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ABSTRACT 
 

Microbiological monitoring of water is of primary importance for preservation of human 

health, particularly in an arid zone like the southwest U.S. In this work, infrared 

spectroscopic methods were developed to identify and quantify microorganisms present 

in water and water-related environmental samples. Focus of the work was primarily on 

evaluating the impact of various sterilization methods on microorganism physiology as 

gauged by the non-invasive approach of infrared spectroscopy. This work demonstrates 

that FTIR techniques can be used to identify changes in the physiology of 

microorganisms and that for heat treatment, a correlation between spectral changes and 

the viability of microorganisms can be made. 
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1 INTRODUCTION 

 

Human activities have affected the environment since ancient times. The world’s 

population is releasing contaminants at a rate beyond that which the natural mechanisms 

can recycle. Contaminants of concern include industrial chemicals, salts, metals, and 

pathogenic microorganisms.  Recent activities in the U.S. and abroad indicate that there is 

a need for monitoring water systems in the event of intentional introduction of 

contaminants into the water supply.  Because of this problematic situation, monitoring of 

the environment has an important role in the preservation of human health.  

 

Microorganisms can be transmitted through direct contact between humans, through 

animals or through physical means like water, air and solid residues. The importance of 

specific pathogens and their means of transmission are different for each geographical 

region. 

 

At this moment, for the Southwest region of the U.S., clean sources of water are of 

capital importance due to the arid conditions. Novel methods to reclaim and reuse water 

have been developed. Reclaimed waters have been used for irrigation of public parks and 

golf courses and the city of Tucson, Arizona, has one of largest community reclaimed 

water systems in the United States (Tucson water Department, 2003). The propagation of 

plants through the improvement of soil fertility while utilizing wastes is another 

important issue due to the low proportion of green areas in this particular climate.  
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Introduction of nitrogen can be addressed through addition of biosolids from wastewater 

plants. Additionally to this, mine tailings are been treated through amendment with 

biosolids to increase the recovery of contaminated areas (NSF-University of Arizona 

Water Quality Center, 2003). Unfortunately, leaching of microorganisms from the 

biosolids to water sources could be possible, and so it is important to detect this 

contamination in water. 

 

Groundwater, reclaimed water and biosolids are sources of pathogen contamination and 

so it is important to monitor these materials to reduce the potential for spread of 

pathogens to people. Since traditional methods for microbiological analysis require 

significant laboratory work and times of at least 24 hours, the use of infrared 

spectroscopy will be studied in this work as a means for fast and cheap analysis of 

microorganisms in environmental samples. An advantage of this approach is that the 

viability of microorganisms can be determined along with specific identification. 
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2 OBJECTIVES 
 

Traditional microbiological methods are widely used in environmental analysis with 

results that require from 24 hours to 7 days. In water treatment and distribution, it is 

necessary to use methods that provide information in a reasonable amount of time that 

can characterize the process. This work focused on the analysis of the capabilities of 

Fourier Transformed Infrared (FTIR) spectroscopy to identify and quantify chemical 

changes in a biological sample, alterations in cell physiology and functions that should 

translate to changes in infrared (IR) light absorbance. We evaluated to the potential to use 

this technique for the detection and quantification of the physiological state of microbial 

cells under the application of levels of physiological stress. 

 

This work aimed to evaluate the ability of FTIR spectroscopy to discriminate between 

viable and non-viable microorganisms.  Efforts were made to evaluate the ability of FTIR 

spectroscopy to quantify microorganisms in water and in biosolids. Finally, mechanisms 

of damage to microbial physiology after application of common sterilization methods 

were investigated using FTIR spectroscopy. Emphasis was placed on quantification of 

microbes in water; however, additional analyses were made to evaluate measurement in 

solids.  
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Overall hypothesis 

Infrared spectroscopy can provide useful information to quantify bacteria at low levels in 

water and biosolids and that can be used to identify bacterial species, to estimate the 

viability of the bacteria, and to characterize environmentally induced alterations in cell 

physiology. 

 

The specific objectives were to apply FTIR spectroscopy to: 

 

a) Develop methods to reliably collect high quality spectra of bacteria in water.   

b) Quantify bacteria in water and biosolids and estimate the limit of detection.  

c) Characterize the impact on cell physiology of sterilization techniques using 

starvation, ultraviolet light (UV), chlorine, and heat. 

d) Use FTIR attenuated total reflectance technique (ATR) to compare the sensitivity 

and response of three bacteria to sterilization methods. 
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3 BACKGROUND 
 

3.1 WATER MICROBIOLOGY 

Many people throughout the world do not have access to safe drinking water. There is 

significant morbidity and mortality due to disease-causing organisms in water. Known 

agents of waterborne disease include viruses (Enteroviruses –polio, echo, coxsackie- 

Hepatitis A and E), bacteria (Salmonella, Escherichia coli O157:H7), protozoa 

(Cryptosporidium parvum, Giardia Lamblia) and helminthes (Trichuris trichiora, Taenia 

saginata) (Straub and Chandler, 2003). Approximately 3.1% of annual deaths (1.7 

million) and 3.7% of the annual health burden are attributable to unsafe water, sanitation 

and hygiene (Ashbolt, 2004). All surface waters should be considered potentially 

contaminated, while the purity of the groundwater depends on the local conditions. 

Routine disinfection of drinking water should be used to minimize the residual risk by 

pathogens (Shoenen, 2001). Control routines have been developed by government health 

management boards across the world, as a means to control health related problems. As 
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an example, in the U. S. the maximum contaminant level for heterotrophic plate counts in 

drinking water is reported as non-available (N/A) by USEPA, but requires that the water 

treatments leave no more than 500 bacterial colonies per milliliter. For total coliforms 

(including fecal coliform and E. coli) the goal is to have zero microorganisms in samples, 

but a maximum contaminant level (MCL) of 5% presence of coliforms in samples is 

required (USEPA, 2002). For untreated water, levels of 1000-9999 total coliforms/100 ml 

have been found in 49 of 331 US treatment plants and levels of 100-999 fecal 

coliforms/100 ml have been found in 37 of 208 US treatment plants in December 1998 as 

is reported by USEPA (USEPA, 1999). Those monitoring strategies are based in 

traditional microbiological techniques, which need from 24 h to 7 days to be performed. 

This is why efforts in developing fast methods of analysis are needed to have information 

about the microbiological quality of water and food for make decisions about the process 

that reach a better microbiological quality. 

 

3.2 METHODS FOR MICROBIOLOGICAL ANALYSIS 

Microorganisms need nutrients in order to obtain energy and synthesize biomass in 

addition to a support media where they can growth. Traditional microbiological 

techniques provide this. Liquid nutrient substrates have been developed to give 

microorganisms the support media and nutrients that they need. Solid substrates such 

agar nutrient media have been developed. Additionally, growth chambers provide the 

temperature for optimal growth and systems for gas control supply the special 
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requirements of modified atmospheres that species of microorganisms need for their 

development. 

 

3.2.1 Traditional techniques for quantification of microorganisms 

For bacteria, viable cell counts have been widely used for the evaluation of microbial 

populations. Such measurements are based on the capacity of the cells to grow in a liquid 

or agar gelled media or on a membrane filter (Hobson, 1966). Viable count methods 

include the spread plate method, pour plate method, membrane filter method and most 

probable number (MPN) method (Clesceri, 1989). Automated methods for sample 

preparation, like the StomacherTM (Colworth), plating techniques like the Spiral platter, 

counting techniques like the automatic colony counter or confirmation/identification 

techniques like test kits can be used to improve traditional methods for detection of 

bacteria (Boer, 1999). Direct microscopic counts can be used to determine a total count 

for bacteria (viable and non-viable) or oocysts (Hobson, 1996). Using the membrane 

filter technique for heterotrophic plate counts, the limit of detection is <1 to 10 CFU/ml 

(Clesceri, 1989, p 9-54).  

 

In addition to bacteria, other microorganisms, such as viruses and protozoa, need to be 

evaluated in environmental samples. Viruses are composed of DNA or RNA genetic 

information and can have an external shield of protein, but they do not have all the 

machinery for reproduction, and so need to infect complete cells (bacteria, plants, 

animals) in order to reproduce. This restriction leads to the need for viruses to be cultured 
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in live cell substrates for detection. Protozoa are unicellular animal cells that proliferate 

in the environment and in the bodies of some animal species. They can infect man by 

means of food, air, soil and water spread. 

 

The methods for recovery and detection of protozoa require large sample volumes. For 

the detection and enumeration of Giardia and Cryptosporidium, 10 liters of surface water 

is passed through a deep filter, and the oocysts are eluted and counted by manually 

scanning methods. The oocysts can be stained and to observe internal structures, a 

Differential Interference Contrast (DIC) microscope can be used (Straub, 2003). The 

limit of detection using the technique of concentration of cysts is 1-5 cyst/liter for 

Entamoeba histolytica (Clesceri, 1989). 

 

For viruses, often the most dilute pathogens in water, volumes in excess of 100 liters for 

surface water sources or 1000 liters for drinking water are frequently required. Viruses 

are filtered through positive charged filters, eluted, concentrated, resuspended, filtered 

and detected on a monolayer of mammalian cells in infectivity assays (Straub, 2003). As 

an example of the limit of detection for viruses, the two steps enrichment procedure 

indicates the presence/absence of infection in 100 ml of Coliphage (USEPA, 2001 

Method 1601). 

 

Additionally to this, a large number of detection methods have been developed using the 

optical, electrochemical, biochemical and physical properties of microorganisms. 
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3.2.2 New techniques 

Other techniques, such as ATP bioluminescence, cell counting methods, impedimetry, 

immunoassays and nucleic acid-based assays have been developed as rapid methods for 

microbial quantification (Hobson, 1996). In this same way, biosensors offer a rapid and 

low cost means for bacterial detection. Spectroscopic methods are being used as a rapid 

means of bacterial identification in food technology (Irudayaraj, 2002) and in clinical 

environments (Maquelin, 2003). Generally speaking, cultural methods are slow, but can 

detect several microorganisms simultaneously, including evaluating their viability, while 

rapid methods can detect only one microorganism at a time. Some of these methods can 

work on-line (Boer, 1999).  

 

3.3 MICROBIAL STRESS 

Although it is important for public health to use methods of sterilization for 

microorganisms, sublethal techniques applied to microorganisms are useful to study 

changes in physiology and to determine of level of viability. Levels of partial inactivation 

of pathogens have particular importance for public health since a minimum of 

inactivation must be reached. 

 

An understanding of the mechanisms of microbial stress can be used to predict the 

viability of microorganisms in processes of disinfection and in the analysis of water and 
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environmental samples. This also can be used to improve use of multiple sterilization 

techniques.   

 

3.3.1 Starvation 

Under certain environmental conditions, a lack of nutrients can lead to a starvation 

condition in the cells (Eguchi et al., 1996; cited by Barcina et al., 1997). Chronic 

starvation is defined as nutrient limitation and starvation is defined as complete lack of 

nutrients (Koch, 1979, cited by Chesbro et al, 1990).  A number of stationary-phase or 

starvation-induced genes develop environmental resistance and are regulated by the 

sigma factor rpoS (katF) (Siegele and Kolter, 1992; cited by Barcina et al, 1997). During 

starvation, bacteria become more hydrophobic and adhesive and show a higher 

spontaneous mutation rate. Changes in membrane fatty acids, cell wall amino acids and 

topology of the chromosomes have been described (Kjelleberg, 1993; cited by Barcina et 

al., 1997). 

 

Chesbro and coworkers (1990) have demonstrated that E. coli goes through different 

stages of starvation in a growth rate domain. The culture was grown in a recycling 

fermentor at 30 °C in a glucose-limiting minimal medium. Anaerobic growth was present 

during the first hours.  

 

Operation of the reactor, for less than 14 h, a nutritional status that was called “sufficient” 

was achieved.  Energy reserves were in an accumulation state, the biomass yield in g dry 
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weight per mol energy-limiting substrate (YE) reached a maximum, and the maintenance 

energy demand as a fraction of the cellular energy flux (MED) reached a minimum 

resulting in an exclusive use of the favored catabolic substrate.  In a second stage, from 

20 to 60 h, in a status called “chronic starvation”, the energy reserves were in disbursed 

state, the YE was in a 50% of maximum, and MED was in a 50% of energy flux, with a 

multiple use of catabolic substrates. In a third stage, that occurs in a time greater than 100 

h, in a stage called “severe starvation”, YE was in a 25% of maximum, MED was in a 

75% of energy flux, with a multiple use of catabolic substrates. 

 

Under a limitation of carbon/energy, nitrogen, phosphorus, iron (III), or oxygen 

Pseudomonas fluorescens, under two rates of dilution, 0.05 and 0.15 h-1, the 

morphological features showed lysis and plasmolysis of the cells, vacuoles in the cells, 

granules in cell nuclei, and DNA coagulation. Lysis was most frequent (0-25%) at the 

higher dilution rate. Plasmolysis varied between 0 to 85%. Granules in nuclei were found 

between 65 to 100% in all samples. Vacuoles appeared mostly in low numbers, but at low 

dilution rate under phosphorus or iron limitation, the frequencies were from 25% to 85%. 

A high fraction of coagulated DNA (35 to 70%) was found at high dilution rate under 

carbon, iron, or oxygen limitation (Persson et al, 1990). 

 

Salmonella typhimurium was put under starvation conditions in artificial seawater, at 20 

°C and with gentle stirring, for 19 days. The sequence of microbial changes was: loss of 

culturability and at the same time, loss of substrate responsiveness, then, loss of real and 
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potential respiratory activities, and after this, loss of membrane permeability. Finally, the 

cell integrity was maintained with no changes in the DNA content, and then, changes 

were presented in DNA prior to lysis or formation of non-nucleotid-containing bacteria 

(Joux, 1997). 

 

Archuleta and coworkers (2005) worked with Mycobacterium avium in starvation 

conditions (deionized water), and for the first 4 days, a decrease in the lipid content was 

present, a loss of catalase and urease activities, the viability decreased from 100 to 49.5% 

in 7 days. The cells suffer lysis and the concentration of soluble proteins in the media was 

increased as were determined by electrophoresis. After 2 years, the culture lost less than 

90% of viability.  

 

3.3.2 UV radiation 

The mechanism for UV disinfection is the creation of pyrimidine dimers leading to lethal 

mutations or breaks in the nucleic acids (Villarino et al, 2000). Giese and Darby (2000) 

put coliform bacteria under UV light at three different wavelengths: 254, 280 and 301 

nm. Compared to use of 254 nm light, that have a disinfection status that is assumed as 

100%, the rate of disinfection at 280 has a range of  from 69 to 96%, while the rate of 

disinfection at 301 nm is less than 7%. Clearly, the wavelength for disinfection must be 

carefully chosen. 
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In another work, Fiksdahl and Tryland (1999) irradiated E. coli with moderated UV light 

(254 nm), at two power levels: 26 and 48 mWs cm-2.  This approach reduced the 

culturable cell number (as determined by TSA plate) and the ability to form elongated 

cells in the presence of nalidixic acid by 95% or more. The loss of culturability after UV 

radiation by doses ≤48 mWs cm-2 was not reflected by β-D-galatosidase CTC reduction, 

membrane integrity and membrane potential. However, the parameters were affected by 

higher doses, such as >1900 mWs cm-1. 

 

Villarino and coworkers (2000), put 106 cells/ml of E. coli K12S under a 254-nm light 

source for 1 and 5 min, that corresponded to 10 and 40 µW min/cm2. No growth occurred 

after UV treatment. Residual activities, DNA, rRNA, membrane integrity and respiratory 

activity remained without change after UV treatment, although the kinetic incorporation 

of [14C] glucose was reduced 30 min after the UV treatment, through 75 min, reaching a 

steady state after 2 h.  

 

Hassen and coworkers (2000) made UV disinfection on bacteria in a pilot-plant and a lab 

device. The experiments of UV treatment were made with a lamp of 65 W. Obtaining 

three different kinds of bacteria: a) a sensitive group, with the strain Escherichia coli 

ATCC 11229; b) a moderate sensitivity group, with the strains Enterococcus faecalis 

ATCC 19433, Serratia marcescensATCC 81000 and P. aeruginosa S21; and c) a 

resistant group, with the strains P. aeruginosa ATCC 15442 and Bacillus subtilis 6633.  

The initial time of exposure (2-10 s), corresponding to the mean doses of 10 and 80 mW s 
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cm-2 appeared as a determining factor.  As photo reactivation of micro-organisms after 

UV disinfection was observed with most of the bacteria studied, the need to control UV 

treatment in order to avoid the presence of pathogens in treated samples was expressed by 

the group. A proposed model for disinfection was developed in order to predict the 

disinfection based in the Chick-Watson model. They proposed a modified Chick-Watson 

model for UV considering: 1) an initial microbial reduction at the contact of water with 

UV radiation; and 2) a variation of the speed of disinfection during the process of UV 

irradiation. Initially the empirical model was dN/dt=-kCnN, which on integration gives, 

N/N0=exp(-kCnT), where C is the concentration of disinfectant, k the specific coefficient 

of inactivation., T  the time of exposure and n is the dilution coefficient which is related 

to the quality of water. Replacing the concentration of disinfectant with the intensity I of 

UV radiation, the model becomes in N/N0=Aexp(-kInT), where A is the initial microbial 

reduction at the contact of water with UV radiation, 

 

3.3.3 Heat 

Heat treatment is a process that has been used to inactivate microorganisms to improve 

the safety of foods and water.  If the environmental temperature is increased beyond the 

cellular viable range, some cellular mechanisms can be affected mainly due to 

denaturizing of proteins, enzymes included.  This process is irreversible when it exceeds 

the capacity of recovering of the macromolecules in the cell. Membranes, nucleic acids 

and certain enzymes are cellular sites of heat injury (Teixeira et al. 1997, cited by Fiksdal 

and Tryland, 1999).  
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Villarino and coworkers (2000) have evaluated different viability markers in live and heat 

killed cells, together with culturable cell enumeration on plate. The markers were: 4’,6-

diamidino-2-phenylindole (DAPI) for total cell count, Live/Dead for membrane integrity, 

5-Cyano-2,3-ditolyl tetrazolium chloride (CTC), ChemChrome V3 for esterase activity, 

Fluorescence in situ hybridization (FISH) for rRNA of individual cells, and DVC-FISH, 

for substrate responsive cells, that present cellular elongation during incubation in the 

presence of nutrients and nalidixic acid.  They put Escherichia coli K-12 cells at a 

concentration of 106 CFU/ml in a strong heat treatment in autoclave or a mild heat 

treatment at 60 °C for 30 min. After the treatment, the number of CFUs was less than or 

equal to detection limit (3 CFU/ml). When untreated cells were stained, no significant 

differences were observed between the number of active cells determined by all 

fluorescent markers and the colony count of these cells, with a radio of about 1. 

