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The determination of live and dead bacteria is of considerable
significance for preventing health care-associated infection in hospi-
tals, field clinics, and other areas. In this study, the viable (live) and
nonviable (dead) bacteria in a sample were determined by means of
their fluorescence spectra and principal component analysis (PCA).
Data obtained in this study show that it is possible to identify bacteria
strains and determine the live/dead ratio after UV light inactivation
and antibiotic treatment, in situ, within minutes. In addition, synchro-
nous fluorescence scans enable the identification of bacterial compo-
nents such as tryptophan, tyrosine, and DNA. Compared with the
time-consuming plating and culturing methods, this study renders a
means for rapid detection and determination of live and dead bacteria.

bacteria inactivation | fluorescence spectroscopy | PCA

The determination of live and dead bacteria is of considerable
significance in preventing health care-associated infection

(HAI) in hospitals, field clinics, and other pathogen-containing
areas. HAI is one of the top 10 causes of death in the United
States (1) and up to 10% of hospital patients may develop HAI,
which adds $5.5 billion extra per year for patient treatment, as
estimated by the National Center for Disease Control and Pre-
vention (CDC). These infections transmitted in the hospital
environments are especially important because they often are
caused by antibiotic-resistant organisms such as methicillin-
resistant Staphylococcus aureus, vancomycin-resistant Entero-
coccus faecium, Pseudomonas aeruginosa, and Acinetobacter spp
(2). Hospitals cannot continuously search for contamination by
these organisms because the monitoring of pathogenic bacteria
presented in the environments is a time-consuming process that
requires culturing such organisms. Therefore, a rather strong
need exists for new surveillance methods that can detect mi-
crobial contamination before it causes HAI and continuously
monitor for the presence of these bacterial strains and similar
populations that cause infections. Likewise, a method to detect
immediately bacteria found in wounds, particularly those occur-
ring in remote areas, where neither time nor resources are avail-
able to adequately diagnose infection, and to determine if the
bacteria were living or dead, would be very useful in initiating early
appropriate therapy. In addition, illnesses caused by food-borne
bacteria are a global concern that demands rapid detection of
pathogens present in food to prevent epidemics of gastrointestinal
disease. Early detection of these organisms and knowledge of their
viability would be extremely beneficial in preventing outbreaks.
Furthermore, the rapid determination of the evolution of live-

to-dead bacteria ratio over time may also be a critical means to
determine antibiotic efficacy in treating a specific organism.
The CDC has recently estimated that there are 2 million in-
fections and 23,000 deaths a year caused by antibiotic-resistant
organisms (3). These resistant organisms commonly found in
health care facilities (4, 5) can be resistant to multiple drugs (6–9)
and associated with higher mortality rates (10). The need to

accurately select the correct antibiotic therapy in this era has
been made more acute because of the misuse of currently available
antibiotics by inappropriate applications (11) and the fact that new
antibiotic development has slowed (11, 12). However, patients
currently being treated for an infection typically undergo a rather
time-consuming process, which includes specimen collection, em-
piric initial antibiotic selection, and then waiting while the labora-
tory processes the specimen, cultures the organism, and completes
antibiotic sensitivity testing (13). This traditional process can take a
number of days in an era where timely (14) and effective treatment
of severe infections can be lifesaving (15). Any method which would
accelerate the assessment of antibiotic efficacy could permit es-
sential changes in patient management before the septic process
evolves to an irreversible state. Overall, the ability to determine
rapidly antibiotic sensitivity and effectiveness is increasingly im-
portant as antibiotic resistance becomes a major threat.
Several methods have been proposed for the rapid identifi-

cation of bacteria, including Raman and fluorescence spec-
troscopy (16). Three different genera of bacteria: Escherichia,
Salmonella, and Campylobacter (all can cause gastrointestinal
infections), have been also identified by means of synchronous
fluorescence coupled with principal component analysis (PCA)
(17). Lactobacillus and Saccharomyces have been characterized
using autofluorescence (18). It may also be possible to classify
bacteria strains by excitation at wavelengths that are different
for each strain studied. For example, the most appropriate
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excitation wavelengths for Escherichia coli were found to be
410 and 430 nm, while for bacteria found in meat the best ex-
citation wavelength was found to be 250 nm (19). Therefore, it
is possible that those methods could provide an essential an-
swer long before the more traditional method has been com-
pleted by reporting a decreased ratio of live-to-dead bacteria.
However, the devices used in previous studies are generally

not portable and prolonged operations may be required before
obtaining the results. The proper fluorescence recording device
should be able to detect and identify in situ within a very short
period of time for pathogens in clinics and remote areas and
preferably be able to determine the ratio of live over dead bac-
teria at any time during treatment or after an inactivation pro-
cess. This information will allow physicians to determine timely,
more accurate treatment of infected patients. In this study, we
present the design of a handheld fluorescence spectrometer,
which coupled with PCA, demonstrates capability of in situ
measuring live/dead bacteria ratio. This study renders a means
for the rapid detection and classification of live and dead bac-
teria in situ within a few minutes.

Experimental
Synchronous Fluorescence. Synchronous fluorescence is often chosen as the
method for bacteria and mixture components identification because it
provides a means for selecting the most appropriate excitation (λexc) and
emission (λem) wavelengths for their detection (20). In conventional fluo-
rescence, the intensity of the emission spectrum depends on the excitation
wavelength even though the general spectral features remain the same.
However, in the synchronous fluorescence, the intensity Is is a function of the
intensity distribution E of both excitation and emission spectra:

Is =kclEexcðλ−ΔλÞEemðλÞ,

where k is a sample-dependent constant, c is the concentration of the flu-
orophore in the sample, and l is the optical beam path length.

