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New advances in elastic light scattering technology 
allow for faster and more accurate identifi cation of 
bacteria. By using globally networked libraries of unique 
scattering patterns produced by bacterial colonies, 
researchers have developed an effi cient method of 
identifying pathogens that has potential applications in 
food and water safety, health care and biodefense. 

Using 
Scattering to 

Identify Bacterial 
Pathogens



www.osa-opn.org22 | OPN Optics & Photonics News

f you could simply look at a bacte-
rial colony and identify it, what 
would that mean to the worlds of 

medicine, food safety and biodefense? 
For years, microbiologists have used 
informed observations of bacterial colo-
nies—noting their shape, size, color, 
texture and odor—in order to gain 
insight into the organism’s identity. 
However, these assessments do not 
provide enough information for a quan-
titative and conclusive identifi cation. 
Th erefore, lengthy biochemical and 
genetic evaluations are the next steps in 
virtually all laboratories.

New elastic light scatter (ELS) tech-
niques may simplify that process. Th ey 
can provide a low-cost way to quickly 
identify harmful bacteria by analyz-
ing the unique scattering patterns that 
these organisms produce when scanned 
by a laser. By linking ELS pattern 
databases, scientists could compare 
unknown patterns with laboratories 
all over the world and hopefully fi nd a 
match within seconds.

Th e desire to create rapid bacteria 
identifi cation systems is by no means 
new. For over a century, scientists have 
worked to protect people from disease-
causing microorganisms. Th anks to 
these eff orts, there are many food 
preparation and delivery methods in 
place to ensure that our food remains 
safe until it reaches our refrigerators and 
pantries. Water supply systems have also 
been designed to remove contaminating 

on where you are and what you are look-
ing for. In addition, various techniques 
vastly diff er in their speed, accuracy and 
practical implementation. 

The food industry
In the food industry, foodborne patho-
gens would ideally be caught prior to the 
processing or shipment of large volumes 
of food. Th is might be within 24 hours 
of harvest or any time before the food 
has reached consumers. Early identifi ca-
tion signifi cantly reduces the impact of 
costly recalls and the chance of public 
health problems. 

Clinical settings
In the medical world, rapid identifi ca-
tion of pathogens results in faster and 
more accurate patient treatment. In 
addition, if the identity of the bacteria 
can be quickly matched with antibiotic 
sensitivity, there will be less of a possibil-
ity that clinicians will prescribe inap-
propriate antibiotics—which contributes 
to a troubling increase in drug-resistant 
bacteria. A target for early identifi cation 
in this scenario would be within 12 to 24 
hours after a pathogen has been found to 
be present. 

Biodefense applications
In the area of biodefense, detection time 
again depends upon the nature of the 
threat. For example, the presence of a 
normal or genetically modifi ed patho-
gen is unlikely to be noticed until clear 

Scientists have been 
looking for much 
more rapid pathogen 
detection options 
to help manage the 
potential impact 
of bioterrorist acts 
that could endanger 
military forces, 
critical service 
industries or the 
community at large. 

I

[ Characteristics of commonly used bacterial identifi cation techniques ]
 ELS PCR Biochemical diagnostics Spectral analysis
Low cost    

Automation   

Accuracy/reproducibility of data    Varies by assay  

Breadth of use   

Sample amplifi cation needed   

Speed     

Ease of use 

ID of live cells only  

Ability to deal with complex samples    

ID by protein profi le  

ID by DNA/RNA    

ID by morphology  

organisms to a point well below their 
infective doses. 

More recently, scientists have been 
looking for much more rapid pathogen 
detection options to help manage the 
potential impact of bioterrorist acts that 
could endanger military forces, critical 
service industries or the community at 
large. In all cases, the earlier the organ-
ism is identifi ed, the better. 

What is “early” bacteria 
identifi cation?
What is considered “early” in the identi-
fi cation of bacteria? Th e answer depends 
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evidence of a problem emerges, such as a 
sudden unexplained increase in hospital-
izations. Th is could take 24 to 48 hours 
or more after exposure. 