Autoclaved cells were detected by none of the fluorescent markers. Heat treated cells at 

60 °C were detected by two fluorescent markers, DAPI and ChemChrome V3, but only 

immediately after heat treatment. About 104 cells/ml were detected by DAPI staining, 

Cells containing low residual cytoplasmic esterase activity were detected with the 

fluorogenic substrate ChemChrome V3, but after 24-48 hours, heat treated cells were not 

detected using the fluorescent markers. These results show that the membrane, the 

enzymatic system, the reproductive machinery of the cell, suffer damage with heat 

treatment. DNA of heat-treated cells; however, was detected by PCR. 
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Loss of cell viability can be described mathematically as enzyme deactivation, in a basic 

model; thermal inactivation is described as a first order process: 

Nk
dt
dNr dd =

−
=  

Where rd is rate of cell death, N is the number of viable cells; kd is the specific death 

constant. If kd is constant, we can integrate the above expression to derive an expression 

for N as a function of time: 

tkdeNN −= 0  

As has been used for enzyme deactivation, the microbial inactivation is strongly 

dependent on temperature. This dependence is described using the Arrhenius equation: 

RTE
d

dAek −=  

Where A is the Arrhenius constant or frequency factor, Ed is the activation energy for 

enzyme deactivation, R is the ideal gas constant, and T is absolute temperature (Doran, 

1995). 

 

In the food industry, it is common to use the D value as a measure of inactivation, that is, 

the time needed to reduce the cell count 10-fold. The D value is the slope of the 

regression line between length of treatment and the decimal logarithm of the survivors. It 

is possible to relate the values of D for different temperatures obtaining the value z, that 

is, the slope of the regression line between treatment temperature and decimal logarithm 

of the D value. As an example for Bacillus cereus spores, the D value is 56.2 min for 75 

°C and for a z value for the range 75-97 °C is 9.1 (Casadei et al, 2001). Another example 
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is the value of D for Escherichia coli O157:H7 in ground turkey at 57.5 °C that is 

3.59±0.01 (Juneja et al, 1999). 

 

 

3.3.4 Chlorine 

Chlorination is widely practiced as a disinfection process for microbial control in water 

and wastewater (Shang and Blatchley, 2000). Diao and coworkers (2004) have done 

research using scanning electron microscopy (SEM) observe that for a concentration of 5 

mg/l of free chlorine and 30 min of contact on E. coli, the reduction of viability was 

99.94% with no noticeable lysis.   

 

In a batch reactor, Virto and coworkers (2004) found that both available chlorine decay 

and inactivation of L. monocytogenes by chlorine were biphasic. A two term exponential 

model described both chlorine consumption and microbial inactivation respectively. The 

model for the chlorine decay assays was : C=(1-Q)e-k
c1t +Qe-k

c2t, where C is the free 

chlorine fraction (Ct/C0), Ct is the chlorine concentration at time t, C0 is the initial free 

chlorine concentration, (1-Q) is the free chlorine fraction of the first phase of the curve, 

kc1 is the chlorine decay kinetic coefficient of the first phase of the curve, Q is the initial 

free chlorine fraction in the second phase of the curve and kc2 is the chlorine decay 

kinetics coefficient of the second phase. The survival curve was represented by:  

Log10S=log10[(1-P)e-k
1

t + Pe-k
2

t], where  S is the survival fraction (Nt/N0), Nt is the 

number of microorganisms at time t, N0 is the initial number of microorganisms, (1-P) is 
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the fraction of survivors in subpopulation 1, k1 is the specific death rate of subpopulation 

1, P is the initial fraction of survivors in subpopulation 2. 

 

In chlorination, bacteria are present in three states: irreversibly inactivated, not injured 

and those that are injured to varying degrees (McFeters, 1990 cited by Tosa et al, 

1997).Typical targets in disinfection due to hypochlorites are the amino groups of 

proteins, causing metabolic inhibition (Denyer, 1998). Cell associated chlorine is 

responsible for the inactivation of vegetative microorganisms by free available chlorine 

(Hass and Engelbrecht, 1980).  Lisle and coworkers (1999) used a set of fluorescent 

intracellular strains and probes, together with plate counts to assess viability on chlorine 

disinfected E. coli O157:H7. The results are presented in Table 1: 

Assay Physiological 

parameter 

Mean (%)   

0 min 

Mean (%)   

5 min 

R2A Viable plate count 87.3 34.5 

DVC Substrate 

responsiveness 

57.6 17 

Rh123 Membrane potential 64.2 32.8 

DiBAC4(3) Loss of membrane 

potential 

5.5 39.9* 

CTC Respiratory activity 80.2 41.2 

BacLight (green) Membrane integrity 75.7 34.1 

BacLight (red) Loss of membrane 

integrity 

22.9 53.3* 

*positive delta 

Table 1 Physiological activity of E. coli before and after chlorine disinfection 
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All physiological parameters showed a decrease after the chlorine treatment, and the loss 

of membrane potential and the loss of membrane integrity showed an increase of values. 

After 5 min, physiological indices were affected in the following order: viable plate 

counts > substrate responsiveness > membrane potential > respiratory activity > 

membrane integrity.  Complementary information that confirms these results were 

obtained previously by Albritch and Hurst (1982) who found that the loss of viability in a 

chlorine treatment on E. coli occurs before appreciable respiratory loss.  All these results 

confirm that the damage at the cellular level during the chlorination action affects 

membrane, respiratory and reproductive mechanisms, likely all due to the attack on lipids 

and proteins. 

 

3.4 SPECTROSCOPIC TECHNIQUES 

Spectroscopy is the use of the absorption, emission, or scattering of electromagnetic 

radiation by matter for qualitative or quantitative evaluation (Tissue, 2000). 

Spectroscopic techniques can be destructive, like mass spectrometry or non-destructive, 

like vibrational spectroscopies. 

 

Mass spectrometry creates gas-phase ions from a sample and uses the difference in mass-

to-charge ratio (m/e) of ionized atoms or molecules to separate them. It is useful for 

quantization of atoms or molecules and determining structural information about 

molecules. Molecules have distinctive fragmentation patterns that provide structural 

information to identify structural components (Tissue, 2000). 
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Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy are 

complementary vibration spectroscopies. Infrared spectroscopy is the study of the 

interaction of infrared electromagnetic vibrations with matter. The electric part of the 

vibrations, the electric vector, interacts with the molecular dipoles (Smith, 1996). A 

molecule can be characterized by measuring its absorption of IR energy (Quinteiro, 

2000).  Raman spectroscopy is the measurement of the wavelength and intensity of 

inelastically scattered light from molecules (Tissue, 2000). 

 
 

3.5 FTIR SPECTROSCOPY 

 

3.5.1 Electromagnetic radiation. 

 
Electromagnetic radiation can be caused by the vibration of electric charges, and are 

propagated in space at the speed of light. Properties of the electromagnetic radiation are 

wavelength (λ), frequency (ν), wavenumber (υ ). Wavelength is the distance between two 

contiguous peaks or valleys of the electromagnetic waves. The units can be micrometers 

(μm) or nanometers (nm). Frequency is the number of oscillations of the radiation per 

unit of time. The units are s-1, named Hertz (Hz). Wavelength and frequency are related 

by c, speed of light: 

λυ c=  



32 

Wavenumber is the number of waves per unit length and is the inverse of the wavelength.  

The units are cm-1. The equivalence with wavenumber units are: 

)(
101

)(
1 4

mcm μλλ
ν ⋅

==  

The equivalence with frequency is: 

1−= cm
c
νν  

The importance of wavenumber is that this unit is proportional to the frequency and the 

energy of radiation (Günzler and Gremlich, 2002). The electromagnetic spectrum 

diagram in Figure 1 shows the frequencies and importance of electromagnetic waves. 

When the frequency is higher, the energy will be higher. UV radiation has a frequency of 

vibration higher than visible light, and can damage live cells upon introduction.  Infrared 

radiation does not cause damage on live cells.  

 

 

Figure 1 Electromagnetic spectrum 
(http://hyperphysics.phy-astr.gsu.edu/hbase/ems1.html#c1) 
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3.5.2 Molecular vibrations. 
 

A ball-and-spring model can represent the molecular vibration in a diatomic molecule. 

Where m1 and m2 are assumed to be the masses of the balls, the restoring force F of the 

spring is proportional to the displacement x of the atoms from their equilibrium position, 

and k is the force constant of the spring, in N m-1, which represents the measure of the 

strength of the bond between the two atoms: 

kxF −=  

Based on this, the ball-and-spring model is a harmonic oscillator. The vibrational 

frequency ν0, in Hz, of the harmonic oscillator in terms of classical mechanics is given by 

m
k

π
ν

2
1

0 =  

Where m is the reduced mass in kg: 

21

21

mm
mm

m
+

=  

(Wartewig, 2003) 

 

If the frequency of the infrared (IR) vibration coincides with the frequency of the 

harmonic oscillator, the IR signal will be absorbed by the molecule. The requirement for 

this is that there must be a net change in dipole moment during the vibration for the 

molecule or the functional group under study (Coates, 2000). 
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For a polyatomic molecule, the situation is more complex, due to the large number of 

vibrations. To simplify this, it is possible to describe a model in terms of a minimum set 

of fundamental vibrations, projecting the possible variants of the vibrational motions on 

to the three coordinate axes (normal modes of vibration). For a given molecule, the 

number of normal modes of vibration can be determined by: 

Number of normal modes = 3N-6 (nonlinear) 

                                          = 3N-5 (linear) 

where, N is the number of component atoms in the molecule (Coates, 2000). 

The number of predicted peaks can be lower, because some vibrations have the same 

energy (they are redundant), and the wavenumber of peaks can change because of the 

influence of the environment. As an example, if a molecule is hydrogen bound to 

neighbors, this lower the bond energy (spreads the bonding energy over more space) and 

the wavenumber shifts to a lower value. If the molecule experience repulsions, the bond 

gains energy and the wavenumber shifts to higher values (Bradley, 2004). 

 

 

3.5.3 Spectroscopy and quantitative analysis. 
 
A sample can absorb infrared radiation at fixed wavelengths, this related with the 

chemical bounds present in the sample.  

 

The absorption of light can be quantified relating the intensity of the electromagnetic 

radiation before and after contacting the sample. If I0 is the intensity of monochromatic 
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radiation before entering a sample, and I is the intensity transmitted by the sample, then 

the ratio I/I0 is called the transmittance of the sample. The percent transmittance is equal 

to 100T.  The absorbance is the contrary of transmittance and can be obtained: 

01001010 /log/loglog IIIITA =−=−=   

 
The absorption of light (absorbance) is related directly with the concentration of the 

sample c and the thickness of the sample l, and adding a proportionality constant, ε 

(absorptivity), is possible to relate this variables with the absorbance (Beer’s Law): 

lcA ε=  
 
 
Then, it is possible to relate the two concepts of absorbance to obtain (Smith, 1996):  
 

)/1(log10 Tlc =ε  
 
Raising both sides of the equation to the power of 10: 
 

Tlc /110 =ε  
 

lcT ε−= 10 . 
 
 

3.5.4 Spectrometers 
 
For the analysis of a spectrum, it is necessary to have an instrument for measuring the 

electromagnetic radiation transmittance of a sample as a function of the wavelength (or 

wavenumber).  This instrument is the spectrometer. 

 
The sections of a spectrometer are: the radiation source, the spectral analyzer, the sample 

section, the detector and the electronic/computer processor. The sources can be thermal 
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radiators, that provide a broad band, called continuum radiation, and lasers, that provide 

monochromatic radiation.  The spectral analyzers depend on the type of spectrometer, 

which can be dispersive spectrometers or Fourier Transform Spectrometers.  

 

The dispersive spectrometers use monochromators to analyze the optic signal, the light 

goes through an entry slit and an exit slit, that limit the amount of radiation in the 

monochromator. The light is analyzed inside the monochromator through a system of 

prisms and mirrors or diffraction gratings and mirrors.  

 

The Fourier Transform spectrometers use an interferometer to analyze the optic signal. 

The beam of radiation from the source is split by a semi-transparent beamsplitter into two 

partial beams that are reflected on a fixed and on a movable mirror back to the 

beamsplitter where they recombine and interfere. A change in the length of the movable 

arm changes the optical pathlength with a resultant of a phase difference and a change in 

the interference amplitude.  This signal, after detection, is a function of the change of the 

optical pathlength corrected by a constant, is called an interferogram, that is expressed as 

a function of time.  

 

The sample section contains the devices allow the samples to be in contact with the 

optical signal. Some techniques for collecting data from a sample can be: Transmission 

technique, where the infrared energy passes through a sample that is between two 

crystals. The sample absorbs part of the energy at specific wavelengths. Attenuated total 
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reflection (ATR) is a technique where a sample is put in contact with a crystal and an 

infrared signal is passed through it, touching a few μm of the sample, allowing the energy 

to be absorbed in specific wavelengths. Diffuse reflectance Infrared Fourier transformed 

(DRIFT) is a technique where the signal is reflected from the surface of the sample, being 

collected and concentrated before reaching the detector.  The detector converts the optical 

signal into electrical signal. These can be infrared detectors, thermal detectors and 

photodetectors. 

 

The electronic/computer processor amplifies and digitizes the signals. After that the 

signal has a fixed number of points that needs less space to be saved in the memory of a 

computer. Fast Fourier transform (FFT) algorithms transform an interferogram in a signal 

that shows the areas where the light is absorbed and is called single beam (Günzler, 

2002), after the transformation, the spectra is a function of wavenumber. The ratio of the 

single beam of the sample with respect to the single beam of a substance that acts as a 

background gives the final spectra. This can be expressed in terms of transmittance or 

absorbance. For this work, the spectra will be present in Absorbance units. Figure 2 

shows the interferogram and the single beam of an E. coli 15224 spectrum. 
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Interferogram of E. coli 15224
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Figure 2 Interferogram and single beam signal of E. coli 15224 
 
 

Figure 3 shows the single beam signal of E. coli 15224 and the single beam signal of 

NaCl 0.9%. Also shows the resultant of the ratio of E. coli 15224 against the signal of 

NaCl. This resultant is the absorbance spectra of E. coli 15224 and shows the main peaks 

that correspond to the bacterial cell.  
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 Spectrum of E. coli 15224, single beam for NaCl 0.9%, and 
E coli  15224
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Figure 3 Single beams of E. coli 15224 NaCl 0.95 and the ratio bacteria/background 
 

3.5.5 Sampling devices for IR analysis. 
 
There are several sampling techniques to make an IR analysis: Transmission, Attenuated 

total reflectance (ATR) and Diffuse reflectance spectroscopy (DRIFT). Transmission is 

used to analyze solids, liquids and gases. For solids, the sample is combined with KBr 

and pressed to form a thin layer (pellet) that can be analyzed by transmission technique. 

Since the water that the sample contains affect the analysis of proteins, it is necessary to 

dry the sample before be combined with KBr. Liquids can be put between two crystals 

separated by spacers in order to have a thin liquid layer to be analyzed.  For aqueous 

samples, the absorbance of an IR signal by water is very strong and can absorb almost all 

Single beam of  
E. coli/ single 
beam NaCl 
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the signal. Then, the signal of proteins will be absent of the spectra. To avoid this, a 

stronger source can be used or a short length path can be produced using small spacers 

(~6 to 10 μm). Gases can be analyzed catching them inside transparent containers. 

 

Attenuated Total Reflectance. A sample is placed in contact with a crystal, the internal 

reflection element (IRE). The IRE has a refractive index higher than the sample or the 

surrounding medium (Schmitt and Flemming, 1998). The Figure 4 shows an example of 

this system. The beam penetrates trough the interface into the sample. This penetration 

depends of various factors, as can be seen in the next equation:  

 

 

 

 

 

 

In the above equation, it can be seen that for different wavelengths the penetration in the 

sample will vary. For lower values of wavelengths (higher values of wavenumbers) as are 

presented in lipids area (2800-3010 cm-1), the penetration will be about 0.8 μm and for 

higher values of wavelengths (lower values of wavenumbers), as are presented in 

symmetric phosphates area (around 1085 cm-1), the penetration will be of about 2 µm. 

This affects the height of the peaks.  There are mathematical routines incorporated into 

the software for analysis of IR spectra that correct this differences in penetration and 

2/1222 )sin(2 sp nndp
−

=
θπ

λ

λ=  Wavelength, µm 
np=refractive index, crystal 
      (ZnSe, 2.43) 
ns=refractive index, sample (1.5) 
θ=angle of internal reflection
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adjust to a transmission spectra mode. For bacterial samples that have cell walls of 30-50 

nm, and a size of 1-3 μm, this penetration distance is enough to have useful information 

of the bacterial cell. The experimental conditions must be controlled carefully because 

when a cell suspension is placed on the ATR crystal surface, some cells may be in direct 

contact with the crystal, while a water film separates others. The variations of refractive 

index between the crystal and the water film and the bacteria and other substances in the 

media can affect the penetration of the evanescent wave. Then, an ATR-FTIR spectrum 

of bacterial suspension represents the sum of these effects (Jiang et al., 2004). 

 

In general, for this technique, no special sample preparation is necessary. The solid or 

liquid samples can be put on the crystal. For solids or powders, it is necessary to press the 

samples against the crystal. For liquids or slurries it is not necessary to press, although a 

cover for avoid sample evaporation is recommended.   

   

Figure 4 ATR technique for IR. 
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Diffuse Reflectance Spectroscopy (DRIFT). In diffuse reflection, the electromagnetic 

signal is scattered in all directions as opposed to specular reflection, where the angle of 

incidence equals the angle of reflection. The resultant spectra can exhibit absorbance and 

reflectance features due to contributions from transmission, internal and specular 

reflectance components, and the scattering phenomena.  The DRIFT spectrum of a 

diluted sample is usually calculated with reference to the diffuse reflectance of the pure 

diluent to yield the reflectance, R. R is related to the concentration c of the analyte by the 

Kulbeka-Munk (K-M) equation: 

s
ac

R
RRf 3030.2

2
)1()(

2

=
∞
∞−

=∞  

Where a is the absorptivity and s is the scattering coefficient. The scattering coefficient 

depends on both particle size and degree of sample packing; then, if these parameters are 

carefully controlled, quantitative analysis can be made. If the sample concentration is 

higher than 30%, KM equation could be present deviations from linearity (Schmitt and 

Flemming, 1998).  

 

 

3.6 FTIR SPECTROSCOPY APPLIED TO THE STUDY OF BACTERIAL CELL 
COMPONENTS. 
 

FTIR techniques can detect specific bonds in basic organic compounds, complex 

biomolecules and in whole cells. Most of the time, the representative peaks in spectra are 
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the average of signals related to multiple specific bonds, leading to broad, overlapping 

peaks.  Typically their location in the IR region allows a reasonable differentiation. 

 

3.6.1 IR spectroscopy of organic compounds. 

The IR region of the electromagnetic spectrum (1 to 100 μm) is divided into three zones, 

far- (25 to 100 μm), mid- (2.5 to 25 μm) and near IR (1 to 2.5 μm). The mid-IR presents 

primary molecular vibrations and is the most common and widely employed region for 

the analysis of organic substances. In the far- and near- IR regions are only skeletal and 

secondary vibrations that are difficult to interpret, and are not widely used (Quinteiro, 

2000). 

