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ABSTRACT

Multiwavelength spectroscopy is a rapid technique that provides quantitative information for the detection and identification
of cells. A typical multiwavelength spectrum reflects the chemical composition, size, internal structure and number of cells
present in a sample. These properties constitute essential information for the identification and classification of cells. The
multiwavelength spectrum is generated from the combined scattering and absorption characteristics of the sample. Light
scattering theory is then used to deconvolute the spectrum for estimates of the critical parameters necessary for the detection
and identification of cells. This approach has been used to determine the spectral fingerprint for blood cells, bacterial cells
and protozoa. The characteristic set of optical properties for platelets, E. coli and Cryptosporidium have been determined as
a function of wavelength and used for the quantitative interpretation of UV-vis spectra within the context of Mie theory. The
models developed using this approach provide reliable and accurate estimates for cell size, number, chemical composition
and internal structure. Information on the chemical composition is further deconvoluted into quantitative estimates of nucleic
acid and protein content. This type of detailed information is then used for the discrimination of cell types. The technique is
applicable to a wide range of cell types found in diverse environments. Advances in the development of miniaturized
spectrometers increase the potential of this method as an excellent candidate for a rapid, reliable and efficient biosensor.
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1. INTRODUCTION

Multiwavelength spectroscopy is a versatile, rapid and reliable tool that has immediate applications as a biosensor for the
detection, identification and enumeration of pathogens. The sample information contained in a typical multiwavelength
ultraviolet/visible (UV/vis) spectrum includes cell size, chemical composition and shape. This information is obtained from
the spectroscopic analysis of a sample measured over a broad range of wavelengths (200 - 900 nm) with scattered light
measured at one or many different angles. The ability to extract large amounts of information from a single multiwavelength
measurement makes UV/vis spectroscopy a powerful characterization tool. In addition, a spectroscopy-based biosensor
provides the added benefits of being rapid, inexpensive and relatively simple to operate.

The spectroscopy approach described in this paper gfs been used to opfgin the correct size distribution for a wide variety of
particle based systems including protein aggregates”, microorganisms®= and whole blood (Garcia-Rubio unpublished data)
and isolated blood components= Identifying particle parameters are obtained for these systems and many others directly
from the multiwavelength measurements providing the necessary information for the detection, identification and
enumeration of the particles present in the sample. Furthermore, when the multiwavelength measurements are extended to
include multiple angles of detection, the shape of the particle can also be obtained providing additional discriminating
information.

The approach taken by our group is shown in Figure 1. This approach is based on the fact that particles are characterized by
a joint property distribution (JPD). Examples of several important particle properties are included in the figure. In order to
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identify a particle, information on a range of particle properties must be obtained. We have obtained information on several
of these particles properties from simple multiwavelength measurements using a light scattering and absorption interpretation
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Figure 1: Particles are characterized by a joint property distribution (JPD)

model based on Mie theory. Specifically, this paper reports on the extraction of information relating to the particle size,
internal structure and chemical composition for platelets, E. coli and Cryptosporidium from multiwavelength UV/vis
spectroscopic measurements. Note that in addition to these properties, the multiwavelength spectra for these cells contain
information that will be useful for further discrimination of particles once the interpretation models are improved and
updated.

2. THEORY
The transmission spectrum of a particle dispersion contains information that, in principle, can be used to estimate the particle size
distribution (PSD) and the chemical composition uspended particles. A large number of techniques for the estimation of
the PSD from turbidity spectra have been reporte g Unfortunﬁy, most of these techniques require that pit[riwrl the form of
. More recently, regularization techniques ™ 2apptiedto

the solution of the turbidity equation ve been demonstrated to yield the correct particle size distribution of a large variety of
polymer lattices——and protein ﬁggregates , SiO, particles™, microorganisms—and whole blood (Garcia-Rubio unpublished data)
and isolated blood components™

the PSD be known a priori, or that tﬁéﬂ%)e of the PSD be assume

The Equation that relates the turbidity (T(Ap)) measured at a given wavelength A, and the normalized particle size
distribution for spherical particles (f(D)) is given by*=

T(Ao):Np(%)ISOQ()\o,D) D? (D) dD 1

Where D is the effective particle diameter, Q(Ao ,D) corresponds to Mie scattering coefficient, and Np is the number of particles
per unit volu en in matrix form by discretizing the integral with an appropriate quadrature
approximation
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€ represents both experimental errors and errors due to the model and the discretization*}—Fhe-regttarized-sotution-to-Egtation 22—

is given by:

f(y)=(ATA+yH ) AT 3

where H is a covariance matrix that essentially filters the experimental and the_approximation errors (€); y is the regularization
parameter estimated using the Generalized Cross-Validation technique (GCV) . The Generalized Cross--Validation technique
requires the minimization of the following objective function with respect to y;
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Simultaneous application of Equations 3 and 4 to the measured turbidity spectra yields the discretized particle size distribution.
The scattering corrected spectra can then be used for composition analysis and/or to fingerprint the absorption characteristics of
the particles.