Current methods of 
identifying pathogens 
Currently, three fundamental approaches 
are used to detect pathogens: 1) bio-
chemical identifi cation, which is typically 
used in the food and clinical industries; 
2) genetic tools such as polymerase chain 
reaction (PCR) and DNA fi ngerprinting, 
which are also used in food and clinical 
industries, as well as for biodefense; and 
lastly, 3) spectral analysis techniques such 
as mass spectrometry, which has recently 
become a presence in clinical laboratories.  

With perhaps the exception of 
spectral analysis, these approaches take a 
considerable amount of time. Even PCR, 
which is considered the fastest technique 
and the one favored by industries and 
militaries, almost always requires some 
growth of the sample in order to ensure 
accurate identifi cation. 

Th e amplifi cation time depends on 
the number and growth rate of micro-
organisms in the sample. It may be four 
to 12 hours before bacteria numbers 
reach a level useful for these identifi ca-
tion tools. Ultimately, if you cannot 
increase the number of organisms, you 
will not identify your sample. 

The optics behind ELS
ELS works by encoding the micro- and 
macro-structural morphology of the 
colony onto an interrogating wavefront. 
Th e colony’s optical secrets are then 
decoded by examining the forward-
scattering pattern resulting from the 
wavefront propagation towards the far 
fi eld. Th e use of a spatial light modula-
tor (SLM) and a liquid-crystal display 
represents a renowned technique in 
optical engineering to control wavefront 
modulation. We can understand the 
photon-colony interaction as a “biologi-
cal SLM” that changes the wavefront 
characteristics based on the colony’s 
physical diff erences. 

We can understand 
the photon-colony 
interaction as a 
“biological SLM” 
that changes the 
wavefront character-
istics based on the 
colony’s physical 
differences.

[ Photon-colony interaction changes wavefront characteristic ]

The interaction between photons and a bacterial colony alters wavefront properties based on the bacterial colony’s physical character-
istics. (Left) 3-D diagram showing the principle of the bacterial scatterometer (i.e., ELS). (Right) The concept of forward scatterometry 
from a bacterial colony.
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With high coherency and nanometer 
wavelength, the incoming plane wave 
passes through the bacterial colony from 
top to bottom. Various physical param-
eters—such as refractive indices, the local 
density of bacteria and the individual 
shape of bacteria—can all infl uence 
the incoming photons. Th is interaction 
through the z-depth of the colony accu-
mulates and fi nally disrupts the ampli-
tude and phase of the incoming photons. 

Before the photons interact with 
the colonies, the spatial distribution of 
the incoming wavefront is a plane wave 
with typical circular Gaussian intensity 
distribution. However, upon leaving the 
far side of the colonies, the departing 
wavefront is now encoded with diff erent 
amplitude and phase modulation in 2-D 
space. If we apply the Huygens-Fresnel 
principle in rectangular coordinates, the 
process (1)-(3) of the image above can be 
modeled as:

                1E2(xi,yi)=—eet(xa,ya)E1(xa,ya)         il o

         ikrai    exp[ik(f(xa,ya))]exp[——]cosudxa,dya,          rai

where xi,yi are points in the image plane, 
o denotes the colony surface, t(xa,ya) 
is the 2-D transmission coeffi  cient, 
E1(xa,ya) is the 2-D incident Gaussian 
beam, f(xa,ya) is the 2-D phase-mod-
ulation factor, rai is the distance from 
aperture plane to image plane, l is the 
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wavelength and u is the angle of rai to 
the optical axis. When this disturbed 
wavefront is propagated to the imaging 
plane, the characteristic scattering pat-
tern is generated via spatial interference. 

ELS equipment
Th e optical setup for ELS consists of 
two major sections: a plate reader and a 
forward scatterometer. Th e plate reader 
determines the spatial distribution of 
individual bacterial colonies by measur-
ing the transmitted light from the LED 
backlight. Both the location and the 
individual characteristics of a bacterial 
colony (diameter, circularity, etc.) can 
be extracted by image-processing algo-
rithms. Th e plate is then transferred to 
the forward scatterometer for laser inter-
rogation. Th e incoming 635-nm laser 
beam with a 1/e2 of 1 mm is directed 
through each single colony, and the 
associated scattering pattern is captured. 

