuvette (10 mm).

IV. V ALIDATION WITH POLYSTYRENEMICROSPHERES

The system was tested by performing transmission and scat-
tering measurements on 1.0m polystyrene latex microspheres
(Sigma Aldrich). The microspheres (index of refraction
1.59) were suspended in glycerin (index of refraction1.473)
to satisfy the “soft” particle requirement of the IC (relative
index 1.08). Particle concentration was determined by a
precise dilution of the known, initial concentration and was
1.1 10 particles/mL. The OD and the corresponding linear
fit, of the polystyrene microspheres are plotted as function of

in Fig. 2 for in the range of 345 to 600 nm. As can be
seen in Fig. 2, the is nearly linear in and a linear least
square fit with the intercept constraint to the origin gives a slope
of 0.028 m . From the known concentration (1.110 mL),
path length (1 cm) and refractive index (1.59), the particle
radius, calculated from (8), is 0.62m, in reasonable agreement
with the 1- m diameter specified by the manufacturer.

Angular scattering measurements were performed on the
1.0 m polystyrene spheres. The seven detector angles in air,
relative to the beam direction, varied from 5to 20 in 2.5
steps (equivalent to scattering angles of 4.23, 6.32 , 8.40 ,
10.45 , 12.47 , 14.45 , and 16.39 in glycerin—see (21),
with the substitution of the refractive index of glycerin for the
refractive index of water). The most obvious features observed
in the scattered intensity are due to the emission profile of the
xenon lamp. A more hermeneutic view can be obtained by
examining the scattered light intensities corrected for the lamp
intensity, , which are plotted in Fig. 3. The most salient
feature observed in the spectra plotted in Fig. 3 is a sharp
increase in relative scattering intensity at wavelengths shorter
than 430 nm.

The rescaled spectrum for the microspheres was calculated
and is plotted in Fig. 4. A Gamma function PSD with an effec-
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Fig. 3. Angular scattering intensity from the polystyrene microspheres at
4.23 , 6.32 , 8.40 , 10.45 , 12.47 , 14.45 and 16.39 (in glycerin). Intensity
was normalized by the lamp intensity.

Fig. 4. Rescaled scattering intensity from polystyrene microspheres.

tive variance of 0.05 was assumed and the PSD was fitted with
a least squares simplex algorithm using the scattering data be-
tween 480 and 600 nm. The calculated effective radius is 0.50

m. Therefore, the mean radius is 0.45m and the maximum
of the PSD is at 0.425 m, in reasonable agreement with the
manufacturer’s specified 1.0-m diameter. The PSD is plotted
in Fig. 5. It is expected that for softer particles such as bacteria
in water, the GRA of ADT and R–G theory for rescaled spec-
trum from multiple scattering angles should perform better.

V. RESULTS

Transmission and scattering measurements were performed
on five different concentrations of each of the three types of
bacteria. The concentrations were chosen so that the two more
dilute samples from each bacteria would exhibit primarily single
scattering. This was experimentally verified.

Fig. 5. PSD for polystyrene microspheres.

A. Transmission Measurements

Bacteria contain several native molecules that absorb in the
blue and UV. These include flavins and nicotinamide adenine
dinucleotide (NADH) in the blue and aromatic amino acids and
nucleic acids in the UV.Pa also contains siderophores which
fluoresces at 465 nm and have absorption bands at 400, 350, and
250 nm [21]. In the visible spectral region, absorption loses are
considerably less than scattering loses. However, an absorption
contribution was observed at shorter wavelengths, a region in
which the was greater than that predicted by the IC.

It was also observed that in the experimental system used in
this study, forward scattered light leakage became noticeable
when the was greater than 1.8 for the smaller sized,Paand
Saand 1.5 for the largerBs. Forward scattered light leakage is
scattered light collected by the finite acceptance angle of the
detector and is in addition to the ballistic component.

From the transmission measurements, the IC was determined
to be a valid approximation for the smaller sizedPaandSa. For
the larger sizedBs cells, the GRA can be used to fit the
with a function quadratic in . The OD, plotted as function
of is shown in Fig. 6(a)–(c) forPa, SaandBs, respectively.
The corresponding linear fits forPa andSaand a quadratic fit
for Bs, are also plotted in Fig. 6(a)–(c).