 

There are group frequencies that allow one to identify band positions and their intensities.  

These positions correspond to organic substance classes, which include alkanes, alkenes, 

aromatics, alcohol, ethers, esters, ketones, acids, aldehydes, anhydrides, amines, nitro-

compounds, amides, nitriles and compounds with double bonds.  The aromatic and pure 

aliphatic representatives of these groups also can be differentiated for the most part. As 

an example, triple bonded C-C absorb IR radiation at a wavenumber of 2000 cm-1, double 

bonds of C-C absorb IR radiation around ~1600 cm-1, single bonds of C-C absorb IR 

radiation  around ~1100 cm-1.  C-H bonds absorb IR radiation around ~3000 cm-1 

(Günzler, 2002). 
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3.6.2 IR spectra of cellular components and microorganisms. 
 

Chemical bonds present in the biochemical compounds that form the building blocks of 

cells can be identified by well defined absorption peaks. In the Table 2 there is a relation 

of frequency (wavenumbers) of peaks that are typically present in cells. 

 

Table 2 Frequencies and assignments of absorption peaks found in the IR spectra of cells and cell 
fractions (Lasch et al, 2002) 
 
3300   N–H stretching, amide linkage 
2920   CH2 antisymmetric stretch 
2850   CH2 symmetric stretch 
1737  >C=O (ester) stretch 
1690–1620  Amide I 
1570–1530  Amide II 
1468   CH2 symmetric bend (‘‘scissoring’’) 
1455   CH2/3 deformation modes (proteins) 
1397  –COO_ symmetric stretch 
1379   CH3 symmetric bend (‘‘umbrella’’) 
1340–1240 Amide III 
1237   O–P=O antisymmetric stretch (PO2_) 
1173   –CO–O–C antisymmetric stretch 
1150   C–O stretch, C–O–H bend (carbohydrates, mucin) 
1083  O–P=O symmetric stretch (PO2_) 
1063   –CO–O–C symmetric stretch 
1050   C–O stretch, (carbohydrates, mucin) 
968   C–O phosphodiester moiety (DNA, phospholipids) 
 

 

The IR region between 4000 and 3100 cm-1  corresponds to broad spectral features 

resulting from –OH (~3400 cm-1) and N-H stretching modes amide A (~3300 cm-1) and 

amide B (~3030 cm-1). The region between 3100 and 2800 cm-1 corresponds to C-H 

stretching vibrations of –CH3 and >CH2 functional groups and is generally dominated by 
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the spectral characteristics of fatty acid chains of the various membrane amphiphiles (for 

example, phospholipids).  

 

The region between 1800 and 1500 cm-1 corresponds to the conformation-sensitive amide 

I and amide II bands, which indicate the predominance of total α- or β- proteins structures 

present, rather than the structural information of a single protein. The band near 1740  

cm-1 results from >C=O stretching vibrations of the ester functional groups in lipids. The 

band near 1715 cm-1 is assigned to a >C=O stretching of base pairing in nucleic acids. 

Weak features of nucleic acids in this area are often overlapped by amide I bands. Other 

bands correspond to side chains of amino acids are in this region also. The region 

between 1300 and 1500 cm-1 are complex and are composed of >CH2 and >CH3 bending 

modes of lipids and proteins. The peak at 1400 cm-1 is assigned to symmetric stretching 

vibrations of –COO- functional groups of amino acid side chains or free fatty acids. The 

peak ~1230 cm-1 is formed by superimposed bands of different >P=O double bond 

asymmetric stretching vibrations of phosphodiester, free phosphate and monoester 

phosphate functional groups. Near 1220 cm-1 are present phosphodiester functional 

groups of DNA/RNA polysaccharide backbone structures. The other >P=O double-bond 

stretching frequencies are due to head group vibrations of phospholipids. The spectral 

region between 1200 and 900 cm-1 is dominated by the symmetric stretching vibration of 

PO2
- groups in nucleic acids and peaks due to C-O-C and C-O-P stretching vibrations of 

various oligo and polysaccharides. The region between 900 and 600 cm-1 corresponds to 

a series of weak, but characteristic features superimposed on a contour named a 
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fingerprint. This region contains weak bands from aromatic ring vibrations of 

phenylalanine, tyrosine, tryptophan and the various nucleotides (Naumann, 2000).   

For the analysis of microorganisms, the same peaks described above can be assigned to 

the different components of cells. In appendix A is a table with reported peaks, and the 

bonds that correspond to them. Each microorganism has its own characteristic IR spectra 

and it is possible to use these to differentiate, identify and classify bacteria, yeast and 

fungus. Figure 5 shows the absorption spectra of E. coli 15224. This figure shows a large 

peak at ~1548 cm-1 that corresponds to Amide II.  Since protein has the highest percent of 

the cellular components, this peak can be correlated with the protein contents. The amide 

I, at ~1655 cm-1 corresponds to proteins and the peak located at ~1085 cm-1 corresponds 

to asymmetric phosphate groups. The peak located at ~1220-1230 cm-1 corresponds to 

symmetric phosphate groups and the peaks located in the region 2800-3020 cm-1 

corresponds to bonds contained in lipids, the most in the membrane. 

 

 

 

 

 

 

 

 

Figure 5 IR Spectra of E. coli 15224 

E. coli 15224, ATR collection
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3.7 DETECTION, CLASSIFICATION AND QUANTIFICATION OF 

MICROORGANISMS USING FTIR SPECTROSCOPY 

 
Mariey presented a good review of the application of spectroscopic methods to microbial 

analysis (Mariey et al, 2001). They presented info on the microorganisms studied, the 

FTIR techniques used, the purpose of study, the mathematical techniques used for the 

analysis, and the references. They also provided a general explanation of spectral 

analysis, the statistical methods, the taxonomical classification and identification 

techniques, and concluded that FTIR, coupled with chemometric methods, is becoming 

an important tool in microbiological studies. 

 

Maquelin performed a field study on the medical need for rapid identification techniques 

for microorganisms to reduce mortality and costs associated with infectious diseases 

(Maquelin, 2003). Blood cultures from two different hospitals containing bacteria and 

yeast were grown in a laboratory and analyzed on a ZnSe crystal using a stamping device 

for FTIR technique. 98.3 % of the microorganisms were accurately identified by IR 

spectroscopy and 92.2% using Raman spectroscopy. 

 

Oberreuter (Oberreuter et al., 2000) quantified microorganisms in binary mixed 

populations by Fourier transform infrared (FT-IR) spectroscopy. In this work, systems 

composed of two food associated yeast species (Saccharomyces cereviceae / 

Hanseniaspora uvarum) and two yogurt lactic acid bacteria (Lactobacillus acidophilus / 

Streptococcus salivarius) were investigated. Determination of the cell number ratio in the 
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bacteria system was performed with an accuracy of ± 16 ratio percentage points, and in 

the yeast system was ± 4. The predictions were made at a 95% confidence level. This 

technique was limited to the quantification of mixtures where the cell number of either 

component does not drop below certain values. 

 

Erukhimovich and coworkers (2005) present FTIR microscopy as a method for 

identification of bacterial and fungal infections. They worked with strains of bacteria: 

Bacillus megaterium, Escherichia coli, Pseudomonas stutzeri, and fungi Penicillium sp., 

Memnoniella sp., and Fusarium sp. They analyzed dried suspensions of microorganisms 

on ZnSe crystals and made the FTIR measurements using a microscope. The peaks of the 

regions 1300-1500 cm-1 were chosen as biomarkers being able to discriminate strains of 

microorganisms using these biomarkers. 

 

Although quantification has not been the main objective of works using FT-IR 

microbiological techniques, some works present the low limit of detection, as can be seen 

in Table 3. 

 

FTIR techniques provide a means to analyze bacterial samples using three approaches. 

the transmission technique allows one to analyze water based samples, but with problems 

due to the large IR absorbance by water. Dry samples are preferable for analysis by 

transmission. The DRIFTS technique can be used to analyze samples, but due the lower 

accuracy, is not a preferred method to work with bacteria. ATR allows one to analyze dry 
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samples, and is a method most often reported for bacteria. In this work, a method to 

analyze fresh samples of bacteria in a quantitative way is presented. This approach is 

novel and makes a unique contribution to the study of physiological status of bacteria not 

previously reported. 

 

 

 

Table 3 Limit of detection for some works using FTIR technique 
 

TECHNIQUE LIMIT OF 
DETECTION MICROORGANISM REFERENCES 

FTIR 102 - 105 
CFU/ml 

Lactobacillus 
plantarum 

Lactobacillus brevis 
(Vaninni, 1996) 

FTIR 12 g/l Lactobacillus 
bulgaricus (Fayolle, 1997) 

FTIR 104 
CFU/ml 

Trichophyton rubrum 
T. mentogrophytes 

M. canis 
(Bastert, 1999) 

FTIR 102 
CFU/ml E. coli (RKI A139) (Naumann, 2000) 

FTIR 100 mg wet 
cells/ml 

B. cereus 
B. mycoides 

B. thuringiensis 
(Beattie, 1998) 
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4. MATERIALS AND METHODS 
 
This work involves three microorganisms, Escherichia coli 15224, Enterobacter 

aerogenes 13048, Pseudomonas putida 12633.  They each were grown up from frozen 

stocks using standard methods, and each cellular line was reproduced a maximum of 5 

times. Various stress factors were applied and the cell response evaluated using plate 

counts and spectroscopic methods. 

 

4.1 CELL CULTURE DEVELOPMENT 

To place the bacterial cells under stress from the same initial conditions for each trial, it 

was necessary to develop a fresh culture in a stationary phase.  For spectroscopic 

evaluations it was necessary to standardize all processes in order to minimize the 

variability in the bacterial growth stage and history as this can influence spectral features.  

At the working temperatures (37 °C for E. coli and Enterobacter, and 22 °C (room 

temperature) for Pseudomonas), E. coli and Enterobacter reach the stationary phase at 6 

h and Pseudomonas reaches the stationary phase at 10 h. 

 

4.1.1 Development of cultures for exploratory analysis. 
 

For the first analysis of stress factors, heat, UV, chlorination and starvation, E. coli 15224 

was inoculated in a 3% V/V basis in 75 ml of TSB broth from a 106 cells/ml microbial 

stock, and incubated overnight (16 h) in a shaker at 37 °C and 10 rpm. This suspension of 



51 

cells was inoculated in a 3% V/V basis in 200 ml of sterile TSB broth and then incubated 

for 24 hours at 37 °C. After that, the suspension of cells was centrifuged at 9 °C, 15 min, 

4000 rpm and washed three times keeping the original volume with a 0.9% NaCl sterile 

dilution.  

 

4.1.2 Development of cultures for study of stress factors. 

For the analysis of stress factors, heat, UV, chlorination and starvation, E. coli 15224, E. 

aerogenes 13048, were inoculated in a 3% V/V basis in 75 ml of TSB broth from a 

colony on TSA, and incubated overnight (12 h) in a shaker at 37 °C operated at 150 rpm. 

This suspension of cells was inoculated in a 1% V/V basis in 150 ml of sterile TSB broth 

and incubated for 24 hours at 37 °C. After that, the suspension of cells was centrifuged at 

9 °C, 15 min, 3500 rpm and washed three times keeping the original volume with a 0.9% 

NaCl sterile dilution. The same process was used for P. putida 12633, but the times of 

incubation were 24 h for the initial stage and 36 h for the second stage. 

 

4.2 ENVIRONMENTAL FACTORS OF STRESS 

Suspensions of the three bacteria described in the above section were put under the action 

of sublethal levels and times of the disinfection methods heat, starvation, UV and 

chlorine (factors of stress).  For all the factors of stress the general method was: 
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a) Initially place the bacteria under the action of high levels of the factors of stress in 

order to detect changes in the bacterial spectra.  

b) After that, if the spectra had detectable changes, the next step was to look for 

levels and times of stress factors that cause sublethal damage to the 

microorganisms. It was necessary to have gradations of inactivation (rather than 

all or none) to compare with the changes in the IR spectra. This step was made 

with heat treatment only. 

c) Application of combinations of levels and times of stress factors in order to study 

simultaneously the microbiological and spectral response to sublethal treatments.  

This step was made with heat treatment only. The experimental plan for 

experiments shows starvation, ultraviolet treatment, UV, chlorination and heat 

treatment.  

 

Table 4 presents the experimental plan for this work. Below is a more detailed 

description of the conditions used for each stress factor applied to bacteria.  

 

4.2.1 Starvation 

150 ml of 108 cells/ml suspension of E. coli 15224 in NaCl 0.9% (sterile and non-

nutritive medium) were placed at 37 °C on a shaker at 150 rpm. 1 ml samples were 

collected at 0, 24, 48 and 113 hours and placed on a ZnSe crystal in order to obtain FTIR 

spectra.  Viable and total counts were performed using standard methods.  
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Table 4 Experimental plan indicating factors, levels, FTIR and microbiological analysis performed. 
 
 
 

4.2.2 UV treatment 

For each treatment, five 20 ml batches of 106 cells/ml suspension of E. coli 15224 in a 

sterile quartz Petri dish were exposed to 254 nm light with an intensity of power of ~41 

Method Levels Bacteria studied FTIR 
Micro-
biology 

Starvation 
0,24,48,113 h at 37°C,  

150 rpm E. coli 25922 X  

UV Power:~60 µW/cm2 E. coli 15224 X  
 a. Time: 1,5,9 min    

 b. Time: 3 min    

Chlorine 
Conc.: 0,1,3,5 mg/l free 

chlorine E. coli 15224 X X 
 Time: 15 min    

Heat     

1. Initial study control, 57.5 °C, autoclaved
E. coli 25922, slurry (1010 

cells/ml) X  

2.FTIR study Temperature, 57.5 °C E. coli 15224, ~108 cells/ml. X  

 Time: 0,15,30,45 min 
Enterobacter aerogenes 13048 

~108 cells/ml X  

  
Pseudomonas putida 12633 

~108 cells/ml X  
3.Microbiological 

study 
temp: 52.5,55,57.5,62.5,60 

°C ~109 CFU/ml of E. coli 15224,  X 

 Time: 0 to 150 min Enterobacter aerogenes 13048  X 
  Pseudomonas putida 12633  X 

4. FTIR-
microbiological 

study Temp: 57.5 °C E. coli 15224 X X 

 Time: 0.30,37.5,45,60 min Enterobacter aerogenes 13048 X X 

  Pseudomonas putida 12633 X X 
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µW/cm2 for time of 1, 5, 9 min. The five batches per sample were mixed and centrifuged 

to reduce the volume from 100 to 1 ml. This 1 ml sample was placed on a ZnSe crystal to 

collect FTIR spectra. A second experiment was performed applying a time of 3 min and a 

power of 17 µW min cm-1.  This experiment was made in triplicated. 

 

4.2.3 Chlorine treatment 

Stock solutions of chlorine (200 to 400 mg/L) were added to batches of 100 ml of 106 

CFU of E. coli 15224 and monitored after 15 min of treatment. The effect of chlorine was 

quenched after each treatment time with 0.1 ml of a 10% w/v of sodium thiosulfate. 

Bacterial samples were removed to obtain bacterial counts. After being reduced 100 

times by centrifugation, FTIR spectra were collected.  

 

4.2.4 Heat treatment 

Suspensions of E. coli 25922 and 15224, Enterobacter aerogenes 13048 and 

Pseudomonas putida 12633 were incubated at different temperatures: 

1. Autoclave treatment at 121°C and heat treatment at 57.5 °C. Microbial 

suspensions of 1010 cells/ml of E. coli 25922 received the heat treatments 

indicated above and after being cooled, maintaining one batch untreated as a 

control. 1 ml of each bacterial suspension was placed on a ZnSe crystal, FTIR-

ATR spectra were collected and processed using the signal of NaCl 0.9% as a 
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background. A correction for atmospheric water was performed. The objective 

was to find changes in the spectra that result from the heat treatment.  

2. FTIR study. Microbial suspensions of 108 cells/ml of E. coli 25922, Enterobacter 

aerogenes 13048 and Pseudomonas putida 12633 received a heat treatment at 

57.5 °C for 0, 15, 30, 45 minutes. 1 ml of each bacterial suspension was placed on 

a ZnSe crystal. FTIR-ATR spectra were collected and processed using the signal 

of NaCl 0.9% as a background. A correction for atmospheric water was 

performed. Second derivative spectrum was calculated to locate the changes in the 

protein peaks. Fourier Self Deconvolution function was performed in order to 

make a quantitative analysis of the changes during heat treatment. The objective 

was to determine specific changes in proteins during the heat treatment. 

3. Microbiological study. Microbial suspensions of 109 CFU/ml of E. coli 25922, 

received a heat treatment at 52.5 to 62.5 °C for 0 to 150 min. 1 ml of each 

bacterial suspension was diluted in sterile NaCl 0.95% from 10-1 to 10-8 dilutions.  

From each dilution, 0.1 ml of each dilution was placed on a TSA agar and 

incubated at 37 °C during 24 h. Duplicates of dilutions were made. Counts were 

made at 24 and 72 h of incubation. Duplicates were made of each experiment and 

the results were averaged. A similar process was made with E. aerogenes 13048 

and P. putida 12633 at temperature and time combinations of 45, 50, and 55 °C at 

0, 15 and 30 min per each temperature for Enterobacter and 40, 45 and 50 °C at 

0, 15 and 30 min per each temperature for Pseudomonas. Plates with 

Pseudomonas were incubated at room temperature, 26 °C, and counts were made 
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at 36 h and 7 days. The objective was to find sublethal times and levels of 

treatments, in order to study the heat treatment under FTIR-ATR analysis.  

4. FTIR-microbiological study. Microbial suspensions of 109 FCU/ml of E. coli 

25922, received a heat treatment at 52.5 °C for 0, 30, 37.5, 45 min. The samples 

were cooled and stored at 4 °C while were processed.  1 ml. of each bacterial 

suspension was diluted in sterile NaCl 0.95% from 10-1 to 10-8 dilutions.  0.1 ml 

of each dilution was placed on a TSA agar and incubated at 37 °C. Plating of 

bacteria was made per duplicated. Counts were performed at 24 and 72 h.  

 

1 ml. of each bacterial suspension was placed on a ZnSe crystal. FTIR-ATR 

spectra were collected and processed using the signal of NaCl 0.9% as a 

background. A correction for atmospheric water was performed. Second 

derivative analysis was performed in order to locate the changes in the protein 

peaks. Fourier Self Deconvolution function was performed in order to make a 

quantitative analysis of the changes during heat treatment. For microbiological 

and microbiological studies each experiment was run in triplicate and averaged.  

 

For Enterobacter and Pseudomonas the same process was performed, with 55°C 

and 15 min for Enterobacter and 50 °C and 30 min for Pseudomonas. The 

incubation temperature-time was of 27 °C per 36 hours and 7 days for 

Pseudomonas. 
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4.3 FTIR SPECTRA  

 

4.3.1 ATR technique 

A ZnSe ATR cell was used to study the changes in the spectra due to the influences of 

environmental factors. Suspensions of E. coli 15224 (109~1011 CFU /ml) were used to 

obtain a good contact and low variability. The samples were put at 4 °C until the IR 

spectra were collected. Verification of bacterial counts was made using standard methods 

for plate counts. 