Two major points must be addressed 
in this process. First, since the typical 
number of colonies on a single plate is 

Th erefore, one achieves a circularly 
symmetric scattering pattern when the 
center of the colony is close to the center 
of the incoming laser. Th is 2-D center-
ing process can be done by calculating 
the geometric centroid of the scattering 
pattern relative to the imaging frame.

ELS’s strengths and limitations
ELS should have a signifi cant place in 
the arsenal of bacterial identifi cation 
techniques: It can identify organisms 
without additional biochemical tests or 
genetic tools, thereby reducing costs. 
Moreover, ELS is faster than all other 
current identifi cation techniques—in 
some cases working in mere seconds. 

For example, E. coli cultures typically 
take about one day to grow. Conven-
tional biochemical analyses and PCR 
can take four to seven days to confi rm 
identifi cation. ELS, on the other hand, 
can be used immediately after the bacte-
rial culture is grown. Th e scattering 
patterns are automatically compared to 
a library of known patterns, allowing 

The linking of data-
bases across food 
safety inspection 
services would allow 
communities world-
wide to identify com-
mon and unfamiliar 
pathogens much 
faster than can be 
achieved using 
present technology.

Fifty ELS patterns from different colonies of Listeria innocua on a single 96-well plate. These forward-scatter patterns or phenotypes 
are highly reproducible. Scans were made using a fully automated robotic system.

about 50 to 200, it is critical to use a 
trajectory optimization technique to 
reduce the total traveling time between 
colonies. Second, the scattering pattern 
is generated via the relative position of 
two entities: the laser and the colony. 

[ Forward-scatter patterns generated using ELS ]
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for near-instant identification. If, by 
chance, the scattering pattern does not 
have a match in the library, we can at 
least conclude that something of interest 
is growing on the E. coli-specific nutrient 
medium and investigate further. 

Although some critics of ELS have 
suggested that it is limited because it 
requires a colony to work—and that the 
organism of interest be culturable—the 
same is true of virtually all microbial 
detection and identification techniques 
available today. 

ELS technology has been tested on 
tens of thousands of bacterial colonies 
and on hundreds of strains and sub-
species. The measurements are highly 
reproducible and very robust. The imag-
es on the facing page are sequential ELS 
patterns from a single rectangular plate 
that were collected using our fully auto-
mated collection system. Furthermore, 
identifying patterns for many bacte-
ria have been stored in our database, 
allowing us to rapidly classify 
many different species. As 
an example, the image to the 
right shows 24 actual scatter 
patterns. The fingerprint of an 
organism is a deconvolution of 
many features extracted from 
these unique and magnificent 
scatter patterns.

Cost is another potential 
advantage of ELS. A mass-
produced ELS system could 
consist of inexpensive, off-the-
shelf hardware, such as red 
lasers and low-resolution digital 
cameras available at consumer 
electronics stores. The system 
also indirectly saves money by 
requiring no reagents and a 
small amount of bench space 
in the typical laboratory. 

No technology is perfect. 
ELS is limited in that it cur-
rently operates only with bacte-
rial colonies, and—in order to 
be measured—these colonies 
need to be more or less trans-
parent and approximately the 
size of the laser-beam diameter. 
We are experimenting with 

Here we show optical signatures of 24 colonies of different bacterial strains collected using ELS. 
Profiles are highly reproducible and require only one to two seconds per colony to obtain. There 
are a variety of profiles, depending on the size, shape, height and composition of the colony. Agar 
density, color and water content can also contribute to variations.

[ Forward-scatter patterns from bacterial colonies collected using ELS technology ]

having become sick after eating contam-
inated food. Conventional physiological 
and serological methods require two 
to seven days to identify the pathogen 
because of the multiple steps involved 
in sample preparation and the need (in 
most cases) to establish a pure culture to 
work from. During this time, pathogens 
can spread among the public. Immuno-
logically compromised individuals are at 
particular risk because they face greater 
health consequences from an infection. 

