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Introduction 

Biology-driven advances in photonic detection systems have been dramatic in the last 
several years. Three specific aspects are of particular interest: molecular detection, cellular 
detection, and whole-organ or small-animal imaging. Each area of study requires specific probes, 
detectors, and analytical processes. The purpose of this paper is to provide an overview of many 
of the options available today. 
 
a. Molecular Detection 

The first principle of molecular detection within the biological domain is that if one uses 
fluorescent probes, the spatial resolution of detection is not critically important. This is not always 
obvious, but it is a fundamental tenet of fluorescence detection. The result is that we can identify 
very small numbers of receptors on cells or we can identify very small concentrations of a drug or 
reagent by tagging them with appropriate probes. Thus the tools of fluorescence are very 
powerful indeed. 
 
b. Cellular Detection 

The same tools for molecular detection are of course used to discriminate one specific 
cell from another. Over the past several decades, biologists and biochemists have developed 
probes that have specificity for an individual feature (which can consist of many different 
molecular species) and this is readily identifiable. For 20 years, the emphasis of the biological 
realm has been on specific probes such as fluorescent dyes conjugated to molecules such as 
monoclonal antibodies (MABs). MABs were developed by Kohler and Milstein in 1975 (Kohler, G. 
et al, 1976), for which they subsequently won a Nobel prize. MABs are very specific in terms of 
their identification capacity, and thus a great deal of biological detection is based on having a 
considerable armament of absolutely specific probes. For example, an MAB that is highly specific 
and totally reproducible can be made against a specific epitope (structural component) of a cell. 
In fact, once a cell line (clone) is identified that can produce an MAB, it is in fact a tumor that will 
essentially last for “ever” and produce an antibody with the same exact structure every time. This 
has given biologists a tool for the mass production of highly accurate detection molecules.  The 
fundamental expansion of immunology has a close linkage to MABs since to date there are 339 
documented classifications known as Clusters of Differentiation (CDs) that identify different 
cellular subsets each of which is identified by an MAB.  In addition to MABs, there are less 
specific probes such as fluorescent molecules (stains). These can be conjugated to MABs, as 
they frequently are, but they can also be used independently. For example, there are probes 
clearly identified that label nuclear materials, cytoplasmic organelles, cell membranes, protein, 
carbohydrate, sugars, etc. These probes are again readily used in cell biology and there is a 
great deal of literature supporting the various functions of these probes. Thus, in the biological 
realm, detection, identification and classification are frequently related to highly specific and well 
defined probes for which we have a priori information. The combination of this with advanced 
multispectral technology will open biological classification systems to a new dimension. 

There are a variety of tools for measuring fluorescence in cells. Obviously imaging is an 
excellent tool and one that has the advantage of being fast and readily available in a number of 
implementations. Imaging, however, is not the only way to detect fluorescence. Single-cell 
fluorescence, whether it be from molecular tags, organelle tags, or physical tags such as 
quantum dots can also be detected in fluid systems such as flow cytometry. The advantage of 
this technology is the ability to collect a vast number of variables in a highly coordinated and 
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correlated way. This opens the possibility of identifying and separating unique populations of 
cells. At the very least, it allows us to analyze the mixed population very quickly. 

The most recent venture into spectral analysis has been our recent development of a 
high speed spectral analysis device that can analyze a 32-channel spectrum in approximately 5 
microseconds. With appropriate electronic and fluidic limitations, this allows the potential to 
collect at least several thousand cells each with 32 channels of spectra in just one second, or a 
few microseconds per cell (Figure 1). This is important because flow cytometry is a tool of choice 
for single-cell analysis in biology and is used to classify cells into one of many compartments, 
mostly based on specific stains and MABs that are available with known characteristics. One 
significant complication arises, however, when collecting a large number of different wavelengths 
because the bands must, by virtue of being relatively broad, overlap and a process called 
fluorescence compensation must be applied to remove components of one band from another. 
When 15 to18 simultaneous bands are being collected, this process is very complex indeed. The 
current technology developed in our laboratory has provided a significant advance in cytometry 
since the analytical tools can bypass some of the difficulties of traditional systems.  