 

FTIR spectra were obtained through measures of 1 ml of sample, for E. coli 25922, 

15224 and Enterobacter aerogenes 13048 and Pseudomonas putida 12633 suspensions. 

30 min were allowed in order for the sample to settle enough to have a good contact with 

the crystal. NaCl 0.95% was used as a background and distillated water as a reference. 

256 co-added scans were collected and averaged automatically by OMNIC software 

provided with the FTIR equipment. The signal was detected using an MCT/A detector 

and a KBr beamsplitter. The resolution of the spectra was 4 cm-1.  The equipment was 

purged with nitrogen gas for 1 hour before beginning the spectral collection. A cover was 

placed on the crystal over the sample in order to avoid dehydration of samples. Measures 

were repeated three times for final experiments and one time for exploratory experiments.   

 
The primary signal obtained from the equipment is called a single beam. This single 

beam signal of the sample was divided by the single beam of the background, PBS for the 

first experiments, and NaCl 0.9% for the rest. The resultant signal was the IR spectrum of 
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the sample. The atmospheric water signal was subtracted as a second process on the IR 

spectra of the samples. 

 

The most important peaks are highlighted in Figure 6 below. These include features for 

lipids (CH2, CH3), proteins (amide I and II), phosphates from lipids and nucleic acids, 

carboxylic groups and carbohydrates. 

 
 

 

 

 

 

 

 

 

 

 
Figure 6 Spectra of E. coli 15224 ATR collection 
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4.3.2 Time of settling 

 

Before collecting spectra of bacterial response to stress, it was necessary to optimize 

experimental collection parameters for the measurement. The objective of this 

measurement development work was to study the time of settling in order to have the best 

contact between the bacterial cells and the ZnSe crystal in a minimal time.  

 

For this technique, the biomass was developed as follows. A loop of E. coli 15224 was 

placed in 75 ml of TSB and incubated 16 h at 37° C and 150 rpm.  1.5 ml of this was 

placed in 150 ml of TSB for 29 hours. The suspension was washed with NaCl 0.9%, three 

times, centrifuging at 3500 rpm, 9° C for 15 min. The pellet from 100 ml was used to 

obtain slurry, defined as a highly concentrated sample that could have a fast contact with 

the crystal in order to obtain model spectra for this process. 

 

FTIR spectra were obtained through measures of 1 ml of sample. 90 min are allowed for 

the sample to settle to have good contact with the crystal. NaCl (0.95%) was used as a 

background and nanopure water as a reference. 256 spectra were collected and averaged 

automatically by OMNIC software. The signal was detected using an MCT/A detector 

and a KBr beamsplitter. The resolution of the spectra was 4 cm-1
, the equipment was 

purged with nitrogen gas for 1 hour before beginning the spectra collection. This settling 

study was repeated three times. The area under the peaks of prominent cellular features 
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was calculated using an OMNIC routine and the results of the three experiments were 

averaged. 

 

The results of the settling study are presented in the Figure 7. The most prominent peaks, 

Amide I, Amide II and asymmetric phosphates show a logarithmic relationship between 

the time of settling and the area under each peak. In Figure 7 can be observed that a curve 

fit to the points to the logarithmic curves have a R2 of 0.99; which indicates a highly 

predictable process. 
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Figure 7 Absorbance of FTIR peaks of a ~108 cell/ml suspension of E. coli 15224 in a setting process 
 

 

As the area under the peaks grows for all features during the settling process, a ratio of 

Amide I and asymmetric phosphates were normalized, obtaining the ratio with respect to 

Amide II in order to detect the time when these ratios became constant. 
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In Figure 8 can be observed that from minute 20 a stable value has been reached and 

from this point it is possible to begin to take useful values to incorporate in the process of 

obtaining IR spectra. After 20 minutes, spectral features may change, but the important 

aspect of their relative levels is constant. 
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Figure 8 Absorbance of amide I and symm PO2 peaks normalized respect to the 
amide II peak 

 

 

This experiment was repeated using concentrated slurry of E. coli in order to determine 

the influence of the concentration of bacterial suspensions in the settling of microbial 

suspensions. A ratio of Amide I and symmetric phosphates peak respect to the Amide II 

peak was calculated. Figure 9 shows that peaks reach a stable value from 5-10 min; this 

suggests that a low variability results depends on the amount of contact with the crystal, 

and that depends on the time of settling and the concentration of the bacterial suspension.  
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Absorbance of Amide I and Symm PO2 FTIR peaks respect to 
the Amide II peak in a slurry of E. coli 15224
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Figure 9 Absorbance of amide I and symm PO2 FTIR peaks respect to the 
amide II peak in the setting of slurry E. coli 15224 

 

 

4.3.3 Storage of E. coli 15224 at 4°C  

Suspensions of E. coli 15224 with a concentration of 108 FCU/ml were placed at 4 °C. 

One ml samples were placed on a ZnSe crystal at time intervals of 12 h, from 0 to 48 h.  

FTIR spectra were collected by in triplicate. Atmospheric water signal was subtracted 

from the spectra. Absorbance as area under peaks Amide I, Amide II and symmetric 

phosphates were performed using an OMNIC routine.  
 
Figure 10 reports the changes in the intensity of that peaks with the amount of time that a 

bacterial suspension was stored at 4 oC. As Amide I is very sensitive this area provided 

the information for the analysis of changes in proteins. In  

Figure 11 the evolution of Amide I is presented. In that figure can be observed that the 

quality of the Amide I peak does not present significant changes before 36 h of storage, 

then, this was the limit of time used for FTIR-ATR analysis of samples.   
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Effect of storage at 4 C in the absorbance of several peaks of 
FTIR spectra of E. coli 15224
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Figure 10 Storage of E. coli 15224 at 4°C 
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Figure 11 Effect of storage on Amide I absorbance 
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4.3.4 Atmospheric water correction. 

 

Although the application of nitrogen gas to purge the equipment is applied to minimize 

the presence of atmospheric water signal in the resultant spectra, a residual signal will 

remain. Then, an OMNIC routine was applied to the spectra in order to minimize the 

effect of atmospheric water signal. The base for this routine was the spectra of 

atmospheric water. For this, two spectra were obtained, the spectra of air after 1 hour of 

purging the equipment with nitrogen gas, and the spectra of humid air, that was obtained 

introducing an open container with water inside the sampling chamber. The spectrum of 

humid air was processed with the signal of dry air as a background and the result is 

presented in Figure 12.  

 
This spectrum was subtracted from the spectra of bacteria using OMNIC software. Figure 

13 present the process of subtraction of atmospheric water. 
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Spectra of atmospheric water 
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Figure 12 Atmospheric water spectra 
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Figure 13 Correction of a spectra subtraction of the signal of atmospheric water 
 

4.3.5 Transmission technique 

A transmission cell was used to obtain FTIR spectra of a microorganism suspension. For 

this technique one loop of a heavily concentrated suspension (about 1011 CFU/ml) is 

diluted in 80 µl of distillated water and placed on a ZnS (cleartran) crystal, similar to a 

microscope slide. 30 µL of the sample was put on a crystal and dried in a dessicator for 2 
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hours. Then the FTIR transmission analysis was taken. The cleaned crystal was used as a 

background. The thickness of the crystal was 2 mm. 

 

Figure 14 presents a comparison between spectra collected using the FTIR-ATR 

technique and the transmission method. It can be seen that the peaks are at the same 

locations, but with different intensity. Here the ATR spectra presents greater absorbance. 
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Figure 14 ATR and transmission spectra 
 

Because the light goes through the sample in the transmittance technique, the absorbance 

is greater that in the ATR technique. A disadvantage of transmittance is the lack of 

control over the process of drying of the sample, giving different thickness between 

samples. This will change the absorbance between samples, increasing variability.  

Another disadvantage is that the absence of water modifies the structure of the cells, not 

allowing them to have the spectra of cells in their unaltered conditions. 
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Since the penetration depth of the evanescent wave in the ATR technique changes with 

the wavelength, being about 1 µm for ~2800 cm-1 to around 2 µm for ~1100 cm-1, the 

intensity of the signal will vary, giving less intensity in the lipids (2800-3010 cm-1) area 

in relation to the 1750-960 cm-1 area. An OMNIC routine can be applied to the FTIR-

ATR spectra to apply a correction ATR-transmission. An advantage of ATR technique is 

that the time of settling can be controlled and the variability between samples is les than 

5%. An important difference is that the relation Amide I/Amide II changes from the 

transmission spectra to the ATR spectra, due to the changes in the protein structure due to 

the differences in hydration. 

 

4.3.6 Discrimination between different bacteria using FTIR spectra 

A library was made with the spectra of E. coli 25922, E. coli 15224 and Enterobacter 

aerogenes 13048.  

Figure 15 presents the three spectra, showing differences in the area 1350-950 cm-1. 

These differences are significant, because the spectra were obtained with highly 

concentrated samples, of about 1011 CFU/ml and for 5 min of settling the samples reach a 

stability in the intensity of Amide I/Amide II absorbance. The most important differences 

are found in the 1200-950 area. This allows one to use this method in the differentiation 

of bacterial strains. 
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FTIR spectra for identification of three different bacteria
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Figure 15 FTIR spectra for discrimination between three different bacteria 
 

4.4 Spectra analysis techniques 

Atmospheric water signal was subtracted from FTIR spectra and to obtain the absorbance 

(AUC (area under the curve) units) at a wavenumber, the area under the peak was 

calculated using an OMNIC software routine.  

 

For obtaining  information about the position of the peaks, two routines of OMNIC were 

used. First, a routine called “find peaks” determines automatically the peaks position. The 

other routine was the calculus of the inverse of the second derivative using an OMNIC 

routine when the detection of the exact position of peaks or the peaks mixed in a wider 

peak was necessary. Since a fraction of the area under the peaks is lost after applying the 
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second derivative, the Fourier Self Deconvolution function was applied to the spectra 

through an OMINC routine, with parameters of “36” for Bandwith and “3” for 

enhancement. This function was applied when necessary to know the absorbance of sub-

peaks under a broader feature.  

Figure 16 presents the second derivative of an E. coli spectrum. The Figure 17 presents 

the Fourier Self Deconvoluted spectra of E. coli. Since the Fourier self deconvolution 

function can add artifacts in the spectra, the peaks need to be validated with the peak 

positions given in the second derivative spectra. As the Fourier self deconvolution 

function does not change the area under the peaks, quantitative analysis can be performed 

using the results of this function. 
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Figure 16 Second derivative of E. coli 15224 spectra 
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Fourier Self Deconvolution of E. coli  15224 spectra
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Figure 17 Fourier self deconvolution of E. coli 15224 spectra 
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5. RESULTS 
 
This section provides information about the analysis of water and biosolids (sludge 

resultant of aerobic treatment of residual water) samples, the application of stress factors, 

such as heat treatment, starvation, UV and chlorination  on three bacteria, and the 

analysis that provide enough information to follow the bacterial physiological changes 

during these treatments.   

 

5.1 MOTIVATION 

 
The motivation for this study was to develop methods of analysis for bacterial content of 

environmental samples such as tap water, water samples from Tucson Water wells, and 

biosolids spiked with E. coli 25299. To maintain a concise presentation of this work, 

many of these preliminary analyses are presented in the appendix section.  
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One of these experiments, an evaluation of water from the Shantz Building on the 

campus of the University of Arizona (seen in appendix B) showed a strong presence of 

organic matter while the samples from and Tucson Water wells had only a weak presence 

of organics. The Tucson Water department sent an additional sample from a reactor 

where denitrifying bacteria was growing and after chlorine was added to a reactor. This 

sample had a detectable presence of bacterial cells. After centrifugation of well samples 

the signals of organic matter were more intense, possibly due to the concentration of 

suspended solids. From this study can be concluded that FTIR methods have a great 

potential to detect changes in organic matter and microbial content in water samples, after 

concentrating the samples. 

 

As a consequence of this initial evaluation, the limit of detection using FTIR to quantify 

bacteria was studied. For both PBS buffer and biosolids samples, the limit of detection 

for E. coli 25922 was estimated to be ~104  cells/ml and ~104 cells/g, respectively.  These 

results are detailed in the appendix C.  
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5.2 RESPONSE OF BACTERIA TO HEAT TREATMENT 
 
Three bacteria were put under variations of time and temperature to detect changes in 

viability and FTIR spectra. Correlations of changes in FTIR spectra and viability were 

made.  

 

5.2.1 Microbiological study 

Temperatures and times were used on E. coli 15224 to obtain the combination of these 

parameters that produce a sublethal effect on bacteria, obtained through the analysis of 

plate counts. Constant of death (kd) and decimal reduction time (D) were obtained for 

each temperature. A similar analysis was made with Enterobacter aerogenes 13048 and 

Pseudomonas putida 13066.   

 

For microbiological study, ~109 CFU/ml suspensions of E. coli 15224 were put under 

heat treatment at different temperatures (52.5, 55, 57.5, 60, 62.5 °C) and different times 

(from 0 to 150 min) in batches of 10 ml for each treatment in a water bath, by triplicate, 

in order to find a time-temperature combination that had sub lethal effect in cells. 1 ml of 

each sample was diluted to 10-1 to 10-8. From here, 0.1 ml of each dilution was plated by 

duplicate on TSA agar. The results of microbiological analysis were averaged and all 

graphs are presented in Appendix G. The graphs presented an initial shoulder, possibly 

due to aggregation of cells. Figure 18 shows the changes in the viability of E. coli cells 

after  being subjected to heat treatment at 57.5 °C.  The linear regression has a slope of -
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0.1831 that corresponds to kd, the death constant at this temperature. Figure 19 shows 

four repetitions of this experiment. The results are uniform, confirming that the method 

presents consistent results. 

 

 

 

 

 

 

 

 

 

 

Figure 18 Changes in the viability of E. coli during heat treatments at 57.5oC 
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Figure 19 Heat treatments on E. coli 15224 57.5oC 
 
 
To compare results of treatment at different temperatures, D (Decimal reduction time) is 

calculated (D=1/kd) and presented in Table 5. 

 

T, °C kd D=1/kd, min 

52.50 -0.01 -120.60 

55.00 -0.04 -26.07 

57.50 -0.18 -5.44 

60.00 -0.47 -2.11 

62.50 -0.64 -1.56 
 

Table 5 Values of decimal reduction time for E. coli 15224 
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In Figure 20, the results of heat treatment to obtain conditions of sub lethal temperatures 

are showed for Pseudomonas putida. For E. aerogenes, Figure 21 presents results for 55 

oC.  
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Figure 20 Change in viability of Pseudomonas putida during a heat treatments process 
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Changes in viability of Enterobacter aerogenes 13048 during a 
heat treatment process
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Figure 21 Changes in viability of Enterobacter aerogenes during a heat treatment process 
 
 
As a result of heat treatment, the temperature of 55 °C reduces in E. aerogenes more than 

0.5 log10 the CFU/ml, while the same occurred to P. putida with 50 °C. Table 6 presents 

the calculated D for P putida, E. coli and Enterobacter.  Slope for the two treatments was 

obtained, and from here, the values of D. Comparing D of Pseudomonas putida, 12.50 

min at 50 oC and -120.60 for E. coli at 52.5 oC indicates that E. coli is more resistant to 

the effects of heat. The effects of 55 oC heat treatment on Enterobacter aerogenes is 

compared to E. coli and E. coli is more resistant with a D of -26.07 while Enterobacter 

needs only 4.24 min for its population to be reduced 10-fold. 
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Microorganism T, °C kd D=1/kd, min
Pseudomonas putida 12633 50.0 -0.08 -12.50 

Escherichia coli 15224 52.5 -0.01 -120.60 
Enterobacter aerogenes 13048 55.0 -0.24 -4.24 

Escherichia coli 15224 55.0 -0.04 -26.07 
 

Table 6 Comparison between the decimal reductions of E. coli, Enterobacter and Pseudomonas. 
 
 
 
 
Applying combinations of time and temperature, ranges of viability (CFU/ml) were 

obtained that vary from 100% to 0%, giving the parameters for the study of gradual 

changes viability that would have the potential to provide gradations in spectral changes.  

 
 
 
 
 
 
 
 

5.2.2 Initial FTIR study 

 
The objective of this study was to detect changes in FTIR spectra of E. coli 25922 slurry 

before and after incubation at temperatures of 57.5 °C and 121 °C (autoclaved). Based on 

previously published data on the response of bacteria to heat, we would anticipate a 

change in the orientation of Amide I. The Amide I peak would orient its shape from left 

to right, due to the increment of β-sheet structures as aggregates from heat-unfolded 

protein (Meg and Ma, 2001). 
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To obtain the biomass, 150 ml of TSB were inoculated with 1 ml of a stock suspension of 

E. coli 25922, 18 h at room temperature (22 oC). The suspension was washed two times 

with NaCl 0.9%, centrifuged at 4000 rpm, at 9 °C for 15 min, and resuspended in 0.6 ml 

of NaCl 0.9% to give a final volume of ~1.2 ml.  This heavily concentrated suspension 

will be called a slurry. 

 

Three batches of slurry were prepared and the first was used as a control, the second was 

put in a water bath at 57.5 °C for 60 min, and the third was autoclaved for 15 min.  A 

spectrum of atmospheric water was collected before beginning the sample collections. 

The samples were placed on a ZnSe crystal collecting 256 scans per sample being 

averaged by OMNIC software. 10 min were allowed before taking the spectra to have a 

well purged sampling chamber of the atmospheric water. Since a high concentration of 

bacteria (slurry, 1010 cells/ml) was used, the time of purging (10 min) was enough to 

reach a good contact with crystal. The spectra were processed using NaCl 0.9% as a 

background and the atmospheric water signal was eliminated with a tool of the OMNIC 

software.  

 

The results, as can be seen in Figure 22, were that using a very concentrated suspension, 

the spectra were very clear, comparatively with previous spectra collected during 

development of these procedures, due to the increased time of purging and settling with 

an improvement of the contact of cells with the crystal. The signal of atmospheric water 

was not strong, and the effects of the treatment could be observed clearly in the amide I 
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peak, where the original peak was deviated to the right, due to the increase of β-sheet 

structures, formed from denatured proteins (Meng and Ma, 2001). In Figure 23 this can 

be observed in detail, where the changes with respect to the untreated cells are 

permanent, then, the denaturation of protein was permanent. The greater changes 

correspond to the stronger treatment, autoclaving of cells, with intermediate changes that 

correspond to the treatment at 57.5 °C. The denaturation of proteins is directly related to 

the intensity of the treatment. A shift in the baseline can be observed, probably due to 

small differences in the refractive index of samples, due to small differences in the 

precipitation of bacteria between samples. This also could be caused by small deviations 

in the temperature during sample collection.  