For all five concentrations ofPa, the is linear in for
the region between 550 and 600 nm, a region in whichPa does
not absorb. A linear fit was performed on data in this range.
Using the 0.4 aspect ratio (diameter/length) observed in mi-
croscopy the length and radius of thePawas calculated from (9).
All five concentrations gave nearly identical results of a 1.5m
length and a 0.3m radius, in excellent agreement with the size
observed under microscopy. Size results for the fivePasamples
are summarized in Table II. ThePaabsorption can be estimated
from the difference between the measured and the IC ap-
proximation and can be observed in Fig. 6(a) at shorter wave-
lengths. The maximum absorption occurs below 400 nm and the
absorption losses are less than 15% of the scattering losses.

Similarly for theSa, the was linear in for all five
concentrations in the long wavelength region. Data in the range
of 500 to 600 nm was used to generate the linear fit of the OD.
All five concentrations ofSagive the same results for the radius,
0.43 m, in good agreement with microscopy. The results for
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Fig. 6. Optical density of (a)Pa, (b)Sa, and (c)Bsplotted as function of1=�
for five concentrations of each bacteria. A linear fit for thePa andSaand a
quadratic fit for theBsare shown.

TABLE II
PA SIZE CALCULATED FROM TRANSMISSIONMEASUREMENTS

the Sasamples are summarized in Table III. The presence of
absorption can also be observed inSaat shorter wavelengths

TABLE III
SA SIZE CALCULATED FROM TRANSMISSIONMEASUREMENTS

TABLE IV
BS SIZE CALCULATED FROM TRANSMISSIONMEASUREMENTS

but it is smaller than in thePa. The maximum absorption loses
are less than 10% of the scattering loses.

For the four more dilute concentrations ofBs, the form of
the can be accurately described by (10) and the
ratio is nearly equal for these four samples, varying from 24.6
for the most dilute to 22.2 for the second most concentrated.
The highest concentrationBs sample could not be fitted by a
quadratic in as can be observed in Fig. 6(c). This may be
due to the presence of a large amount of forward scattered light
distorting the transmission measurements. From (1) and using
an aspect ratio of 0.4, the average length of theBscells is 2.8 m
and the average radius is 0.56m, in agreement with the size
observed under microscopy. Applying the IC and usingfor
the slope of the OD, theBs length and radius were calculated
to be 2.4 m and 0.49 m, respectively. This value is slightly
smaller than the value calculated from the GRA. TheBs size
calculated from the GRA and the IC are presented in Table IV.

B. Angular Scattering Measurements

Scattering measurements were performed at seven detector
angles which varied from 5to 20 in 2.5 steps (equivalent to
scattering angles in water of 4.63, 6.93 , 9.21 , 11.46 , 13.69 ,
15.88 , and 18.03-see (21) and Fig. 1).

The ratio of scattered light intensity to incident intensity are
plotted in Fig. 7(a)–(c) for the most dilute concentrations ofPa,
Sa, andBs, respectively at the seven angles. The salient features
which can be observed in Fig. 7(a)–(c) are: 1) increases
for shorter wavelengths—the increase is more rapid at smaller
angles; 2) for the larger sizedBs, the decreases in intensity with
angle is greater as compared to the smaller sizedSaandPa; and
3) at the large angles, increases at shorter wavelengths
for theSabut not for theBsor Pa.
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Fig. 7. Angular scattering intensity from most dilute concentrations of (a)Pa,
(b) Sa, and (c)Bscorrected for lamp intensity at angles of 4.63, 6.93 , 9.21 ,
11.46 , 13.69 , 15.88 , and 18.03 (in water).

For single scattering, the form factor and, thus, the shape
of the angular distribution of scattered light is independent of
particle concentration. Therefore, at a given angle, the ratio,

, is independent of concentration. A comparison of
for the different concentrations gives a measurement

of the extent of multiple scattering and can be used to determine
if single scattering dominates. Therefore, prior to analyzing
the rescaled spectra, the angular scattering was examined to
determine which specimen concentrations exhibited primarily
single scattering. The ratio at 5 for the three different
bacteria species are plotted in Fig. 8(a)–(c). Examination
of Fig. 8(a) shows that the ratio for the two most
dilute Pa concentrations are equal at longer wavelengths and
nearly equal at shorter wavelengths, indicating that for these
concentrations, mostly single scattering is occurring.
for each of the three higher concentrations differ significantly
from each other—an indication of multiple scattering. For the