 

Figure 1: The core of the spectral detector is the distribution of the spectral signature via a 
grating with the signal impinging upon the 32 ch detector after which data would be passed 
through a complex analytical process. 

 
We have developed a system that will allow us to classify cells very rapidly by using 

advanced analysis techniques similar to those used in remote sensing. Previously, simple 
Boolean analyses were the only approaches to analyzing these data sets. Initially, only 2 or 3 
variables were collected. Subsequently, 4, 5, 6 colors of fluorescence in addition to scatter were 
collected. Currently, some groups are attempting to collect 15 to 18 or more simultaneous 
fluorescence spectra in addition to 2 scatter measurements. Thus, it is becoming more difficult to 
use simple traditional analytical approaches. With the advent of the simultaneous 32-channel 
fluorescence which can be collected in ~5x10-6 seconds, it is clear that PCA and other advanced 
approaches are not only preferable, but necessary. Next-generation tools in proximal analysis 
(cytometry) very closely resemble the tools used in remote analysis. We believe that the two 
technologies are very closely allied and the links between these technologies could be 
significantly extended. 
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c. Whole-body Detection 
Small-animal fluorescence imaging is a rapidly growing field that makes use of the ability 

of visible (VIS) and near-infrared (NIR) light to penetrate small distances through living tissues to 
non-invasively.  There are currently many versions of small animal imagers on the market, 
manufactured by many different companies.  All of them face a common set of complications 
associated with imaging through a medium that is simultaneously absorptive, scattering, and 
fluorescent.  Imaging an often weak fluorescence signal within this environment can be 
complicated.  Trying to infer any type of ratiometric or quantitative measurement from these 
images is difficult indeed, and in many cases, impossible. In imaging through tissues, clinical 
medical imaging modalities (X-ray, CT, PET, ultrasound, etc.) face many of the same problems 
as fluorescence small animal imagers.   

Small-animal fluorescence imaging techniques consist of traditional 2-dimensional 
fluorescence imaging, 3-dimensional optical tomography, spectral imaging, and fluorescence 
lifetime imaging.  It should be noted that 2-dimensional fluorescence imaging, or planar 
fluorescence imaging, produces small data sets that can be visualized with little or no 
preprocessing, while techniques such as tomography, spectral, or fluorescence lifetime typically 
require a significant amount of preprocessing to allow for effective visualization. 

Optical tomography has been used with both bioluminescence (Dikmen, Z. G. et al, 
2005),(Chaudhari, A. J. et al, 2005) and fluorescence (Ntziachristos, V. et al, 2002) techniques.  
While bioluminescence offers a greater reduction in noise owing to the lack of autofluorescence, 
fluorescence techniques are currently much more versatile in the selection of available 
fluorophores, targeting methods, and amplification techniques.  Spectral data have also been 
used in bioluminescence tomography to estimate signal depth as a function of wavelength-
dependent absorption by tissue, thus offering an improved resolution over monochromatic 
bioluminescence tomography alone (Chaudhari, A. J. et al, 2005). 

Fluorescence imaging on a macroscopic, or whole-animal, level is a technique that has 
grown quickly over the past few years. Companies such as Xenogen, ART, Kodak, and others 
manufacture research instruments for performing whole-animal imaging on small animals such as 
mice and rats. Enhancement of fluorescence is possible with nanoparticles as has been shown 
by Nie; in a recent publication he demonstrated advanced imaging to show cancer progression in 
mice (Gao, X. et al, 2004).  

 
Figure 2: An example of a fluorescence 
image of different fluorochromes in a 
mouse. Each colored region represents a 
different detection molecule.  
 