Spectra of heat treated E. coli  15224
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Figure 22 Spectra of heat treated E. coli 
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Spectra of Amide I area of heat treated E. coli 15224
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Figure 23 Spectra of Amide I area of heat treated E. coli 
 
 

In this experiment, the change in the shape of Amide I was correlated with the intensity 

of a heat treatment, due to the denaturation of β-pleated sheet structures and the creation 

of β-turn structures.  

 
 

5.2.3 FTIR study  

 
In this experiment, a heavily concentrated concentration (slurry) of E. coli received a 

thermal treatment at 57.5 °C, with times of 0, 15, 30, 45, 60 min of treatment in order to 

obtain detailed information about changes in the shape of Amide I, due to protein 

denaturation.  A further FSD analysis was used to detect the peaks that change as a result 

of the heat treatment. 
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For the production of biomass, 0.1 ml of E. coli 15224 slurry was put in 75 ml of TSB 

and incubated overnight at 37 oC on a shaker at 150 rpm. From here, 6 ml of suspension 

were added to 300 ml of TSB and incubated for ~24 hours at 150 rpm, and 37 oC. The 

suspension was washed three times with NaCl 0.9%, centrifuged at 3500 rpm, 15 min, 9 

oC in batches of 50 ml each, and resuspended in 0.6 ml of NaCl 0.9%.  This gave a final 

volume of ~1.2 ml per batch.  For heat treatment, 5 slurry batches were used, the first as a 

control, the second for 15 min of heat treatment, the third for 30 min, the fourth for 45 

min, and the fifth for 60 min of heat treatment. All were introduced in a water bath at 

57.5 °C and were extracted and cooled in a water bath at room temperature. 

 

For FTIR spectral collection, the samples were allowed to purge 10 min, enough time for 

purging atmospheric water and for have a good contact of the cells with the crystal. For 

processing of the spectra, the signal of NaCl 0.9% was collected before each sample, with 

a purging time of 10 min, and used as background. For this experiment, an analysis of the 

area under peaks was made in order to look for changes in the spectra that correspond to 

the intensity of the thermal treatment.  The table of results in appendix D has a detailed 

presentation of the results of the areas under the peaks and the relationship of them with 

the amide II peak absorbance. 

 

The results of the thermal treatments are shown in graphs of Figure 24. Here there is a 

reduction in absorbance for all the peaks between 0 and 15 min and a growing trend after 
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that. Changes were observed in the amide I peak, in which the width increases with the 

amount of the thermal treatment made. This is indicative of an increase in β sheet 

content, a typical mechanism of protein unfolding. 

 

 

Effect of thermal treatment in the width of the amide I peak
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Figure 24 Effect of thermal treatments in the width of the amide I peak 
 
 
In order to detect the changes in the peaks of the spectra, even if the peaks are not visibly 

evident, the second derivative of the spectra was performed using a routine of OMNIC 

software. This is a common spectral analysis procedure that helps to highlight changes in 

the curvature of peaks, indicative of minute spectral alterations.  The inverse of the 

second derivative was calculated with another tool of OMNIC software to have the peaks 
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in the same position of the original spectra. All the wavenumbers of the peaks after this 

transformation are in the appendix F. 

 

In Figure 25 the peaks after this transformation are presented, and it can be observed that 

a number of peaks change when the thermal treatment is applied. The peak at 1629 cm-1, 

compared to the control to 60 min of thermal treatment reduced its amplitude while the 

peak 1619.96 cm-1, non-existent in the control, increases its amplitude during the 

treatment. The peak at 1629 cm-1 corresponds to β sheet structures (Melin et al., 2001) 

which is disappearing due to the thermal denaturation of proteins. The peak at 1619 

corresponds to intermolecular β sheets, a new peak formed due to induced changes 

during heat treatment. Since the samples were cooled to room temperature prior to the 

spectral collection, these changes are considered permanent. Changes in this peak were 

also observed by Bischof et al (2002), working with dunning AT-1 cells. 

 

The peak at 1693 cm-1 is a new and permanent peak formed after the heat treatment and 

corresponds to beta turn structures (Melin et al, 2002).  Since the second derivative does 

not keep all the information about the area under the curves, a routine of Fourier Self 

deconvolution (FSD) was performed with OMNIC software in order to keep all the 

information of area under the curves and provide the most quantitative information on 

changes during heat treatment. This is also a common spectral analysis procedure that 

provides information on peaks that may effectively be buried under a larger peak. 
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Figure 25 Inverse of second derivative of amide I peak, E. coli 15224 under thermal treatment 
 

In order to avoid the introduction of artifacts (false peaks) due to the mathematical 

modification of the information, the peaks obtained through FSD will be compared with 

the results from second derivative that are in the appendix F in order to not introduce new 

false peaks. Figure 26 shows the result of apply FSD routine to the spectra. The changes 

in the peaks are similar to the changes found after second derivative treatment. 

 

The values of absorbances under peaks after FSD are presented in Figure 27. For this 

analysis, the parameters used were: bandwidth=37.114 and enhancement=2.7. On this 

figure, the peak at 1653 cm-1, that corresponds to amide I bonds (Naumann, 2000), and 

the peak 1631 cm-1, that corresponds to a beta-sheet structures (Melin, et al., 2001), 

decreased due to the denaturation of proteins in the heat treatment.  The peaks at 1619 
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cm-1 and 1691 cm-1 present an increase due to the formation of new bonds that are 

permanent. The changes in these peaks present a linear trend, at least in part of the graph. 

These results suggest an approach to analyze the changes in the chemical structure of E. 

coli 15224 in a heat treatment, following the changes in the absorbance of peaks as a 

reference. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

Figure 26 Fourier self deconvolution of E. coli 15224 spectra 
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Heat treatment E. coli 15224, 57.5 C, changes in peaks 
area
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Figure 27 Behavior of the FTIR peaks of E. coli 15224 during heat treatments process 
 

 

Similar results of a new peak around ~1619 cm-1 were obtained after placing 

Enterobacter aerogenes and Pseudomonas putida under heat treatment at 57.5 oC. In 

Figure 28 can be seen the changes in Enterobacter and Figure 29 shows Pseudomonas 

changes in that peak, analyzed using the Fourier Self Deconvolution process. 

 

After the analysis of changes in peaks due to the heat treatment, the ~1619 and ~1631  

cm-1 peaks were chosen to represent the changes in the protein structures during a heat 

treatment. 
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Figure 28 Heat treatments at 57. 5 °C on Enterobacter aerogenes 13048 
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Figure 29 Heat treatments on Pseudomonas putida 12633 
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5.2.4 FTIR-Microbiology study. 

 
In this group of experiments, FTIR-microbiological studies were made to study the 

changes in the physiology of bacteria under two perspectives, a reduction in the viability, 

and changes in the FTIR spectra as a result of the heat treatment applied. In this 

experiment, sublethal times and temperatures were applied to E. coli 15224, in order to 

correlate the changes in FTIR spectra with the changes in the viability of cells. The 

relationship of the viability to the spectral changes were confirmed with heat treatments 

on Pseudomonas putida 12633 and Enterobacter aerogenes 13048. 

 
For this study, suspensions of E. coli 15224 were put under heat treatment in a water 

bath, at 57.5 °C and for times of 0, 30, 37.5, and 45 min, per triplicate. Microbiological 

and FTIR analysis were made for each treatment.  

 

Figure 30 shows the absorbance of the proteins and phosphates area. The ~1655 peak 

(Amide I peak), the 1548 cm-1 (Amide II), both peaks reduce their absorbance during the 

heat treatment. The 1468 cm-1 peak (C-H def of >CH2) presents almost no variation. 

Then, this peak represents a point of reference for the variations of the other peaks. Other 

two peaks that reduce their absorbance during the heat process are the ~ 1200 cm-1 peak 

(P=O asymmetric stretch of PO2-) and the 1085 cm-1 (P=O symmetric stretch of PO2-). 

Figure 31 presents a different set of absorbance features which corresponds to lipids, 

here, the peak that present almost no variation is the 2872 cm-1 (C-H symmetric stretch of 

CH3).  The peak 2852 cm-1 ( C-H symmetric stretch of  >CH2 in fatty acids), 2921 cm-1 
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C-H asymmetric stretch of >CH2 in fatty acids), and  2959 cm-1 (C-H asymmetric stretch 

of -CH3). All these reductions in the absorbance area of proteins, phosphates and lipids, 

are due probably to the deterioration of structures, product of the heat treatment. 
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Figure 30 Constant FTIR peaks, heat process on E. coli 15224, proteins and phosphates area 
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Changes in peaks absorbance, heat treatment, lipids area
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Figure 31 Constant FTIR peaks, heat process on E. coli 15224, 2 
 
 
 

Inverse of the second derivative was calculated for each spectrum in order to identify the 

location of peaks. Fourier Self Deconvolution was calculated for each spectrum to make a 

quantitative analysis of the changes during heat treatment. Amide I peaks areas were 

calculated. Figure 32 presents the changes in the absorbance of ~1631 cm-1 and ~1619 

cm-1 peak. The largest change was presented in the first 30 minutes of treatment, and 

after that, gradual changes were presented.  
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Changes in the peaks ~1619 cm-1 and ~1631 cm-1 during heat 
treatment of E. coli  15224
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Figure 32 Changes in the absorbance of ~1631 and ~1619 peaks 
 

Since the changes in the absorbance of the peak 1619 cm-1 are small from 30 to 45 min, 

the ratio of ~1619 cm-1 peak respect to ~1631 cm-1 is calculated  to have more sensibility 

in the spectral changes respect to the time. This was exposed in the Figure 33. A 

quadratic correlation of the points was performed and resulted in a correlation coefficient 

of 0.9273.  
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Changes in the ratio Area 1619/Area 1631 FTIR peaks during a 
heat treatment of E. coli  15224 at 57.5 C
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Figure 33 Changes in the ratio area ~1619/area ~1631 in a heat treatment. 
 

The viability (CFU/ml) of E. coli after initiation of heat treatment in the Figure 34 shows 

a sizeable decrease during the heat treatment. The spectral changes show predominantly 

an increase in the absorbance of ~1619 peak with respect to the absorbance of ~1631 

peak. In Figure 35, the same property was observed with Pseudomonas putida 12633, 

while the log CFU/ml is decreasing with the treatment, the relation of absorbances of 

peaks ~1623/~1632 is increasing. The same changes were confirmed for Enterobacter 

aerogenes 13048 as is shown in Figure 36. 
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Changes in the viability of  cells and the rate of Absorbance 
A~1619/A~1631 during a heat treatment process on E. coli 

15224, 57.5 C
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Figure 34 Relationship between the changes in the viability of cells and the rate of absorbance 
A~1619/A~1631 during a heat treatment process on E. coli 15224 
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Figure 35 Relation between the viability of Pseudomonas putida 12633 and the changes in the rate of 
absorbance ~1626/Absorb~1632 of the FTIR 
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Figure 36 Relation between viability and ratio of absorbance at ~1623/Absorbance at ~1632 
 
 
In Figure 37, for E. coli a correlation was calculated between the spectra and 

microbiological properties, giving, for the units of absorbance and CFU/ml, a linear 

relationship. With this linear relation it is possible to make a forecast of the fraction of 

the microorganisms that will remain alive after a heat treatment.  In this example, the 

regression curve is y=-0.5118 x + 9.4747 where for a prediction only it is necessary to 

know the relation between the absorbance ~1619/~1631 (x axes) and y axes with the 

log10N. This is valid when a calibration curve is made for a microorganism at a fixed heat 

treatment temperature and with a fixed initial cellular concentration. Repetitions of this 

experiment can be seen in Figure 38 which presents good repeatability. 
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In this section it was demonstrated that the decrease in the viability of E. coli 15224 

during a heat treatment, can be correlated with the denaturation of the proteins of the cells 

through the analysis of the FTIR-ATR spectra.  

Correlations between the ratio absorbance of peaks ~1617 cm-1 /~1631 cm-1 

of FTIR spectra of E. coli  15224 during a heat treatment at 57.5  C
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Figure 37 Correlation between the ratio absorbance of peaks ~1617/~1631 of FTIR spectra of E. coli 
15224 during heat treatment at 57.5 oC 
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Correlation between the changes in the viability of  cells and 
the rate of Absorbance A~1619/A~1631 during a heat 

treatment process on E. coli 15224, 57.5 C
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Figure 38 Correlation between the changes in the viability of cells and the rate of absorbance 
A~1619/A~1631 during a heat treatment process on E. coli 15224 

 
 
In the study of application of heat treatment to bacterial cells, their sensitivity to the 

treatment was determined through the calculus of D, time of decimal reduction. 

Temperatures and times of treatment that produced sublethal damage were chosen. FTIR-

ATR spectra were analyzed and spectral changes that represent denaturation of proteins 

were quantified. With this information, a correlation between the reduction of viability 

and the spectral changes were calculated.  
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5.3 STARVATION 

In this experiment, E. coli 15224 was incubated in a non-nutritive media in order to 

induce starvation due to the lack of nutrients.  The goal was to detect these changes in the 

bacterial physiology through the analysis of FTIR-ATR spectra. 

 
One loop of E. coli 15224 from a TSA plate was put in 800 ml of TSB broth, and 

incubated 72 h at 37 oC, 150 rpm to make a bacterial stock. Then 2.5 ml of this stock 

suspension were placed in 250 ml of TSB, and incubated at 37 °C, for 16 h, in a shaker at 

150 rpm. From here, 7.5 ml were put in 250 ml of TSB at 37 oC, at 150 rpm, for 25 hours.  

From the last culture, 120 ml of bacterial suspension was centrifuged at 4000 rpm, 

washed two times, and resuspended in PBS.  The samples were then incubated at 37 °C, 

150 rpm.  FTIR-ATR spectra were recorded for the three treatments at 0, 24, 48 and  113 

h. 

 

As a result of extended incubation in a nutrient free solution nutrient a number of 

physiological alterations become apparent. The FTIR spectra in Figure 39 presents two 

changes, the first and most obvious is the baseline shift. This is due to small changes in 

the refractive index due to the little differences in the settling of bacteria between samples 

or due to slight changes in the position of ZnSe crystal on the holder. The second is the 

decrease in peak intensity. The changes correspond to proteins (1710-1500 cm-1) 

carbohydrates (1200-1000 cm-1) and phosphates (1296-1000 cm-1) are showed. In this 
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graph, we can observe a decreasing in the intensity of the signal, due to the structural loss 

during the starvation process. 

 

In Figure 40 it is possible to observe the changes in lipids area. The intensity decreased 

through the time, to a degree greater that the general loss of intensity observed in the rest 

of the spectra.  This loss of lipid features is probably due to damage to the cell structure, 

predominantly in the cellular membrane, which would increase the membrane 

permeability (Joux, 1997). 
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Figure 39 Starvation treatment, E. coli 15224, proteins and phosphates area. 
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Figure 40 Starvation treatments on lipids area of FTIR spectra of E. coli  
 
 

The area under the peaks of the spectra was calculated using an OMNIC software routine. 

The analysis of the Figure 41 was made in order to evaluate quantitatively the relative 

changes in certain cell features. Some peaks are quite constant which indicates that their 

concentration does not change with time, an indication that differences observed in other 

features is likely due to a physiological phenomena rather than to a measurement artifact.  

The peak that remains constant or with little changes is at 1468 cm-1, and corresponds to 

the C-H deformation of >CH2 (~1468 cm-1). The peak ~1320 cm-1 presents low 

variability, too. The rest of the peaks analyzed decrease in absorbance, due to the loss of 

structures in proteins and membranes, and due to cellular lysis (Persson et al., 1990). This 

reduction can be seen more clearly in the Figure 42 that is constructed with time in the x 

axes. It can be seen that this reduction was fairly uniform, except for the 1648.39 cm-1 

peak that presents a difference respect to the others.  Also in the 48 hours time, the amide 
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I peak is out of order.  This change is not surprising since this feature is particularly 

sensitive to variations in the spectral collection method, due to the variations in the 

interphase cell-water film-crystal during settling period, and due to the cleaning state of 

the crystal). With this last exception, the peak of symmetric phosphates (~1083 cm-1) 

presented large reductions in absorbance, probably due to the loss of phosphates from 

membrane structures, but there is a potential for some interference with phosphates in the 

PBS buffer. The Amide II peak (~ 1545 cm-1) reduces its absorbance with time, probably 

due to the loss of cellular structure. 

 

 

 

 

 

 

 

 

 

 
 

Figure 41 Evolution of absorbance of peaks  of proteins and phosphates areas 
 
 

In Figure 43, the absorbance of the 2926 cm-1 (C-H asymmetric stretch of >CH2 in fatty 

acids) peak is decreasing with time of starvation. This effect, together with the reduction 
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of absorbance of the peak 2856.59 cm-1 (C-H symmetric stretch of >CH2 in fatty acids) 

indicate that the fatty acids of the membrane were degraded, as Persson and co-workers 

found (1990). In Figure 44, the peak corresponding to CH2 are decreasing while the peak 

corresponding to CH3 is increased, probably for the creation of new CH3 bonds while the 

chains are being broken and losing CH2 bonds. The last peak disappeared at 113 h, which 

suggest that the membrane suffered strong damage in the starvation process. 

Changes in the absorbance of several peaks during a starvation 
process on E. coli  15224
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Figure 42 Evolution of absorbance of proteins respect to the time. 
 
 
The result of these studies are a confirmation that the changes that have been reported in 

the literature to occur during bacterial starvation, such as loss of membrane integrity, 

reduction of carbohydrates and/or lipids due to the use of reserve materials changes and 
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loss of protein material due to cell lysis, can be monitored through the application of 

FTIR-ATR analysis. 

 

Changes in the absorbance of lipid area peaks during a starvation 
process
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Figure 43 Changes in the absorbance of asymmetric lipid bonds during starvation process 
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Figure 44 Changes in absorbance of symmetric lipid bonds  during starvation process 
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5.4 ULTRAVIOLET LIGHT EXPOSURE  

 

E. coli 15224 was exposed to UV radiation for times 0, 1, 5, 9 min in one experiment, in 

order to detect physiological changes through FTIR-ATR spectral collection. A second 

experiment with 3 min of exposure was made to study in detail these changes. 

 
 

5.4.1 UV treatment with 1, 5, 9 min of exposure time. 

 
The objective of these studies was to obtain evidence of damage in chemical structure of 

cells after UV treatment. 

 

For production of biomass, 1 ml of E. coli 15224 was taken from a stock suspension. It 

was added to 150 ml of TSB, and incubated 16 h at 37 oC. From this suspension, 4.5 ml 

were taken and added to 150 ml of TSB, and incubated 25 h at 37 oC. After incubation, 

the cells were washed with NaCl 0.9%, centrifuged at 4000 rpm, at 9 oC for 15 min, and 

resuspended in sterile NaCl 0.9%. From here, 20 ml of liquid was placed in a quartz Petri 

dish to reach a height of the liquid of 6 mm.  