The Mie extinction coefficient (Qex: (M (Ag),D)) is a function of the optical properties of the particles and suspending medium
through the complex refractive index (m(Ao)) given in Equation 5

() +ik (Ay)
T ()

The optical properties of cells were estimated from ﬁﬂﬂations 1-5. Since the optical properties are implicit functions, an
iterative procedure was implemented to estimate thent". The optical properties thus obtained were conditional estimates
based upon Mie theory, the measured transmission spectrum and the particle counts obtained from a hemocytometer. The
refractive index oﬁvater (no(Ag)) in Equation 5 as a function of wavelength was calculated from the correlation reported by
Thormahlen et al.™ The optical property estimation proiﬂws as follows: 1) initial estimates of the refractive index
were obtained from the reported chemical compositio using Equation 5 and the particle counts from the
hemocytometer, 2) a transmission spectrum was calculated in the spectral region where no chromophore absorption was
expected (400 - 900 nm) and was compared with the measured transmission spectrum at each wavelength, 3) new estimates
of the refractive index were obtained using a standard Marquardt-Levenberg algorithm. This iterative procedure continued
until the measured and the calculated spectra agreed within the specified tolerance (1x10-6 au).

m(A,)

3. METHODS
3.1 Spectroscopy measurements

The UV-vis spectra for cell suspensions were recorded on a diode array spectrophotometer (HP8453, Hewlett Packard, Palo
Alto, CA) (having an acceptance angle smaller that 2°). The instrument records spectra every 0.1 second and averages these
spectra over the designated time of sampling (1 to 15 seconds - 10 to 150 spectra averaged). All measurements were
conducted at room temperature using a 1 cm path length, 3.5 mL volume quartz cuvette (Starna Cells Inc., Atascadero, CA).
Before running each sample, the incident intensity was recorded. Next, in order to account for optical density due only to the
sample diluent and the cuvette, the background spectrum for the diluent (deionized water or physiological saline) was
measured.

3.2 Generation of extinction spectra

In order to account for small concentration differences between the samples and to simplify the comparison of spectra for
different cell samples, extinction spectra were generated by diluting the sample a minimum of 5 times directly in the cuvette.
With each diluent addition, the sample was diluted by approximately 15 to 20%. After mixing well by inverting gently, the
spectrum was recorded at each concentration. In this manner, five dilutions of the sample were measured with optical
densities ranging from 1.2 to 0.1 Au. Beer Lambert Law was then used to calculate the extinction coefficient as a function of
wavelength for each sample concentration. The extinction spectra generated in this manner were not only normalized by
concentration, but also allowed for the determination of the statistics associated with the calculated extinction coefficients.
These statistics could then be used to assess the error associated with the experiment.

4., RESULTS
4.1 Multiwavelength UV/vis Spectra for Cells
Qualitative comparison of the multiwavelength transmission spectra for the major blood components and three pathogens

reveals the sensitivity and discriminating power of the spectroscopic approach. The transmission spectra in the form of either
optical density or extinction spectra are shown in Figure 2 for the major blood components. As shown in this figure for the



major human blood components, the multiwavelength spectra reflect differences in the size shape and chemical composition
of the cells. Notice first for plasma, the background fluid component of whole blood, that when the relatively large cells found in whole
blood are not present there is no significant scattering observed in the visible region of the spectrum. Note that scattering occurs
throughout the entire spectrum but is most easily observed in the visible region (400 to 1100 nm) where little to no absorption occurs. For
the other spectra shown in Figure 2, the scattering component is much more significant and determined by the size and shape of the cells.
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Figure 2: Transmission spectra for isolated human blood components: plasma, red blood cells, platelets and white blood cells

White blood cells are the largest cells found in blood (10 to 22 um) and the only cells that contain a highly chromophoric nucleus. White
blood cells are spherical in shape. The next largest cells are the 8 um red blood cells. These biconcave disks are filled with the strong
chromophore hemoglobin. Platelets are the smallest cells found in blood. They are 2 pm discoid shaped cell fragments. When the spectra
for each of these major blood components are compared, note that these differences in chemical composition, size and shape all translate to
significant differences in the multiwavelength spectra shown in Figure 2.
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Figure 3: Transmission spectra for three pathogens: E. coli, Giardia and Cryptosporidium

Similar significant spectroscopic differences are observed when multiwavelength transmission spectra for E. coli,
Cryptosporidium and Giardia are compared. Notice that the spectra for the pathogens shown in Figure 3 differ from one
another and from the spectra for the major blood components shown in Figure 2. As described for Figure 2, the unique
spectral fingerprints for these microorganisms arise from differences in the size, shape and chemical composition of the
different cells. Clearly even at the qualitative level, multiwavelength UV/vis spectroscopy is able to distinguish different cell
types. In the next section, a light scattering and absorption interpretation model based on Mie theory is used to obtain
quantitative information for some of these spectra.