 
 
 
Multispectral imaging methods have much 
to add to the field of whole-animal 
imaging. One advantage of fluorescent 
nanoparticles is that they often have 
common excitation wavelengths, while still 
exhibiting different emission wavelengths. 
Multispectral imaging makes possible the 
simultaneous use of multiple sizes of 
fluorescent nanoparticles, each with a 
distinct emission peak. Through spectral 
deconvolution a separate image may be 
constructed for each size (color) of 
fluorescent nanoparticle, showing its 

location in the animal. Thus, complex drug tissue studies may be performed using fluorescent 
nanoparticles as markers. In this same manner, it may also be possible to study biomolecular 
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pathways on a whole-animal level using many colors of quantum dots, each of which indicates a 
different step in the pathway.  

There is another aspect of clinical medical imagers that has yet to be translated into small 
animal fluorescence imaging: quality control and validation.  Clinical imaging systems employ a 
standard schedule of quality control and validation, which allows them to yield consistent and 
often calibrated imaging data.  Phantoms are one of the commonly used tools in performing 
quality control and validation. This is a very important area that has yet to be well defined.  
 
d. Fluorescence Probes 

Within the world of biological imaging, fluorescence is frequently the measurement of 
choice. The reason is the ability to use fluorescent dyes as target molecules to label specific 
components of the cell. Further, after the discovery of monoclonal antibodies, it became possible 
to label very specific molecules on the cells. These molecules are well defined, and by tracking 
them on cells it is possible to gain very specific information about different cells and their 
population data.  

Fluorescence has been part of the armament of biologists since 1941, when Coons et al. 
(Coons, A. H. et al, 1941),(Coons, A. H. et al, 1942),(Coons, A. H. and Kaplan, M. H.1950) 
developed techniques for making linkage methods for fluorescent molecules. Since that time, 
there have been literally several thousand different dyes manufactured for fluorescence analysis, 
predominantly by a company called Molecular Probes that focused on this specific goal for the 
field of biological science (www.probes.com). Thus, it is clear that the use of fluorescence has 
been a key factor in the success of biologists to develop specific probes for targeting molecular 
and cellular subsets. However, in developing these tools, the emphasis was on identifying a 
specific wavelength feature because we always know precise characteristics of our probes. 
Rarely has the biological systems approach been to identify unknowns from complex mixtures 
rather by insertion of specific fluorescence molecules of known characteristics and binding. 

One of the most important fluorescence-based probes for fluorescence imaging has been 
the availability of fluorescence proteins (FPs).  The discovery of green fluorescent protein (GFP) 
(SHIMOMURA, O.2005), and its successful cloning and expression in living organisms was a 
crucial development (Prasher, D. C. et al, 1992). The amazing feature of GFP is that the 
interaction between amino acids of the protein is solely responsible for its fluorescence properties 
(i.e. GFP is fluorescent without the need for specific environmental conditions or substrates). It 
has been demonstrated that the molecular functionality of the GFP tagged proteins is, in most 
cases, preserved.  This fast established GFP as a convenient and popular marker for gene 
expression and function (Tsien, R. Y.1998).  

The introduction of GFP was quickly followed by the many new variants of fluorescent 
proteins derived from Aequorea victoria offering altered excitation and emission wavelengths and 
enhanced brightness: enhanced green, cyan (CFP), and yellow (YFP) fluorescent proteins. The 
usefulness of these proteins and the demand for long-wavelength FPs better suited for use in in 
vivo imaging and fluorescence resonance energy transfer (FRET) experiments led to the 
discovery of the first red FP, known as DsRed, by isolation from anthozoan corals (Matz, Mikhail 
V. et al, 1999). A number of new fluorescent high-quantum-efficiency proteins with distinguishable 
hues from yellow-orange to red-orange have been derived from DsRed (Wang, Lei et al, 
2004),(Shaner, N. C. et al, 2005). On the other end of the spectrum further modifications of the 
FP from Aequorea victoria allowed creation of robust fluorochromes excitable by UV and violet 
light, such as T-Sapphire, Cerulean, mCFPm, CyPet (Nguyen, Annalee W. and Daugherty, 
Patrick S.2005). 
 Today traditional organic stains and various fluorescent proteins have an important role in 
fluorescence imaging.  Older fluorescent labels such as fluorescein and rhodamine are still very 
valuable indeed.  However, the arsenal has now contains many fluorochromes that are more 
photostable and easy-to-use as tagging molecules. The Cy3, Cy5, and Cy7 labels based on 
cyanine dyes are employed to tag antibodies as well as label nucleic acids for gene expression 
studies (Waggoner, A.2006). Another important group of dyes is the Alexa dyes (Panchuk-
Voloshina, N. et al, 1999), which in terms of brightness and photostability are superior to most 
other low-molecular-weight fluorescent probes.  They can be conjugated with proteins without the 
addition of organic solvents, and their conjugates are more resistant to precipitation than 
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alternative dyes such as the aforementioned Cy3 (Panchuk-Voloshina, N. et al, 1999). Figure 3 
shows the excitation and emission spectrum of Alexa Fluor 680 as an example of one such 
probe.  
 