 

The samples received an average power of 41 µW/cm2 in five batches of 20 ml, for a total 

of 100 ml per sample. After concentrating the bacterial suspension down to 1 ml by 

centrifugation, each sample was placed on a ZnSe crystal for FTIR collection. The cells 

were in contact with the crystal for 15 min. 256 scans were collected and averaged. NaCl 
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0.9% was taken as background. The absorbance of the peaks in the spectra was obtained 

using an OMNIC software routine in order to compare the UV treatments to untreated 

bacteria to evaluate chemical changes in the cells. 

 

Figure 45 shows the primary peaks analyzed, with their corresponding chemical bonds. 

The tentative biochemical assignments at these frequencies were obtained from the work 

of Nauman and co-workers (2000) and the wavenumbers obtained in this study. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 45 Peaks studied for the UV treatment 
 
 
Figure 46 and Figure 47 display a summary of the most relevant peaks during the UV 

treatment. Two peaks that present minimal variation were C-H def of >CH2 in Figure 46 

and CH-symmetric stretch of –CH3 in Figure 54. The consistency of these peaks suggests 

consistency in the measurements. That is, cell settling and cell number were reproducible 

and consistent. 
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UV treatment, on E. coli  15224
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Figure 46 Peaks absorbances in a UV treatment process, protein and phosphate region. 
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Figure 47 Peaks absorbances in a UV treatment process, lipid region. 

 
 

Figure 48 shows the absorbance in the peaks of the lipids area of the spectra, and 

differences can be observed in C-H asymmetric stretch of >CH2 and the peak C-H 

asymmetric stretch of CH3 where the absorbance is increased with the time of UV 

treatment. Figure 49 shows the absorbance in the peaks of protein, phosphates, carboxylic 

groups and the CH2 group and an increase in the absorbance with the time of treatment 

can be seen for the peaks Amide I and II and P=O symmetric stretch of PO2, the peak 
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P=O asymmetric of PO2 present a less strong increase in the absorbance. These changes 

can be due to the effect of the treatment or the experimental variability.   

 

Regarding phosphates, Figure 50 shows the relationship between the asymmetric 

phosphate peak versus symmetric phosphate peak and a high correlation was observed 

between the ratios at different times, probably due to the changes in the nucleic acids, due 

to the UV treatment. 
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Figure 48 Absorbance in the peaks of lipids area, during a UV treatment 
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Figure 49 Proteins and phosphate area peaks, during a UV treatment 
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Figure 50 Absorbance of asymmetric PO2 stretch respect symmetric PO2 stretch 
 

These changes were not very large, less than 20% with respect to the control. Villlarino, 

et al (2000) that found the cellular activities do not suffer detectable changes after a UV 

treatment, but with our technique it is possible to detect minor changes in the chemical 

structure. Villarino et al (2000) wrote that the mechanism for UV disinfection is the due 

to the creation of pyrimidine dimers, leading to lethal mutations or breaks in the nucleic 

acids.  In this work, a small but consistent reduction in the absorbance of the Asymmetric 

PO2
- peak was observed, probably due to mutations or breaks in the nucleic acids due to 

the UV treatment (Villarino et al, 2000). 
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5.4.2 UV treatment with exposure time of 3 min 

 
To make a triplicate of samples, a shorter time was chosen for this experiment. This 

experiment included three controls and three repetitions of the UV treatment, using 3 

minutes with the same radiation power per Petri dish, an average of 17 µW/cm2.  

 

The concentrated samples were placed on a ZnSe crystal and 256 collections were 

averaged per sample. NaCl 0.95 % was used as a background and the resultant spectra 

were corrected to eliminate the atmospheric water signal using an OMNIC software tool. 

The area under some peaks was calculated using an OMNIC software tool.  

 

An increase in the phosphates and amides I and II were observed in this experiment. The 

average values of controls and treatments for Symmetric PO2 string, Asymmetric PO2 

string, Amide I and Amide II can be observed in Figure 51 This is qualitatively consistent 

with the prior experiment.  As an observation, the results of the two experiments were not 

combined because the different power applied.  

 

In Figure 52 can be seen that the ratio of Symm PO2/Asymm PO2 decreases with the time 

of UV treatment.  Although the differences (p>0.05) between controls and treatments 

were not significant statistically, this ratio presents a consistent decreasing behavior with 

the time of treatment.  The control spectra had a much larger standard deviation than did 

the experimentals and this is predominantly the cause for differences being not 

significant. 
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UV treatment on E. coli 15224
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Figure 51 UV treatment, 3min on E. coli 15224, and absorbance, several peaks 
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Figure 52 Changes in the ratio Asymm PO2/Symm PO2 for 3min UV treatment on E. coli 15224 cells 
  

 

The changes observed during UV treatments in protein and lipid peaks are not significant, 

confirming the observations of Villarino and co-workers (2000).  The relation between 

Asymmetric PO2/Symmetric PO2 decreases with the intensity of UV treatment, a change 
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that is not significant statistically, but is consistent in both experiments.  Together these 

results suggest that only small changes in bacterial physiology can be observed with 

FTIR, however, these small changes are consistent.  Perhaps future studies utilizing a 

larger data set may reveal significant effects resulting from uv treatment.   

 

 

5.5 CHLORINE 

 

Stock solutions of chlorine (200 to 400 mg/L) were applied to batches of 100 ml of 5.7 × 

107 CFU/ml of E. coli 15224 and monitored after 15 min of treatment. To stop the effect 

of chlorine, 0.1 ml of a 10% w/v of sodium thiosulfate was added to the sample after the 

time of treatment. Samples were taken to obtain bacterial counts and after the volume 

was reduced 100 times by centrifugation, the FTIR spectra were collected. 

 

No living bacteria were found in the treated samples. This indicates that the 

concentration-time combination used here was excessive. The FTIR spectra were 

analyzed to study the effects of chlorine with these high concentrations.  Figure 53 shows 

the peaks that were analyzed for bacterial response to chlorine. 
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Figure 53 Peaks analyzed in chlorine treatment 
 

In Figure 54 and Figure 55 can be seen a summary of the relevant features.  The peak at 

1464 cm-1 in Figure 54, that corresponds to C-H deformation of >CH2 presents little 

variation with the process. This peak also presents no change in the other stress factors 

application and so confirms the stability of the method and permits one to continue with 

the analysis of the rest of the peaks. 
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Chlorine treatment on E. coli  15224

0

0.5

1

1.5

2

2.5

1000 1100 1200 1300 1400 1500 1600 1700

Wavenumber,cm-1

A
bs

or
ba

nc
e,

 a
rb

itr
ar

y 
va

lu
es

control +Th
1 ppm
3 ppm
5 ppm

 

Figure 54 Changes in peaks during a chlorine treatment, proteins and phosphates area. 
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Figure 55 Changes in peaks during a chlorine treatment, lipids area. 
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Figure 56 shows that of all the peaks analyzed, the C=O asymmetric stretch of COO- and 

P=O asymmetric stretch of PO2 presented only a small reduction from the control to 1 

ppm of free chlorine, but the P=O symmetric stretch of PO2 suffers a reduction from 3 to 

5 ppm of free chlorine. This could be due to changes in the organization of phosphates of 

the membrane.  Related to this Lisle and co-workers (1999) demonstrated that in a 

chlorine treatment, the cell presented a loss of membrane potential and membrane 

integrity. The peaks corresponding to amide I and II suffer a large change for all 

concentrations of free chlorine due to widespread attack of chlorine on the proteins 

(Denver, 1998).  In Figure 57, for the lipids area, all the peaks presented a general trend 

in decreasing absorbance. Again, this could be due to loss of membrane potential and 

integrity (Lisle et al, 1999), related with structural changes in membrane lipids. 
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Figure 56 Evolution of FTIR peaks during chlorine treatment, proteins and phosphates area. 
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Figure 57 Evolution of  FTIR peaks during chlorine treatment, lipids area. 

 
 
In Figure 58, the Amide I and Amide II peak shift to a higher frequency. The same effect 

was reported by Subirade et al (1994) after adding sodium perchlorate to pea legumin. 

These changes are due to alterations in the chemical environment, like protonation or 

deprotonation. In addition to the changes in proteins, the peak of carboxylic acids and the 

peak of asymmetric phosphates had a negative shift, toward lower wavenumbers (lower 

frequencies). Here the results indicate that for amide I and II a loss of protons occurs 

during the chlorine treatment and that for carboxylic groups and symmetric vibrations of 

phosphates, the bonds present a protonation.  As was presented in the absorbance peak 

changes, the C-H deformation of >CH2 presented a high stability against changes in the 

wavenumber. This allowed us to take this peak as a reference for the other changes 

observed. 
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Changes  in the wavenumber of several peaks, relative to the 
control during a chlorine treatment on E. coli  15224
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Figure 58 Changes in the wavenumber of FTIR peaks with chlorine treatment 
 

As a summary, the chlorine treatments on E. coli 15224 caused changes in proteins, 

membrane lipids and phosphates as FTIR-ATR spectra suggested, in agreement with 

prior studies presented by Lisle and co-workers (1999). 

 

 

 

 
 
 
 



117 

DISCUSSION OF RESULTS 
 
 
Collecting a FTIR-ATR spectra 
  
In the experiments described in this work, one of the first difficulties found was to collect 

a consistent FTIR-ATR spectra. The section of Amide I (around ~1650 cm-1) presented a 

high variability, and the first experiments with heat treatment did not present consistent 

results because the most significant changes due to this treatment were located in the 

Amide I section. Since this is the same area that presents a peak of absorbance of water 

(~1636cm-1) and the aqueous interphase between the cells and the crystal is changing 

during the settling process of cells,  the signal of amide I was not constant from sample to 

sample. One approach to solution was to obtain the spectra of a heavily concentrated 

bacterial suspension of E. coli 25922 (~1010 cells/ml), called a slurry. This allowed us to 

have a clear spectrum after 5 min of settling. Then was possible to run experiments with 

heat treatment on a bacterial slurry, using temperatures of 57.5 °C (water bath) and 

121°C (autoclave).  

 

For heat treatment and UV, the published data showed that lower concentrations of cells 

were used in the treatments in order to obtain a homogeneous application of the stress 

factors. Cellular concentrations of 108 cells/ ml for heat treatment and 106 cells /ml for 

UV treatment were selected. For 106, 107 and 108 cells/ ml, the quality of the spectra were 

tested, giving as a result that 106 cells /ml did not present consistent absorbances between 

samples, for Amide I. For 107 cells /ml, the spectra needed at least one hour of settling to 

obtain results with Amide I peak more defined, but with a shape different from bacterial 
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slurry. A concentration of 108 cells /ml allowed us to obtain a clear peak (with respect to 

slurry) in a time around 35 min.  In this time, UV experiments were run, using 

concentrations of 106 cells /ml, being concentrated 100 times to give an adequate contact 

with the crystal. As the results present high variability, a study of the settling time was 

performed.  

 

For this study, a concentration of cells of 108 cells /ml was put on a ZnSe crystal per 

triplicate, obtaining a variability between samples less than 5%. When triplicates were 

run, most of the time two results were approximated to the same value and the third was 

far from the average of the other two.  The absorbance of the peak was growing while 

settling were being running. This settling presented a logarithmic behavior in this 

growing values of absorbance. As the peaks Amide I and Amide II with their great 

absorbance represent the complement of protein in the cell, and since the two were 

growing in a similar way, a ratio of Amide I respect Amide II was calculated, with a 

result of stable ratio Amide I/Amide II after 15 min. The times 20, 25 and 30 min were 

considered good candidates for FTIR-ATR collection of spectra. In order to minimize 

changes in the spectra that could give a low quality spectra, a time of 30 min was chosen 

for work with stress factors over bacteria. As a mode of comparison, a similar study was 

carried with bacterial slurry, giving a constant ratio Amide I/ Amide II from 5 to 60 min. 

 

Another difficulty was presented by the time of storage of the samples after the 

application of stress factors to obtain a constant quality of measures. This had not been 
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previously reported in the literature.  A study of fresh cells of E. coli  15224 were put at 4 

°C, and FTIR spectra were collected at times of 0, 12, 24, 36, 48 hours. The absorbance 

of the peak Amide I was calculated, obtaining consistent values from 0 to 36 hours. An 

error of 18% was found at 48 h, then, a storage of 36 hours as a maximum was suggested. 

 

After these studies, it was possible to obtain a high quality spectra with a collection time 

of 30 min and a storage time of samples of 36 hours as a maximum. There is not enough 

information about this process applied to bacterial cells. Instead of this, FTIR-ATR 

analysis of dry bacteria on ZnSe crystal are usually reported in the literature. In this way, 

the results of the present work make an important contribution to the study of cellular 

physiology because it is possible to study accurately the changes in fresh cells. The 

extension of this contributions to the study of environmental samples could be possible 

with concentrated samples. 

 

Water samples analysis 

Detection of organic matter was performed in samples of tap water from U of A and well 

water from the Tucson Water Department. Microbial signals were determined but it was 

not possible to quantify them due to the lower concentrations. Centrifugation of samples 

allowed to increase slightly the absorbance of samples. Techniques of concentration of 

samples were suggested for improve the spectra collection. 
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Heat treatment. 

For the heat treatment on bacterial cells, E. coli 25922 was the first tested. A bacterial 

slurry was put at 57.5 °C in a water bath and at 121 °C. FTIR-ATR spectra were collected 

and an analysis on the amide I peak was made, because this was reported to change with 

heat treatment (Meng and Ma, 2001). In this peak a change in the orientation of the peak 

was detected. A deformation from left to right was observed. This was due to the 

reduction of β-sheet conformation in the left area of the peak (~1631 cm-1) due to the 

denaturation of proteins and an increase of the β-turn structures in the right area of the 

peak (~1619 cm-1) due to the formation of new bonds that are permanent. The change 

was proportional to the heat treatment. To study this changes in detail, a treatment at 57.5 

°C for times of 0, 15, 30, 45 and 60 min was made on E. coli 15224.  Inverse of second 

derivative was calculated to know the position of the peaks in Amide I area. Fourier self 

deconvolution (FSD) allowed to calculate the information about the absorbance under the 

peaks of Amide I area. This process was validated with the peak position given for the 

second derivative of the spectra. The loss of absorbance of 1631 cm-1 peak and the 

increase in the absorbance of 1619 cm-1 confirmed the denaturation of proteins 

proportionally to heat treatment.  These results were confirmed repeating the heat 

treatment with Pseudomonas putida 12633 and Enterobater aerogenes 13048, where the 

1631 cm-1 peak lost intensity  while the  1619 cm -1 peak gained intensity confirming the 

results about denaturation of proteins with heat treatment in bacteria.  
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In order to find levels of intensity of heat treatment that were sublethal, a microbiological 

study was made on E. coli 15224. The objective was to obtain correlated FTIR-microbial 

information with microorganisms of several levels of viability. A temperature of 52.5, 55, 

57.5, 60 and 62.5 °C were applied with times of 0 to 150 min to E. coli 15224 cells.  

Temperatures of 52 and 55 °C presented a small slope with long times of heat treatment 

for obtaining a low reduction of the viability (0.5 log reduction in 105 min for 52 °C  and 

2 log reduction in 150 min for 55 °C). Temperatures of 60 and 62.5 °C presented a high 

slope with short times of heat treatment to obtain high reductions in the viability (10 log 

reduction in 17 min for 60 °C and 10 log reduction in 15 min for 62.5 °C). The 

temperature of 57.5 °C presented a medium point between the time of analysis and the 

reduction of the viability of microorganisms (4 log reduction in 45 min). Then, this 

temperature was chosen for the next experiments of heat treatment. For confirm this 

results, four experiments of 57.5 °C with times of 0 to 45 min were performed obtaining 

a good repeatability when the four curves of death were put together for a comparison.  

From slope values, it can be interpreted as a constant of death (kd), the inverse of this 

value was obtained for know the decimal reduction time (D) for each temperature. These 

values allowed us to compare the sensitivity of E. coli 15224 against other bacteria.  A 

similar analysis was made with Pseudomonas putida 12633 and Enterobacter aerogenes 

13048. Using the experience gained with E. coli 15224, a limited screening was made 

using 45, 50 and 55 °C for a time of 0, 15 and 30 min for Enterobacter aerogenes, based 

in the minimal temperature for denaturation of proteins, 45 °C. Enterobacter has an 

optimal temperature of growth of 37 °C. For Pseudomonas putida, the programmed 
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temperatures were 40, 45 and 50 °C, because this bacterium has a lower optimal 

temperature of growth, 26 °C. The results were: a reduction of 1.25 log10 in 15 min, and 3 

log10 for 30 min for Pseudomonas putida under a heat treatment of 50 °C. A reduction of 

3 log10 for 15 min and 7 log10 for 30 min for Enterobacter aerogenes under a heat 

treatment of 55 °C. The reduction of 3 log10 was chosen for next experiments, which 

corresponds to 50 °C and 30 min for Pseudomonas putida and 55 °C and 15 min for 

Enterobacter aerogenes.   

 

To study FTIR-ATR spectra together with microbiological analysis of viability a 

temperature of 57.5 °C with times of 0, 30, 37.5 and 45 min were applied on E. coli 

15224. FTIR-ATR spectra and counts of bacteria were obtained after the treatments. 

From FTIR spectra, the peak ~1631 cm-1 (β-sheet structures), presented a reduction 

through the thermal treatment and simultaneously, the peak ~1619 cm-1 (β-turn 

structures) increased its absorbance.  This was due to denaturation of proteins, as was 

discussed earlier. A problem with these changes was that from the time 0 to 30 min, when 

most of the changes were presented, and from 30 to 45 min, the variation of the 

absorbance was small. Then, for increase the sensitivity of this analysis, the absorbance 

of the growing peak, ~1619 was related to the absorbance or the decreasing peak, ~1631. 

The resultant values presented a gradual change between 0 and 45 min, with a shape that 

was the inverse of the decreasing values of microbial viability (CFU/ml). A correlation 

between the change in the ratio of absorbances and the microbial viability was made. 

This correlation was linear between the log10 of CFU/ml and the ratio ~1619/~1631 cm-1. 
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In each experiment three repetitions were made per sample. These experiments were 

repeated three times. 

 

These results were confirmed applying heat treatments to other two bacteria. The 

conditions for the heat treatments were 50 °C and 30 min for Pseudomonas putida and 55 

°C and 15 min for Enterobacter aerogenes. As a result, a reduction in the viability of 

both microorganisms corresponded to an increase in the ratio ~1619/~1631 cm-1. This 

confirms the results obtained with E. coli 15224, a denaturation of proteins and a 

reduction of bacterial viability proportional to a heat treatment. 

 

Research that related changes in the FTIR-ATR spectra of a microorganism in water 

based samples, as a result of a heat treatment, and that can be used to predict the loss of 

microbial viability as a result of that treatment, were not reported in the literature before, 

giving an important contribution to the study of the disinfection of water based samples.   

 

Starvation. 