Therefore, within the process of mon-
itoring and establishing countermeasures 
to the outbreak, timely intervention is 
critical. Even though final confirmation 
of such cases is usually decided at the 
national or international level before the 
public is informed, ELS could serve as 
a pre-screening tool to help contain the 
spread of disease. 

In this scenario, if a local monitoring 
office were to have access to a national 
or international biodefense network ELS 

smaller beam profiles, which would 
allow us to evaluate smaller colonies 
earlier in their development. The first 
profiles we studied were 24-hour colo-
nies. More recently, we have been able 
to assess many organisms at 12 hours 
using a fully robotic system, which can 
make measurements at any time. We 
anticipate that this could be reduced 
even further with more advanced optics 
and imaging tools. Naturally, only 
organisms that are culturable can be 
measured with ELS. Culture time can 
contribute to the ELS pattern and 
must be considered in developing the 
required classification database.

Applications of ELS in the  
food industry
According to the U.S. Centers for 
Disease Control and Prevention (CDC), 
it can take up to two weeks to identify a 
pathogen after a person initially reports 
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pattern database, and if each outbreak 
location were to have a portable scat-
terometer, it would be relatively easy 
to detect a possible outbreak and raise 
an alarm. By providing an early warn-
ing, ELS technology can improve the 
identifi cation process and thus expedite 
patient treatment and slow transmission 
of foodborne pathogens. 

Finally, the linking of databases 
across food safety inspection services 
would allow communities worldwide to 
identify common and unfamiliar patho-
gens much faster than can be achieved 
using present technology.

Opportunities for biodefense

ELS also shows great potential in the 
arena of biodefense—eff orts to prevent or 
contain biological terrorism. Bioterrorism 
refers to the intentional release of harmful 
biological agents, such as bacteria, virus-
es or other toxins in either their natu-
rally occurring or genetically engineered 
forms. Over the past decade, global gov-
ernments and public health offi  cials have 
put well-practiced protocols into place to 
address acts of bioterrorism. Th e goal is 
to rapidly detect mists or clouds of harm-
ful molecules—which may be present in 
infi nitesimal concentrations—and then 

ELS has the potential 
to rapidly identify and 
distinguish between 
the electronic signa-
tures or fi ngerprints 
of high-priority agents 
like anthrax, botulism
and plague versus 
those that cause 
more common threats 
such as water and 
food contamination, 
ricin toxin and 
viral encephalitis.

[ Bacteria identifi cation with ELS and traditional methods ]

The U.S. Centers for Disease Control and Prevention (CDC) estimates that pathogen identifi cation can take up to two weeks with 
traditional methods. ELS techniques can shorten this wait period. Laboratories can connect and compare results with a networked 
database. (Left) Modifi cation from the CDC website showing the current traditional pathway for identifying pathogens from food. 
The dotted line on the left shows the shortcut that ELS technology offers by identifying the colony immediately after the ELS pat-
tern is transmitted. (Right) The current distribution of networked ELS instruments in the U.S.A. With this system, early warning 
signals can be initiated using electronic fi ngerprints rather than waiting for physical distribution of a culture. 

launch a formal public health response. 
However, this process will work only in 
areas where detection systems are well 
distributed—which is not the case for 
most places in the world. 

One of the least rehearsed bioterror-
ism scenarios, and the one for which 
the fewest protocols exist, would be an 
instance in which a group of terrorists 

simultaneously distributes modifi ed 
pathogens with a severe and debilitating 
impact in several large cities around the 
world. No one would suspect the attack 
until large numbers of people begin to 
fall ill. Within hours or days, emer-
gency wards would see more and more 
aff ected individuals. 