 Fluorescence proteins are 
not the only new luminophores 
enhancing the repertoire of labels 
available for optical imaging 
systems. Quantum dots, 
semiconductor nanocrystals 1-12 
nanometers in diameter, are a 
new addition to the arsenal of 
fluorescent labeling techniques.  
These nanocrystals are usually 
comprised of elements from the 
periodic groups II-VI, III-V or IV-
VI, and exhibit discrete size-
dependent energy (wavelength) 
levels. They provide some unique 
capabilities not available from 
traditional fluorescent labels. The 
emission spectra of QDs can be 
precisely tuned with the size of 
the nanocrystal, yielding a size-
dependent rainbow of colors (Alivisatos, A. Paul et al, 2005). This tunability can be further 
extended by varying the composition of QDs. Owing to their inorganic composition nanocrystals 
are very photostable and less susceptible to photobleaching than organic dye molecules. Their 
narrow emission spectra are suitable for spectrally encoded labeling and spectrally multiplexed 
detection. QDs have been demonstrated to be water soluble and biocompatible (Chan, Warren C. 
and Nie, Shuming1998). Various approaches to QD/protein conjugation have been tested, such 
as the use of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide condensation to react carboxy 
groups on the QD surface to amines, direct binding to the QD surface using thiolated peptides or 
polyhistidine residues, and adsorption or non-covalent self-assembly using engineered proteins 
(Medintz, Igor L. et al, 2005). Although all of these techniques have serious limitations, there is 
little doubt that with the increasing popularity of QDs and enormous research effort to enhance 
this new class of luminophores improved methodologies for use of QDs in biological applications 
will continue to appear.  
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Figure 3. Absorption and emission spectra of Alexa Fluor 
680. 

 
e. Hyperspectral Technologies 

Multispectral analysis has escaped the attention of biologists for many years because 
alternative mechanisms for discrimination of needed components have been adequately served 
by a variety of technologies.  

In the 1960s when the remote sensing community began to explore the opportunities for 
spectral analysis, it is highly unlikely that biologists were aware of these technologies, or 
considered them to be relevant to our field. In fact, during the 1960s and 1970s when the field of 
remote sensing was emerging, so too was the field of cytometry, “the measurement of cells.” In 
1964 when Richard Sweet was developing the inkjet printer technology first published in 1965 
(Sweet, R. G.1965), Mack Fulwyler observed his work, and immediately realized that the same 
technology could be used to separate and sort out single cells using the same principle (Fulwyler, 
M. J.1965). While David Landgrebe was developing spectral technology for remote sensing 
(Landgrebe et al, 1974), Mack Fulwyler, Wolfgang Göhde (Dittrich, W. and Gohde, W.1969), Len 
Hertzenberg (Bonner, W. A. et al, 1972), and others were busy building the field of flow cytometry 
based on fluorescence measurement. This technology has become one of the fundamental tools 
in the field of Immunology, biochemistry, microbiology, and clinical diagnostics, particularly for 
leukemias, AIDs, and a variety of other clinical abnormalities. Interestingly, during this same time, 
the field of biological imaging was making very little progress indeed primarily because of the lack 
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of computing technology. Thus when individuals such as Louis Kamentsky, who worked at the 
IBM’s Watson Labs developing character-recognition technology, attempted to apply similar 
technology to cancer identification from images, the attempts were thwarted by the lack of 
computational power. As a result, these same individuals focused their attention on single-cell 
analysis using flow cytometry because of the lower computation requirement for analysis of a 
single cell rather than an entire image array (Kamentsky, L. A. et al, 1965). The computational 
power required to analyze an image proved too high to create efficient systems for diagnostics 
(Melamed, M. R. and Kamentsky, L. A.1969) but definitely set standards for later return to this 
area with the advent of modern computing devices.  