Fig. 8. Scattering intensity at 5(in air) divided by total scatter light for
(a) Pa, (b) Sa, and (c)Bs for five concentrations of each bacteria.

two most diluteSasamples, plotted in Fig. 8(b), the
ratios have the same shape, however, they differ by approxi-
mately 10%. The ratio for the two most diluteBscon-
centrations are equal at longer wavelengths and close in value
at shorter wavelengths [see Fig. 8(c)] indicating that, for these
two samples, mostly single scattering is occurring. That the

ratios are not exactly equal may be due to a small
amount of double scattering.SaandBs are not uniformly dis-
tributed throughout the cuvette, but occur in clusters and chains,
respectively, therefore, a photon which is scattered once is more
likely to be scattered a second time and the number of double
scatters may be higher then would be expected from a uniformly
distributed bacteria population.

The rescaled spectra for the most dilute concentrations of
Pa, Sa, andBsare plotted in Fig. 9(a)–(c), respectively. ThePa
spectra shows very good alignment at shorter wave vectors for
all angles. At longer wave vectors, the alignment was not quite
as good and the scattered intensity was slightly more at small
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Fig. 9. Rescaled scattering intensity for the most dilute samples of (a)Pa,
(b) Sa, and (c)Bs.

angles than at large angles for the same rescaled wave vector.
This may be attributed to either the presence of weak absorp-
tion, or to a larger refractive index, at shorter wavelengths. Both
the SaandBs spectra show very good alignment at larger an-
gles [see Fig. 9(b) and (c)]. At smaller angles (5and 7.5 for
Saand 5 for Bs) the spectra did not align nearly as well, with
the scattered light intensity being weaker at small angles than
expected from theory. This may be attributed to a small number
of double scattering events which would increase the angular
spread of the scattered light. Although theSahad the lowest

of the three bacteria and, therefore, was least likely to ex-
hibit multiple scattering, the presence of clusters can increase
the likelihood of double scattering as the distance between bac-
teria cells is reduced inside the cluster. TheBswhich occur in
long chains also exhibit weaker scattering at small angles than
theory predicts. On the other hand, thePa, which occur either
singly, or in chains of no more than two or three bacteria cells,
had excellent alignment at small angles.

Fig. 10. PSD for radii ofPa, Sa, andBs.

TABLE V
BACTERIA SIZE AS DETERMINED BY ANGULAR SCATTERING SPECTRA

A least square fitting using a simplex algorithm was also
used to determine the particle radius and the aspect ratio for
the rod-shaped bacteria. For the assumed Gamma function PSD,
with an effective variance of 0.1, the results of the fitting algo-
rithm give an aspect ratio (diameter/length) for thePa of 0.4.
The “effective” half length and offset are 0.89m and 10 m,
respectively. For an effective variance of 0.1, the mean length of
thePa is 1.4 m and the mean radius is 0.28m. For theSa, the
fitting algorithm gives an “effective radius” of 0.25m and an
offset of 0.24 m for a mean radius of 0.39m. The fitting al-
gorithm applied to theBsgives an “effective length” of 3.2m
and an aspect ratio of 0.4. Therefore, the mean length and radius
of theBsare 2.56 and 0.51m, respectively. The PSD for the
radii of the three bacteria species are plotted in Fig. 10. The bac-
teria sizes as determined by angular scattering are summarized
in Table V.

VI. CONCLUSION

This work has demonstrated the strength of light scattering
determining size, shape and PSD of small particles. Our re-
search has shown that light scattering can be an effective tool for
measuring the size and shape of bacterial cellsin situ and pos-
sibly provides a method to monitor the environment for micro-
bial contamination. Excellent agreement is achieved between
particle size retrieved from: the GRA applied to transmission
measurements; PSD from the R–G approximation applied to the
angular scattering spectra; and those from scanning electron mi-
croscopy. The bacteria sizes as measured by these three methods
are summarized in Table VI. The transmission measurements
from a range of concentrations can be used to measure the sizes
of bacteria cells.
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TABLE VI
SUMMARY OF MEAN SIZE OF BACTERIA FROM THE THREE TYPES OFMEASUREMENTS
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