Even in the best-case scenario, it 
would take up to 36 hours for body 
fl uids to be sampled, sent to labs and 
reviewed. And that is assuming that 
the organism has not been genetically 
altered, in which case current detec-
tion systems may fail to identify it, 
signifi cantly delaying public health and 
security responses. Furthermore, since 
no existing technology uses an elec-
tronically distributed fi ngerprint from a 
single colony, operational systems could 
not rapidly survey a global database for 
similar signatures as ELS can.

Clinical practice 
Imagine this scenario: A person enters 
a hospital emergency ward with what 
appears to be food poisoning. Th e doctor 
collects a specimen from the sick person 
and sends it to the microbiology labora-
tory for analysis. Bacterial samples are 
plated on the fi rst day and are not evalu-
ated until the next day. 

With ELS

Patient eats 
contaminated food

Case confi rmed

Public health lab 
receives sample

E. coli 0157 
identifi ed

3–4 days

Stool sample 
collected and sent 

to micro

Patient becomes 
ill—goes to clinic

Traditional

DNA fi ngerprinting = 1–4 days

Shipping time = 0–7 days

Time to diagnosis = 1–3 days

= 1–5 daysTime to treatment
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[ References and Resources ]

If ELS is used, all colonies derived from the initial specimen culture are processed, 
reducing the possibility of missing organisms. 

[ Traditional methods vs. ELS technology for identifying bacteria ]On the second day, researchers in the 
lab will decide whether further selective 
nutrient media and genotyping of the 
colonies are needed. It may take a third 
day before pure colonies can be identi-
fied and sensitivity tests conducted. 
However, identification may still not be 
possible, particularly if the organism is 
not a well-known pathogen with primers 
already included in the laboratory’s PCR 
protocols or fingerprinting tests. In the 
meantime, the sick person is most likely 
receiving a general treatment that may or 
may not be effective in alleviating symp-
toms or inhibiting the pathogen. 

In a more troubling scenario, the 
pathogen might be missed entirely. 
As shown in the image to the right, a 
laboratory technician selects a single 
colony as being representative of a 
particular type of pathogen of interest 
(such as a colored colony on selective 
agar), and he or she then sub-cultures 
it and subjects it to sensitivity tests. 
What happens if the technician chooses 
the wrong representative colony? ELS 
techniques eliminate this potential for 
human error. Every colony is automati-
cally selected, analyzed and classified 
without human intervention.

ELS technology has the unique 
potential to rapidly identify and distin-
guish between the electronic signatures 
or fingerprints of high-priority agents like 
anthrax, botulism and plague versus those 
that cause more common threats such as 
water and food contamination, ricin toxin 
and viral encephalitis. It allows us to 
quickly assess the potential risk and initi-
ate the appropriate response even before 
the precise identity of that organism is 
known. In other words, if an unknown 
ELS pattern arises, it can be defined 
without any other information through 
a comparison to all defined ELS patterns 
in the networked database. This works 
because ELS produces unique mathemati-
cal patterns for bacterial colonies. 

In summary 
ELS is a sufficiently advanced technol-
ogy to thwart sophisticated acts of 
bioterrorism. Its ability to monitor the 
signature patterns of common foodborne 

pathogens across the community brings 
an added dimension to food pathogen 
monitoring. A large networked database 
of bacterial signatures based on biophysi-
cal rather than genetic properties, paired 
with a technology utilizing machine-
learning tools for emerging pathogen 
detection, creates a unique opportunity 
to improve monitoring in food and 
water production, clinical settings and 
bioterrorist events. 

The technology used to feed informa-
tion into this database would be based 
on ELS patterns, from which unique 
identifying patterns for most known 
bacteria would be created and distrib-
uted around the world. We anticipate 
that, within several years, this method 
may become one of the most important 

technologies we have in the microbio-
logical world. Who would have thought 
that these beautiful optical patterns 
would originate from bacterial colonies 
that have been evaluated the same way 
for over 100 years? Louis Pasteur would 
be impressed! t
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Select 1 or 2  
representative colonies

• Yes/E. coli
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• Yes/E. coli 9/55 
colonies positive

• Quantitative
• Automated

All colonies on the plate are 
evaluated with ELS—none are missed
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