Biological imaging systems, however, continued to be developed and progress moved 
from video imaging technologies such as the work of Inoue (Inoué, S.1989) and others to more 
modern analog and digital imaging tools such as fluorescence and confocal microscopy, which 
mostly focus on 2- or 3-color analysis where each color is represented by a spectral band of ~25-
35 nm. Thus, discrimination is again determined primarily by using specific stains rather than 
analyzing a spectral data set for an unknown entity. Only recently has the idea of using a spectral 
analysis in biological imaging been approached in a more serious way. Currently there are a 
number of devices such as liquid crystal filters (Hoffman, R. M.2004), AOTF devices (Wachman, 
E. S. et al, 1997), and others that can collect multiple wavelengths in a short period of time, 
resulting in a renewed interest in the principles of multispectral analysis. 

Interestingly, the field of multispectral analysis as it relates to biologists has some 
differences from the remote sensing field. First, while remote sensing is, as the name suggests, 
remote, microscopy is far from remote and is in fact proximal sensing. However, when one 
compares the relative distance from the satellite to the earth and from the eye or sensor to the 
cell surface there are some surprising similarities as well as some interesting comparisons. One 
of the most important similarities of course is the analytical process for unmixing the spectral 
signatures. Spectral imaging has been well established in the remote sensing literature for over 
40 years, but it has only been of interest to the biological community for 10 years and has not yet 
taken a major role in imaging. Several things have changed this. Firstly, technology is now readily 
available for collection of spectral bands. Secondly, biologists are now very interested in the 
components of systems that are not labeled by specific dyes – e.g. non-specific fluorescence 
often referred to as autofluorescence. It appears that autofluorescence is actually a complex 
reflection of the component parts of an organ and thus of great interest if it can be resolved. 

Clearly, while most optical tools in biology have focused on exciting with a single 
wavelength and collecting a few bands of emission, there is no fundamental reason why 
hyperspectral tools cannot be applied to biological problems. It is likely that there are many cases 
where they would be more advantageous, even if they prove unnecessary in other situations 
currently well served by traditional detection modes. 
 
f. Detector Systems 

There are several techniques for photon detection, all of which have advantages and 
disadvantages in different situations. The preponderance of imaging modalities utilize cameras to 
collect the optical signals. This is fast, and mostly efficient. However, in some time-limiting 
situations, the signal to noise is unacceptably low for signal collection. Thus, photomultiplier tubes 
may well be the detectors of choice. This brief summary of detection technologies cannot do 
justice to all of the available detectors, but some should be highlighted. While cameras are clearly 
important in most imaging systems (almost all fluorescence microscopes, some HCS systems, 
and most animal-imaging systems) they are well documented and are so diverse in nature and 
operation, it is inappropriate to discuss them in detail in this short review. 
 The great majority of optical instruments used for cellular analysis use PMTs as the 
standard detection device with properties such that they efficiently detect visible wavelengths. 
This is the case with confocal microscopes, 2-photon microscopes, and many other fluorescence 
detection systems based on these tools. In flow cytometry, the same situation arises because the 
majority of fluorescent probes operate within the visible spectrum (400-700 nm). Next-generation 
tools such as described above with our spectral cytometer use array-based PMTs where 32 
individual PMTs are aligned in very close proximity to form a detection array with tiny dimensions. 
There are obvious potential problems with such devices, such as the signal crossover, small 
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detection windows, inability to control the high voltage on each PMT, etc. However, an increasing 
number of devices are using these detectors (Zeiss Meta, Nikon spectral confocal and others). 
 
g. Analytical Processes 

The production of simple data sets for cellular analysis afforded relative ease of analysis 
up to a few years ago. In most cases, comparative imaging allowed the investigator to perform 
relatively simplistic (and frequently inappropriate) statistical analysis to determine variations in 
experimental results.  However, as we now move to a more systems approach where we collect a 
vast number of parameters and data sets are enormous, we require a very advanced 
management and analysis of biological data. 