An E. coli 15224 suspension was incubated at 37 °C, in a shaker, taking samples to 

obtain FTIR-ATR spectra at intervals of time.  The bacterial spectra present a reduction 

in intensity (absorbance) during the time of treatment. These reductions are more evident 

in the lipids area of the spectra.  At 24 hours of the treatment, it was possible to detect a 

reduction in the absorbance of peaks, but at 48 and 113 h, the peaks have lost their shape.  

To make a detailed analysis, the absorbance or each significant peak was calculated.  
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Analyzing the evolution of peaks in the area of proteins-phosphates, the peak that 

corresponds to C-H deformation of >CH2 (1468 cm-1) presented small or not changes 

during the process, being a reference that allow  attribute the changes in the other peaks 

to the starvation process and not to artifacts product of the mathematical analysis of the 

spectra. The rest of the peaks, Amide II (~1545 cm-1), C=O symmetric stretch COO- 

(~1400 cm-1), Amide III band components of proteins (~1395 cm-1), P=O asymmetric 

stretch of PO2- (~1238 cm-1) and  P=O symmetric stretch of PO2- ( ~1083 cm-1), were 

changing following the same quadratic type decay pattern. The information of Amide I 

(1648 cm-1) does not follow the same pattern because one of the points are not following 

it at the time 48 h. This was due probably due to a bad collection of data, because Amide 

I is particularly sensitive to the degree of cleaning of the ATR crystal.  This was due to 

the catabolism of cellular materials (Chesbro, et al., 1990).   

 

The lipid area of peaks presented a different behavior.  The peaks that correspond to C-H 

asymmetric (2921 cm-1) and symmetric (2852 cm-1) stretch of >CH2 in fatty acids 

reduced their absorbances from 0 to 48 hours in a continuous form. After that, the 

symmetric stretch maintained a very low level until 113 h and asymmetric stretch became 

a non detectable peak. This was due to the metabolic decay and catabolism of cell 

materials (Chesbro et al., 1990). In the same lipid area, the C-H asymmetric stretch 

(~2959 cm-1 ) and symmetric stretch (~2877 cm-1) of -CH3 reduced from 0 to  24 hours, 

and the symmetric stretch remains in a low level value, while the asymmetric stretch peak 

presented a growing pattern during 24-113 hours. Here, possibly the loss in CH2 
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structures can be due to the loss of chains of lipids (Archuleta, et al, 2005) and at the 

same time, and increase of the CH3 structures can be due to the formation of new groups 

CH3.   

 

Analysis of FTIR-ATR spectra of microorganisms presents important changes in the 

biochemical structure of bacterial cells. More research applying this stress factor could 

provide a novel tool to the study of viability of nutrient deprived cells and probably to the 

study of bacteria in oligotrophic environments.  

 

 

UV treatment. 

For this experiment, before beginning with UV treatment a series of preparation activities 

had to be performed to have the conditions to do a valid experiment. First, the work area 

needed to be in the dark, because light (neon lamps and solar) emit UV radiation that 

could alter the results of the experiment. The samples needed to be at 4 ºC in order to 

avoid changes due to the physiological activity of the cells. The cells needed an 

absorbance that allowed the bacterial suspension have a transmittance of at least 80% at 

254 nm in order to allow the cells to be reached by the UV radiation. The power received 

by the cells depended of the power of the UV lamp, the depth of the layer of bacterial 

suspension, and of the absorbance of the sample. As the two first factors were maintained 

constant, the power received by the cells depended of the cellular concentration, that in 

this case was of 106 cells/ml. The problem of the power received was fixed but this 
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cellular concentration was not adequate for FTIR-ATR collection, being necessary to 

have at least 108 cells/ml. To fix this, five Petri dishes with 20 ml of bacterial suspension 

received UV radiation, and after this, all this material was mixed and concentrated to 

have 1 ml. of irradiated sample, that was placed on a ZnSe crystal for collection of FTIR-

ATR spectra. 

 

First experiment, times 0, 1, 5, 9 min. 

With all of this prepared, five samples of E. coli 15224 bacterial suspension were 

exposed to UV radiation (41 µW/cm2) for times 0, 1, 5, 9 min in one experiment, in order 

to detect physiological changes through FTIR-ATR spectral collection. These times were 

chosen in order to have a heavy treatment, with all the cells killed, based in the work of  

Villarino and coworkers (2000) that reported that for a concentration of 106 cells/ml of E. 

coli K12S, two UV levels of UV radiation killed all the cells ( 10 and 40 µW min cm-2) . 

In this experiment, the levels of radiation correspondent to the times applied were 0, 41, 

205 and 369 µW/cm2, respectively. 

 

In response to uv treatment of the bacteria, the peaks that correspond to C-H deformation 

of >CH2 (1468 cm-1), C=O symmetric stretch COO- (~1400 cm-1), Amide III band 

components of proteins (~1395 cm-1), and P=O asymmetric stretch of PO2- (~1238 cm-1) 

presented small or not detectable changes during the process.  The peaks of Amide II 

(~1545 cm-1) and P=O symmetric stretch of PO2- (~1083 cm-1), presented an increase in 

absorbance when the power of the UV radiation was increased. This pattern was not 
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followed by the Amide I peak, where the absorbance for 0 and 1 min had almost no 

change, while for 5 min was increased and for 9 min the signal was lost. Again, like in 

starvation experiments, the Amide I presents high variability. This is probably due to 

variations in the degree of contact of the cells with the crystal, a situation that was 

observed in the section of materials and methods with the study of the absorbance of the 

peaks with different concentrations of cells.  

 

The area of lipids have a similar situation. The C-H symmetric stretch of >CH2 in fatty 

acids (~2852 cm-1) and the C-H symmetric stretch of -CH3 (~2872 cm-1) presented little 

or not detectable changes, while the C-H asymmetric stretch of >CH2 in fatty acids 

presented an increment in the absorbance with the increment or radiation received. The 

C-H asymmetric stretch of -CH3 presented an increment in the absorbance from 0 to 1 

min, but from 1 to 5-9 min presented almost no changes. The changes in the proteins-

phosphates area and in the lipids area were not significant statistically, but were 

consistent. These results are in agreement with the work of Fiksdahl and Tryland (1999) 

that determined that doses ≤ 800 µW min cm-2 did not cause significant changes in β-D-

galatosidase levels, CTC reduction, membrane integrity and membrane potential.  

In order to make an analysis of the changes of P=O symmetric stretch of PO2- (~1083 

cm-1), its absorbance was related to the relatively unchanged P=O asymmetric stretch of 

PO2- (~1238 cm-1). The results are presented as the ratio of asymmetric/symmetric. This 

ratio was reduced through the increase in the time of exposure, then, probably this was an 

indicator of changes in DNA structures with the increment of exposure time. 
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A second experiment with 3 min of UV (17 µW/cm2) exposure was made to study in 

detail (three repetitions per dose) the changes studied in the first experiment. The 

exposure time was 3 min with a power of 51 µW min/cm2. This experiment was made in 

triplicate the samples that received the UV radiation. The changes in the peaks of protein-

phosphates that corresponds at C-H deformation of >CH2 (1468 cm-1), and C=O 

symmetric stretch COO- (~1400 cm-1), presented small or not detectable changes while 

the time of exposition was increased. The peaks P=O asymmetric stretch of PO2- (~1238 

cm-1), P=O asymmetric stretch of PO2- (~1238 cm-1), Amide II (~1545 cm-1), and P=O 

symmetric stretch of PO2- (~1083 cm-1), presented an increase in absorbance when the 

time of exposure was increased. The ratio P=O symmetric stretch of PO2- (~1083 cm-1)/ 

P=O asymmetric stretch of PO2- (~1238 cm-1) was calculated. This ratio was reduced 

through the increase in the time of exposure, like in the first experiment (probably due to 

damage in DNA structures). These results were not significant statistically, but were 

consistent with the results of the first experiment.  

 

The study of UV treated bacteria using FTIR-ATR techniques provided useful 

information about the lack of variability of the biochemical indicators of viability during 

this disinfection process. The area of phosphates provide a possible area of opportunity 

for continue the search for biochemical markers, that allow one to detect and quantify 

changes in the bacterial viability through the study of spectral changes during a UV 

treatment. 
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Chlorination. 

For chlorination experiments, a suspension of 107 CFU/ml were used because several 

works recommended such concentrations in order to have a good exposure to the chlorine 

treatment and not to have an excessive clogging of cells. Miyamoto and co-workers 

(2000) applied from 2 to 4 ppm of free chlorine to a population of 105 CFU/ml of 

Legionella pneumophila and for 3 and for 60 min of exposure, obtained a 100% of cell 

mortality.  Shang and Blatchley (2000) made a kinetics studio of chlorine demand by 

Escherichia coli, Pseudomonas aeruginosa, Streptococcus faecalis and Staphilococcus 

aureus using a microbial concentration of 107 CFU/ml. 

 

Using this microbial concentration, it was necessary to work with a quantity of sample 

that allowed to take samples at intervals of time in order to quantify the free chlorine 

(using Hach methods) and to take samples for make microbiological studies. Additionally 

to this, a 100 fold concentration was necessary to perform a concentration to a final 

volume of 1 ml (~100 fold) in order to have a cellular concentration that allow to have a 

clear FTIR-ATR spectra at the end of the experiment (previous neutralization of residual 

chlorine with 0.1 ml of 10% w/v of sodium thiosulfate). For this purpose, a volume of 

100 ml. per sample was chosen. The sample was placed in an Erlenmeyer flask at room 

temperature (26°C). The flasks contained 99 ml of NaCl 0.9% sterile. 1 ml. of 109 

CFU/ml of  E. coli 15224 suspension was added to each flask in sterile conditions 

(laminar flow hood) in order to obtain a solution of 107 CFU/ml. For the experiment, 

enough sodium hypochlorite from a stock solution (200 to 400 ppm of free chlorine) were 



130 

added to reach the concentrations 0, 1, 3 and 5 ppm. After 15 min of treatment, 0.1 ml of 

10% w/v of sterile sodium hypochlorite were added to quench the action of chlorine. 1 ml 

of sample was taken and dilutions were made from 10-1 to 10-7. From here, 0.1 ml were 

plated on TSA agar per duplicate.  After incubation at 37 °C per 24 and 72 h, the results 

indicated that in all treatments except in the controls, all microorganisms were dead. The 

results from FTIR-ATR analysis indicated that the peaks that correspond to Amide III 

band components of proteins (1397 cm-1), and C-H deformation of >CH2 (1455 cm-1), 

presented little or not changes during the process, the peak C=O symmetric stretch of 

COO- (1397 cm-1) is also in this group. The peak P=O asymmetric stretch of PO2- (1121 

cm-1) decrease its absorbance at 1 ppm of free chlorine, but after that remained almost 

constant, with a small decay. The peak P=O symmetric stretch of PO2- (1084 cm-1) 

remained almost constant from 0 to 3 ppm of free chlorine, reducing its absorbance at 5 

ppm of free chlorine. These results for phosphates indicated that the P=O asymmetric 

stretch of PO2- is more sensitive in a first shock, but after that develop structures  that are 

resistant to the attack of chlorine.  The peak P=O symmetric stretch of PO2-, that 

includes some carbohydrates structures, is resistant in a first moment to the attack of 

chlorine, but at the most high concentration reduces its absorbance.  Amide I (1639 cm-1) 

and Amide II (1546 cm-1) report the same reduction, a quadratic trend in the decay of the 

absorbance from 0 to 5 ppm of free chlorine.  These results indicate that proteins suffer 

the most damage due to attack from the chlorine. 
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The region of lipids present almost no change in the C-H symmetric stretch of >CH2 in 

fatty acids (2852 cm-1) and in the C-H symmetric stretch of -CH3 ( 2874 cm-1).  This 

suggests stability in the membrane, correlated with the results of Diao and co-workers 

(2004) that in a chlorination process of 5 mg/l of free chlorine on a population of ~108 

CFU/ml of E. coli the cells did not presented cellular lysis when the samples were 

analyzed with SEM electronic microscopy technique. The C-H asymmetric stretch of 

>CH2 (2923 cm-1) in fatty acids presented an increment in the absorbance followed by C-

H asymmetric stretch of  -CH3 that presented the same but smaller increment. These 

changes can be interpretated as changes in the structure of the lipids of the membrane and 

can be correlated with the results of Lisle and co-workers (1999), that indicated that 

chlorination affected the membrane permeability and integrity.  

 

FTIR techniques provide a tool to identify the changes of the cellular structures suffered 

by the attack of chlorine during a disinfection process. Proteins are the most affected 

molecules during the chlorination process. 

 

Summary. 

With a valid technique to collect FTIR-ATR spectra, the study of stress factors with 

consistent results was possible. Heat treatments were applied on E. coli 15224 as a main 

bacterium of study, with Enterobacter  aerogenes 13048 and Pseudomonas putida 12633 

used to verify the results. Starvation, UV and chlorine treatments were performed on E. 
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coli 15224. As a result of these treatments, evidence of changes in the physiology of cells 

was obtained.  

 

Microbiological studies were made to study heat treatment together with FTIR studies 

obtaining a correlation of spectral changes and the viability of cells. This work forms a 

solid platform to make future in depth studies with starvation, UV, chlorine and other 

stress factors such as ozone and chlorine dioxide for their application on water 

disinfection.  Such an approach permits a fast determination of the viability of the cells 

after the treatments as a preliminary evaluation, allowing the user the decision of use 

complete microbiological analysis or not. 
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6.  CONCLUSIONS AND FUTURE WORK 
 
 

In this work, the methodology for the study of fresh samples of microorganisms has been 

developed using FTIR-ATR technique, providing an alternative to the use of dried 

samples to analyze bacterial samples. In this form, and using concentrated bacterial 

suspensions, it is possible to study different physiological status in bacteria that remain in 

a unchanged status.  

 
The use of FTIR-ATR spectra has been demonstrated to be an important tool for the 

study of physiological changes during the application of the stress factors: heat, 

starvation, UV and chlorination. 

 
The overall hypothesis of this work proposed that: 

Infrared spectroscopy can provide useful information to quantify bacteria at low levels in 

water and biosolids and that can be used to identify bacterial species, to estimate the 

viability of the bacteria, and to characterize environmentally-induced alterations in cell 

physiology.  

  

The specific objectives were to apply FTIR spectroscopy to: 

a) Develop methods to reliably collect high quality spectra of bacteria in water.   

b) Quantify bacteria in water and biosolids and estimate the limit of detection.  

c) Characterize the impact on cell physiology of sterilization techniques using 

starvation, ultraviolet light (UV), chlorine, and heat. 
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d) Use FTIR attenuated total reflectance technique (ATR) to compare the sensitivity 

and response of three bacteria to sterilization methods. 

 

Regarding the objective to develop methods to reliably collect high quality spectra of 

bacteria in water, it was possible to reach this, after concentrating the samples (at least 

108 cells/ml) to obtain a good contact with the ATR crystal. Control of the concentration 

of cells and the time of settling have been improved in this work to obtain bacterial 

spectra of high quality. For field practical applications it is necessary to have methods to 

concentrate the bacterial biomass in order to have a better signal. 

 

The objective: quantify bacteria in water and biosolids and estimate the limit of detection 

was reached through the construction of calibration curves in PBS buffer and obtaining 

the limit of detection of bacteria in PBS (~104 cells/ml) and biosolids (~104 cells/g). 

 

The objective: characterize the impact on cell physiology of sterilization techniques using 

starvation, ultraviolet light (uv), chlorine, and heat, was reached demonstrating that the 

FTIR-ATR technique is highly sensitive about the changes that the diverse stress factors 

cause in the biochemical structures. The results of the spectral analysis have been 

correlated with the biochemical changes found in diverse reports. In general, for 

starvation and chlorine, the absorbance of peaks is decreased with the treatment, and for 

UV the absorbance is increased with treatment. For heat treatment, the ratio of peak 

absorbances for ~1619/~1631 cm-1 peaks, that is a biomarker for denaturation of proteins, 
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increases with the heat treatment and it is linearly correlated with the log10N.  After this it 

is possible to develop a model in order to estimate the fraction of cells that remains viable 

after a heat treatment. This is an important contribution to develop a fast method of 

estimation of viability during heat treatments, as a fast method that can be an option to 

time consuming microbiological methods.  

 

The objective: compare the sensitivity and response of three bacteria to sterilization by 

FTIR ATR method, was possible because the quantification of the protein denaturation 

by FTIR methods was calibrated against microbiological methods, suggesting the use of 

this calibrated spectral technique to directly compare the sensitivity of bacteria to 

sterilization. For heat treatment, the relation between the absorbances ~1619/~1632 is 

directly proportional to the viability of cells. 

 

The infrared spectroscopy technique provides useful information to quantify bacteria of 

bacterial concentrated samples of water and biosolids and that can be used to identify 

bacterial species, to estimate the viability of the bacteria, and to characterize 

environmentally-induced alterations in cell physiology. 