4.2 Deconvolution of the Spectra for Platelets, E. coli and Cryptosporidium

The measured transmission spectra were analyzed using an interpretation model based on Mie theory and the estimated
optical properties for cells. The measured optical density spectra represent the combined absorption and scattering properties



of the sample. The interpretation model uses Mie theory to estimate the scattering component of the measured spectrum,
which is related to the size, and shape of the particles present in the sample. The absorbance component for the measured
spectrum is obtained by subtracting the scattering component estimated with the model from the measured spectrum yielding
the scattering corrected spectrum. Estimates for the average size and PSD come from the scattering component and the
quantitative information on chemical composition comes from the absorbance component.

In Figure 4, an example of the deconvolution of the transmission spectrum for platelets is shown. Notice that the spectrum
calculated with the interpretation model and optical properties is an excellent match for the measured spectrum. The
measured and calculated spectra are so similar that the two lines overlay almost perfectly. The model even accounts for the
fine details of the spectrum that occur between 400 and 500 nm The agreement between the measured and calculated
spectrum extends throughout the entire wavelength range as shown inset in the plot with the expanded y axis. The level of
agreement between the measured and calculated spectrum is indicative of the reliability of the estimates obtained for the
model.
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Figure 4: Deconvolution of the platelet rich plasma transmission spectrum

As part of the analysis, the model outputs estimates of the average particle size (2.04 um) and number (3.6 million per mL).
We have shown that the estimates obtained with the interpretation model agree with impedance based estimates of size and
number obtained with a hematology analyzer=(Serono Baker 9010+, Allentown, PA). Note that the interpretation model and
optical properties have been used with more than 15 different platelet rich plasma samples with similar results and level of
agreement between the measured and calculated spectrum.

In addition to platelet rich plasma samples, the interpretation model has also been used for the analysis of transmission
spectra for E. coli and Cryptosporidium. In Figure 5, the results of the analysis of an E. coli transmission spectrum with the
interpretation model and optical properties is shown. Note that again the interpretation model provides an excellent match
for the measured spectrum. As with the analysis of the platelet rich plasma spectrum, the estimate of average size obtained
with the interpretation model agrees with literature values reported for E. coli (Lenore Hockley Masters thesis in progress).
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Figure 5: Deconvolution of the transmission spectrum for E. coli



Finally, as an example of the most detailed level of analysis possible with our tool, the deconvolution of the transmission
spectrum for Cryptosporidium is shown in Figure 6. In this case, the absorbance component has been deconvoluted to
provide more detailed chemical composition information. In addition to the estimated absorbance and scatteripg
components, the spectrum has been deconvoluted to provide estimates of the protein and nucleic acid content=~ A sample of
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Figure 6: Deconvolution of the Cryptosporidium transmission spectrum

the output from the interpretation is shown in Figure 7. Note how detailed the information is. The fact that such a large
amount of information is contained in such a simple measurement is one of the advantages associated with our
characterization approach. In the case of Cryptosporidium, the internal scattering elements characterized by the model are
suspected to be regions of concentrated nuclear material. Note that the size estimate (4.07 um) and nucleic acid content
estimate (0.94 pg/cell) obtained with the model agree with literature values reported for Cryptosporidium.

Microorganism
Average Size = 4.07 um

Particle Number = 341,000 per mL

Internal Scattering Elements
Average Size = 114 nm
Volume Fraction = 0.4

Fraction DNA+RNA+Nucleotides = 0.06
DNA+RNA+Nucleotides = 0.94 pg/cell

Figure 7: Detailed information contained in the transmission spectra for Cryptosporidium
5. CONCLUSIONS AND WORK IN PROGRESS

As shown in this paper, even at the qualitative level, multiwavelength transmission spectra can be used to distinguish
between different cell types. When these spectroscopic differences are translated into quantitative estimates of particle
properties, important information for the detection, identification and classification of the cells is obtained. The ability to
discriminate between cell types was demonstrated with the light scattering and absorption interpretation model and optical
properties developed in our laboratory. Estimates of average particle size, particle number and chemical composition were
obtained using our approach. In the case of Cryptosporidium, the absorbance components of the spectrum have been
deconvoluted into more detailed compositional information on protein and nucleic acid content. With this level of detail in
the analysis, the multiwavelength UV/vis approach has the potential to provide a sensitive biosensor for the detection,
identification and enumeration of pathogens.

Work in progress includes developing the necessary interpretation models for samples contained in dense media such as
meat. In addition, work investigating the sensitivity of the approach is also underway. An effective biosensor must be able
to detect low numbers of pathogens. Other areas of interest are in the spectroscopic characterization of viable versus



nonviable cells and in the detection of specific pathogens in a mixture of microorganisms. These issues and others must be
investigated if our multiwavelength spectroscopic approach is going to provide an effective biosensor that is precise, reliable,
rapid and sensitive. The results presented here support the potential of our approach to provide a novel biosensor for
pathogen detection and identification.
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