Different data sets require different approaches. For example, in the situation where we 
are collecting 40 or more parameters with our hyperspectral flow cytometer, it is necessary to 
perform a variety of analysis routines such as PCA or other techniques to identify similarities or 
dissimilarities within the data set. Displaying these becomes a complex process sometimes 
requiring an ability to visualize dozens of possible combinations simultaneously. Current software 
solutions are quite inadequate for this task and in-house software is frequently required.  

From an imaging perspective, many applications require classification of different types of 
objects. Distinguishing normal cells from diseased and classifying different types of tissue are 
typical examples of image analysis. The classification is generally based on image and object 
features such as size, area, intensity, roundness, texture, shape moments, and moment 
invariants although there are many other possibilities. These features are used by classification 
algorithms like neural networks, decision trees, and support vector machine (SVM) algorithms 
(Jain, A. K. et al, 1999),(Duin, A. K. J. R.2000). Both supervised and unsupervised classification 
approaches are used for this purpose. For supervised classification, the classifier is first trained 
using labeled examples, whereas for unsupervised classification such examples are not provided. 

Many complex applications require multiple object and image features, which increases 
the dimensionality of the problem and thus requires another processing step forf dimensionality 
reduction. Dimensionality reduction algorithms generally select the most discriminating features 
for a particular classification problem. The additional step of dimensionality reduction results in 
faster, more accurate classifiers and a better understanding of the underlying data generation 
process. Most feature extraction algorithms like texture and shape moments have high 
computational cost, hence fast implementation of these features and development of more robust 
and powerful features will significantly help the field of automated image analysis.  
Feature extraction and classification algorithms have been used for many challenging biological 
applications. Different types of classifiers, including SVM and neural networks, have been used 
for classifying subcellular proteins. Some of our previous work reports on the use of Zernike and 
Chebyshev moments and texture features for classification of bacterial colonies using SVM 
classifiers (Banada, P. P. et al, 2006),(Bayraktar, B. et al, 2006). Harder et al. use a large feature 
vector extracted from cellular images and use SVM with a radial basis function as kernel function 
to classify cell nuclei into different mitotic phenotypes (Harder, N. et al, 2006). A robust system for 
classification of chromosomes is reported by Schwartzkopf et al (Schwartzkopf, W. C. et al, 2005) 
who employed spectral features by using a multiple-fluorophore labeling technique and a 
maximum-likelihood hypothesis test for joint segmentation and classification of chromosomes.   
 Clearly there are numerous methods available for classification of biological data sets, 
many of which are quite foreign to the biology community. This opens up an interesting 
opportunity for interaction with those in the statistics, data-management, and information-
processing communities. 
 
Conclusion 
 This paper has attempted to define some of the issues that we currently face in the world 
of optical detection in the biological domain. While there is a history of over 40 years of well 
documented techniques for using bioluminescence, fluorescence, and visible-light scatter as 
excellent modalities for studying biological systems, the current trend of technology growth is to 
multiplex these systems. An example is the addition of hyperspectral analysis in small-animal 
imaging and in flow cytometry. Both systems worked adequately for the problems identified for a 
number of years. However, with a demand for more multiplexed systems approach and the 
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subsequent need to simultaneously monitor multiple reaction sequences or probe sets, both the 
collection and analysis processes must be newly developed. 
 The opportunity to apply these systems approaches to cellular analysis whereby multiple 
pathways are studied, allowing us to better define cell signaling pathways, is perhaps the ‘holy 
grail’ of modern optical tool builders. If successful, there is no doubt that this approach will open 
up a new frontier in cell biology. 
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