 

For future work, the FTIR techniques are a promising tool to detect and quantify 

physiological changes in environmental samples requiring much less time compared with 

standard microbiological techniques. This work opened the way to make research with 

chlorine, UV, and starvation using this technique. Additional methods for concentration 
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of samples and for enhancing the IR signal will help in the development of FTIR 

techniques. 
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APPENDIX A. ASSIGNATION OF FTIR PEAKS TO A WAVENUMBER 
 

          
Wavenumber, 

cm-1  Assigned bond Organic compound Author Year 
3300 N-H stretching, amide linkage proteins Lasch et al 2002 

2960 
CH3 asymmetric stretching 

vibrations lipids Melin et al 2001 

2956 
CH3 asymmetric stretchig 

vibration lipids Melin et al 2004 

2930 
CH2 asymmetric stretching 

vibrations lipids Melin et al 2001 

2922 
CH2 asymmetric stretching 

vibration lipids Melin et al 2004 
2920 CH2 antisymmetric stretch   Lasch et al 2002 

2875 
CH3 symmetric stretching 

vibrations lipids Melin et al 2001 

2855 
CH2 symmetric stretching 

vibrations lipids Melin et al 2001 
2850 CH2 symmetric stretch lipids Lasch et al 2002 

          

1743 (~1743) 
non-hydrogen bonded ester 

carbonyl C=O stretching phospholipids Holman et al 2000 
1740 >C=O stretch lipids Pacifico et al 2003 
1740 ester linkage lipids Pacifico et al 2003 
1737 >C=O (ester) stretch lipids? Lasch et al 2002 
1736 Ester C=O stretching modes lipid acyl chains Melin et al 2004 

1730 
>C=O ester stretching 

vibrations 
cholesterol esters 
and phospholipids Melin et al 2001 

1725 (~1725) 
hydrogen-bonded C=O 

groups lipids? Holman et al 2000 
          

1697 
beta-sheet structures 

(intermolecular, above 70 C) 

proteins 
(deconvolved 

spectra) 
Wolkers and 

Hoekstra 1997 
1690-1620 Amide I   Lasch et al 2002 
1690-1620 C=O stretch, amide I Amide I, proteins Pacifico et al 2003 

1690 beta turns struectures amide I Melin et al 2001 

1684-1686 
Intermolecular beta sheet 

(appear above 75 C) 
proteins (fitted 

peaks) 
Bortolato et 

al 2002 

1682 
intermolec anti-parall beta-

sheet struct (above 80 
proteins 

(deconvolved) Meng and Ma 2001 
1667 Beta-sheet protein Holman et al 2000 

1655 
stretching C=O and bending 

C-N vibrational modes amide I Melin et al 2001 

1653-1652 
alpha helices (dissapear 

above 75 C) 
proteins (fitted 

peaks) 
Bortolato et 

al 2002 
1653 C=O stretching vibrations amide I Melin et al 2004 
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(mainly) 
1650 amide I protein Pacifico et al 2003 
1640 central alfa-helix proteins Holman et al 2000 

1635-1634 
intramolecular beta-sheets 

(dissapear abv 75 C) 
proteins (fitted 

peaks) 
Bortolato et 

al 2002 
1630 

(shoulder) 
intermolecular hydrogen 
bonds between proteins proteins Melin et al 2004 

1629 beta sheet structures amide I Melin et al 2001 

1628 
weak intermolec beta sheets 

(appear above 70 C) 

proteins 
(deconvolved 
spectr OMNIC 
algorithm 18,2) 

Gaussier et 
al 2003 

1627 
beta-sheet structures 

(intermolecular, above 70 C) 

proteins 
(deconvolved 

spectra) 
Wolkers and 

Hoekstra 1997 
1623 Beta-sheet protein Holman et al 2000 

1619 
strong intermolec beta sheets 

(appear above 70 C) 

proteins 
(deconvolved 
spectr OMNIC 
algorithm 18,2) 

Gaussier et 
al 2003 

1619 
Intermolecular beta sheet 

(appear above 75 C) 
proteins (fitted 

peaks) 
Bortolato et 

al 2002 

1618-1620 
intermolec anti-parall beta-

sheet struct (above 80 
proteins 

(deconvolved) Meng and Ma 2001 
1605 Beta-sheet protein Holman et al 2000 

          
1575 phosphatidylethanolamine   Melin et al 2004 
1575 NH2 bending vibrations amide II Melin et al 2004 

1575 
nucleotide bases (partially), 

like adenine nucleic acids Melin et al 2004 
1575 diaminohydroxy derivative   Melin et al 2004 

1570-1530 C-N stretch N-H def Amide II, proteins Pacifico et al 2003 
1570-1530 Amid II   Lasch et al 2002 

1568 
N-H bending motion (entropic 

changes above 80 C) 

turn-like structures 
and beta-sheet 

structures 
Wolkers and 

Hoekstra 1997 

1546 
bending N-H and stretching 

C-N amide II Melin et al 2001 

1544 
N-H bending vibrations 

(mainly) amide II Melin et al 2004 

1540 
amide II absorption shifted 

toward low wavelengths amide II Melin et al 2004 
1540 Amide II proteins Pacifico et al 2003 

1535 
N-H bending motion (entropic 

changes above 80 C) 

turn-like structures 
and beta-sheet 

structures 
Wolkers and 

Hoekstra 1997 
          

1469 CH2 bending vibration lipid acyl chains Melin et al 2004 
1468 CH2 sym def lipids Pacifico et al 2003 
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1468 
CH2 symmetric bend 

(scissoring) lipids Lasch et al 2002 
          

1455 
Various CH2/3 deformations 

modes proteins Lasch et al 2002 
1455 CH2/3 deformation modes proteins Pacifico et al 2003 

          

1452 
CH2 bending vibration in 

lipids lipids Melin et al 2001 
1397 -COO- symmetric stretch   Pacifico et al 2003 
1397 -COO- symmetric stretch   Lasch et al 2002 
1380 CH3 symmetric def lipids Pacifico et al 2003 

1379 
CH3 symmetric bend 

(umbrella)   Lasch et al 2002 
          

1340-1240 coupled C-alfa-H/N-H def Amide III, proteins Pacifico et al 2003 
1340-1240 Amide III proteins Lasch et al 2002 

          

1240 PO2- asymm stret vibr 
phospholipids and 

nucleic acids Melin et al 2004 

1240 
PO2 asymmetric stretching 

vibrations 
phospholipids and 

nucleic acids Melin et al 2001 
1237 O-P=O antisymetric stretch Phosphates Lasch et al 2002 

1235-1240 O-P=O antisymmetric stretch 
DNA, RNA 

phospholipids Pacifico et al 2003 
1235 (~1235) broad DNA peaks DNA Diem et al 2004 

1235 
antisymmetric stretching 
vibrations -PO2- linkage phosphates Pacifico et al 2003 

1234 
PO2- asymm stret vibr 

(downshifted) 
phospholipids and 

nucleic acids Melin et al 2004 

1173 
-CO-O-C antisymmetric 

stretch   Lasch et al 2002 

1170 
CO-O-C asymmetric 

stretching 

phospholipids 
and/or cholesterol 

esters Melin et al 2004 

1150 (~1150)   
proteins , alpha 
helical content 

Wolkers and 
Hoekstra 1997 

1150 C-O stretch, C-O-H bend 
carbohydrates, 

mucin Lasch et al 2002 

1150 C-O stretch, C-O-H 
carbohydrates, 

mucin Pacifico et al 2003 

1086 PO2- symm stret vibr 
phospholipids and 

nucleic acids Melin et al 2004 
1083 O-P=O symmetric stretch Phosphates Lasch et al 2002 

1080-1290 O-P=O symmetric stretch 
DNA, RNA, 

phospholipids Pacifico, et al 2003 
1080 (~1080) broad DNA peaks DNA Diem et al 2004 

1080 
symmetric phosphate 
stretching vibrations PO2- Pacifico et al 2003 
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1080 PO2- symm stret vibr 
phospholipids and 

nucleic acids Melin et al 2004 
1077 Phosphate stretching band Phosphates Pacifico et al 2003 

1075 (~1075)   
galactose (or 

osamines) Melin et al 2001 
1070 symmetric stretching vibration -PO2- linkage Pacifico et al 2003 

1065-1070 -C-O-P stretch 
phosphodiester 

group, DNA, RNA Pacifico et al 2003 
1063 -CO-O-C symmetric stretch   Lasch et al 2002 
1058 CO-O-C symmetric stretching mannose Melin et al 2004 

1055 (~1055)   
mannose (or 
osamines) Melin et al 2001 

1050 C-O stretch 
carbohydrates, 

mucin Lasch et al 2002 
1030 osidic C-O stretching glucose Melin et al 2004 

0970 
phosphate-choline moieties 

(partially)   Melin et al 2004 
0968 C-O phosphodiester moiety DNA, phospholipids Lasch et al 2002 
0914 C-O-P vibration   Pacifico et al 2003 
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APPENDIX B. TUCSON WATER ANALYSIS 
 
 
Observational study for Tucson Water Department 
 
 
 
This study was made as a challenge test to detect microorganisms in drinking water 
through the analysis of Fourier Transformed Infrared (FTIR) spectra of samples collected 
with an Attenuated Total Reflectance (ATR) technique. 
 
Dan Quintanar, from Tucson Water Department, provided to us 7 samples of drinking 
water (100 ml each): 
 

1. Central area well, raw (pH=7.2-7.5) 
2. Central area well, chlorine treated (pH=6.8) 
3. Southside area well, raw (pH=7.2) 
4. Southside area well, chlorine treated (pH=6.8) 
5. West area well, raw (pH=7.2) 
6. West area well, chlorine treated (pH=6.8-7.2) 
7. Nitrobacter special project reactor, chlorine treated (pH=7.2-7.5) 

 
 
PROCEDURE: 
 
Three sub samples of 1 ml of each sample were taken from each sample, and put on a 
ZnSe crystal for ATR collection of data. 256 scans were taken and averaged for each sub 
sample. The single beam signals were processed against a background of 0.2 µm filtered 
nanopure water. 
 
 
SAMPLES: 
a. No. 1,2,3,4,5,6 samples were analyzed. 
b. An additional observation was made with West area well samples, centrifugating the 
sub sample at 4000 rpm, at 9 ºC for 15 min.  
c. As a reference, a similar study was made with samples of tap water from Shantz 
building, U of A. 
d. No. 7 samples were analyzed. 
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RESULTS: 
 
 
 
a. Results from 1,2,3,4,5,6 samples: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the fig 1 we can see the FTIR spectra of well samples. The 1636 peak is related with 
water content (Schwarzott, 2001), the 1493 peak has not been assigned to any molecule, 
1368 peak is related with CH2- in saturated chains (Chia, 1996) and 1193 peak is related 
with C-O stretching vibration (Banerjee and Wong, 2002). These peaks reveal the 
presence of organic matter, but not the presence of microbial cells due to the ATR crystal 
low sensitivity to detect very diluted particulate material. That is because it is necessary 
to have a good contact of the particulate material  (bacterial cells) with the ZnSe crystal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  FTIR spectra from well samples. 
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b) Results after centrifugation of west well samples. 
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In the fig. 2 the 1636 peak is related with water (Schwarzott, 2001) and the 1362 peak is 
related with  CH2 groups adjacent to C=C bond  (Chia and Mendelsohn, 1996). The 
signal was not very different from water signal, however, when the samples were 
centrifuged, the signal at 1370 is increased due to the concentration of some organic 
matter from the sample. The absent of strong peaks in the spectrum means that the 
samples have low levels of contaminants. 
 
c. Results from tap water samples from Shantz Building (building #38) at University of 
Arizona. 
 
Tap water was collected in the room 512 of Shantz building, University of Arizona, and 
analyzed through FTIR-ATR technique. 
 

~1636 

~1362 

Fig. 2 FTIR spectra from west well, before and after the 
centrifugation process 
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One sample of 1 ml was taken from tap water, put on a ZnSe crystal and for ATR 
collection of data. 256 scans were taken and averaged for each sub sample. The single 
beam signals were processed against a background of nanopure water filtered through a 
0.2 μm membrane. Another sample was filtered through a 0.2 μm filter and put on a 
ZnSe crystal repeating the procedure used for the first sample. 

 
RESULTS: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In fig. 3, in the central and left areas of both spectra, filtered and unfiltered, it is observed 
a peak at ~1638 cm-1, related with water (Schwarzott, 2001) and peaks at ~2959, ~2918 
and ~2850  related with  C-H asymmetric stretching of –CH3 (Naumann , 2000),  >CH2  
asymmetric stretch (Liu et al, 2004) and C-H symmetric stretching of >CH2 in fatty acids 
(Naumann, 2000) respectively, which reveal the presence of organic matter. From these, 
the ~2959 peak is lost after the filtration process, because the organic particles were 
retained by the filter. In the right side of fig. 3, the ~1260 peak is related to  aromatic C or  
C-O stretch (Ilani et al, 2004),  ~1094  and  ~1022 peaks are related with  C-O stretch of 

Fig 3. Tap water from Room 512, Shantz Building, U of A. 
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polysaccharide (Ilani et al, 2004) changing after the filtration process, due to retention of 
organic matter by the filter. These results talk us about a contamination related with 
organic matter in tap water of Shanz Building. 
 
d. Results from Tucson Water, special project reactor, sample number 7. 
 
1 ml. untreated sub sample from sample 7 was put on a ZnSe crystal for the same 
technique collection used in the other samples. 0.2 μm filtered nanopure water was taken 
as a background. 

 
RESULTS: 
 
 

Tucson Water, special project
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Fig 4a. FTIR ATR spectrum of special project reactor, from 
1800 to 1200 cm-1. 



146 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In fig 4a we can see the water characteristic peak at ~1636 (Schwarzott, 2001). The 
~1547 cm-1  peak is related with  amide II component of proteins (Naumann, 2000) and 
the peak at ~1361 is related with CH2 groups adjacent to C=C bonds (Chia and       
Mendelsohn, 1996). In fig 4b we can see one peak at ~1086 cm-1, related with  P=O 
asymmetric stretch of >PO2

- (Naumann, 2000), from phospholipids and nucleic acids. 
The ~827 peak has been not assigned to any molecule.  These results suggest to us that 
the special reactor sample has a clear presence of cells, probably bacteria, at least with a 
concentration of 104 cells/ml (limit of detection for bacterial cells with the ATR 
technique). 
 
 
 
 
 

Fig 4b. FTIR ATR spectrum of special project water, from 1160 
to 650 cm-1 . 
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CONCLUSIONS: 
 
The raw and treated west, south and center well samples do not have a strong presence of 
organic matter, comparatively with samples taken at one final user site, like Shantz 
Building at U of A. In these samples, microbial cells could not be detected with the 
FTIR-ATR method. The sample from the special project well have a detectable presence 
of bacterial cells, probably >104 cells/ml. After the concentration procedure made with 
west well samples can be concluded that FTIR-ATR technique, together with 
concentration methods has a great potential to detect changes in organic matter and 
microbial content in water samples. 
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APPENDIX C. LIMIT OF DETECTION 
 
LIMIT OF DETECTION IN TSB AND BIOSOLIDS 
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APPENDIX D.  HEAT TREATMENT AT 57.5 °C ON E. Coli 15224 
 
 
Heat treatment. E. coli 152324 October-8-2004 57.5 C       
Experiment 69         
         
    Located Baseline     AREA (corrected)   

REGION Tentative Peaks   0 min 15 min 30 min 45 min 60 min 
  wavenum* (OMNIC)             
P=O str (sym) of PO2- 1085 1084 1186-1004.7 5.5811 4.5116 4.9831 5.2725 5.429 
P=O str a(sym) of PO2- 1250-         
  1220 1239 1286.3-1186 1.4227 1.0782 1.2336 1.3581 1.4224 
             
Amide III band components of proteins 1310-          
  1240          
C=O str (sym) of COO- ~1400 1397.8 1430-1351.8 0.893 0.8361 0.9602 1.0448 1.0905 
C-H def of >CH2 1468 1454.47 1481-1430 0.379 0.3345 0.3926 0.4446 0.4696 
Amide II 1548 1546.2 1594-1481 5.695 5.161 5.9 6.613 6.901 
Amide I of alfa-helical structures ~1655 1648.6 1702-1594 3.747 3.395 4.359 4.496 5.252 
             
Symm str CH2 in fatty acids 2852 2853 2863-2838 0.0459 0.0359 0.0456 0.0545 0.0551 
C-H str(sym) of -CH3 2872 2874 2885-2863 0.0153 0.0128 0.0165 0.0195 0.0208 
C-H str of -C-H methine 2898          
C-H str (asym) of >CH2 in fatty acids 2921 2924 2948-2885 0.24444 0.1962 0.243 0.2917 0.3001 
C-H str (asym) of >CH2 2934          
C-H str (asym) of -CH3 2959 2958 2994-2948 0.1052 0.0915 0.1172 0.1434 0.1553 
             
        0 min 15 min 30 min 45 min 60 min 
amide I/Amide II    0.657945566 0.657818252 0.738813559 0.679872977 0.761049123 
sym P02-/Amide II    0.98 0.874171672 0.84459322 0.79729321 0.78669758 
asym P02-/Amide II    0.249815628 0.208913001 0.209084746 0.205368214 0.206115056 
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Coo-/amide    0.156804214 0.162003488 0.162745763 0.157991834 0.158020577 
CH2</amide II    0.066549605 0.064813021 0.066542373 0.067231211 0.068048109 
    0 min 15 min 30 min 45 min 60 min 
Sym CH2 in fatty ac/amide II    0.008059701 0.006956016 0.007728814 0.008241343 0.00798435 
sym CH3/amide II    0.002686567 0.00248014 0.00279661 0.002948737 0.003014056 
asym CH2in fatty ac/amide II    0.042921861 0.038015888 0.041186441 0.044110086 0.043486451 
asym CH3/amide II    0.018472344 0.017729122 0.019864407 0.021684561 0.022503985 
         
         
         
    0 min 15 min 30 min 45 min 60 min 
asym CH3/asym CH2 in fatty ac    0.03477336 0.466360856 0.482304527 0.49160096 0.064397081 
sym CH3/asym CH2 in fatty ac    0.062592047 0.065239551 0.067901235 0.066849503 0.008624979 
sym CH2 in fatt ac/asym CH2 inf atty ac    0.187776141 0.182976555 0.187654321 0.18683579 0.022847902 
         
    0 min 15 min 30 min 45 min 60 min 
asym CH2/amide II    0.042921861 0.038015888 0.041186441 0.044110086 0.043486451 
asym CH3/asym CH2    0.03477336 0.466360856 0.482304527 0.49160096 0.517494169 
sym CH3/asym CH2    0.062592047 0.065239551 0.067901235 0.066849503 0.06931023 
2853/asym CH2    0.187776141 0.182976555 0.187654321 0.18683579 0.183605465 
         
asym CH2/asym CH3    2.32357414 2.1442623 2.07337884 2.03417015 1.93238892
    0 min 15 min 30 min 45 min 60 min 
asym PO2-/Sym PO2-    0.25491391 0.23898395 0.24755674 0.25758179 0.26200037
    0 min 15 min 30 min 45 min 60 min 
symm PO2/asym PO2    3.92289309 4.18438138 4.03947795 3.88226198 3.81678853
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APPENDIX E. CHANGES IN ABSORBANCE OF FTIR SPECTRA OF E. Coli 
UNDER HEAT TREATMENT 

Changes in the Absorbance of FTIR peaks of E. coli 15224 
under heat treatment at 57.5 C
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APPENDIX F. SECOND DERIVATIVE OF FTIR AMIDE I PEAK OF E. Coli 
15224 

 
 
  -second derivative, wavenumber, cm-1   

blank 0 min 15 min 30 min 
45 
min 

          
     
     

 1690.54 1693.02 1693.62 1693.69 
1687.29     
1681.93 1681.48 1681.62 1681.63 1681.67 

 1670.49 1670.82   
1654.17 1654.91 1654.67 1654.39 1654.39 

 1648.82    
 1634.65    

1629.76 1628.28 1626.79 1626.72  
  1622.8 1618.61 1619.2 

1614.09     
1601.96     
1596.56 1595.63 1595.81 1595.81 1595.61 

 1579.62 1578.82   
  1570.16 1569.85 1569.58 

1573.04 1570.06    
1548.51 1548.94 1548.73 1548.69 1548.61 

 1533.83 1534.19   
 1527.98    

1516.24 1516.36 1516.3 1516.27 1516.29 
1508.7 1508.33 1508.42 1508.66 1508.51 
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APPENDIX G. THERMAL DEATH OF E. Coli 15224 UNDER DIFFERENT 
TEMPERATURES. 

 
 

 

Heat treatment E. coli 15224, 57.5 C, 
5/09/05, not submerged tubes
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Heat treatment on E. coli 15224, 52.5 C, 5/25/05
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Heat treatment on E. coli 15224, 62.5 C, 5/30/05
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Heat treatment on E. coli 15224, 60 C, 6/08/05
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Heat treatmen on E. coli 15224, 55 C, 6/10/05
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E. coli 15244, heat treatment 57.5 C, 6-28-05
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E. coli 15224 under heat treatment,  57.5 C 7/05/05
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Heat treatment 57.5 C, E. coli 15224, 7-11-05
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