While scanning the excitation and emission wavelengths simulta-
neously, the synchronous technique keeps a constant wavelength offset
Δλ= λem − λexc, as shown in the above equation. By properly selecting Δλ,
usually matching the difference between the absorption and fluorescence
band maxima of the fluorophore of interest, the synchronous method could
result in simplified fluorescence spectra with sharper peaks and narrow
profiles compared with the conventional method. A rather typical illustra-
tion of the conventional and synchronous techniques relevant to bacteria-
fluorescing components, tryptophan (Trp) and tyrosine (Tyr), is shown in
Fig. 1. The normal fluorescence spectrum of a Trp and Tyr mixture in
saline excited with 270 nm is depicted in Fig. 1A, which is composed of a

Fig. 1. (a) Conventional fluorescence spectrum of a tryptophan and tyro-
sine mixture in saline excited with 270-nm light. (b) The synchronous spectra
of the same mixture scanned at Δλ = 25 nm show the tyrosine band with a
maximum at 310 nm. (c) The synchronous spectra of the same mixture
scanned at Δλ = 65 nm shows the tryptophan band with a maximum at
350 nm.

Fig. 2. (a) Fluorescence spectrum of Bacillus at 270-nm excitation wave-
length. (b) Bacillus synchronous spectra scanned at Δλ = 25 nm show the
tyrosine band at 310 nm. (c) Bacillus synchronous spectra scanned at Δλ =
65 nm show the tryptophan band at 350 nm and (d) the broad (410∼470 nm)
low-intensity DNA band.

Fig. 3. (Left) Handheld spectrometer schematic. (Right) Conceptual design of the handheld spectrometer appearance with two optical fibers attached to the
excitation and emission monochromators. When the two monochromators are coupled together, it allows for the recording of synchronous spectra at a
preselected wavelength interval Δλ.
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rather structureless broad band that covers the region between 280 and
500 nm, with weak and broad maxima at 300 and 350 nm. Using the
synchronous method, the fluorescence spectra of the same amino acids in
saline solution show the clearly separated and narrow fluorescence bands
of Tyr and Trp with intensity maxima at 310 nm in Fig. 1B and 350 nm in
Fig. 1C, respectively. This emission band separation is due to the fact that
EemðλÞ and EexcðλÞ are functions limited to different wavelength ranges.
Therefore, the corresponding synchronous spectrum, which is a product
of EemðλÞ and EexcðλÞ, exhibits narrow spectral bandwidths, as the Trp
and Tyr synchronous fluorescence spectra displayed in Fig. 1 B and C,
respectively, show.

It is rather important to point out that in the conventional fluorescence,
which uses a fixed λexc, one will increase the emission intensity of all bands
simultaneously, but not selectively. In contrast, using the synchronous scan
one can selectively increase a particular band by choosing the appropriate
Δλ. A pertinent example is shown in Fig. 2, where the emission spectra of
tryptophan and tyrosine in Bacillus are distinctly displayed. Fig. 2A shows
the emission spectrum of Bacillus excited with 270 nm. Fig. 2B depicts the
synchronous spectrum of Bacillus scanned at Δλ = 25 nm whereupon the
tyrosine band at 310 nm is prominent, while Fig. 2C was obtained at Δλ =
65 nm, where the tryptophan band with a maximum at 350 nm is clearly
evident. The procedure followed for the identification of the bacteria
strains was based on the fluorescing components spectra. For most bac-
teria, tryptophan is the most intensely fluorescing pigment, followed by
tyrosine and the broad, very weakly fluorescing DNA. In this study, we
have recorded the changes in fluorescence spectra and intensities of the
bacteria and the individual components before and after UV irradiation to
determine the mechanism of bacterial inactivation and, in addition, to
determine the ratio of live/dead bacteria as a function of radiation dose.
To further apply the technique in situ, we have also designed a handheld

synchronous spectrometer capable of recording normal and synchronous
fluorescence spectra.

Handheld Spectrometer. This instrument has been described in detail elsewhere
(21). In brief, the handheld synchronous fluorescence spectrometer device,
shown in Fig. 3, is composed of three major components: (i) two monochro-
mators that are coupled together, (ii) two fiber-optic systems, and (iii) a two-
dimensional charge-coupled device (CCD) detector. The two monochromators,
which are used to excite and record the normal and synchronous fluorescence
spectra, can scan individually or be coupled together for recording simulta-
neously, synchronous fluorescence spectra at a preselected wavelength in-
terval Δλ. The first fiber-optics system is used to transmit the excitation light
from the excitation monochromator to a sample. The emitted fluorescence
from the bacteria sample is collected by the second optical fiber system and
focused onto the slit of the fluorescence monochromator and recorded by the
CCD, which is coupled to a laptop computer for data processing and PCA.

Sample Preparation. Escherichia coli (E. coli) were obtained from the Bacte-
riological Epidemiology and Antimicrobial Resistance unit, USDA-ARS. They
were cultured in Luria Bertani broth and incubated for 24 h at 37 °C. The
bacteria were pelleted and washed with saline twice and then diluted in
saline solution before recording their absorption and emission spectra. Ba-
cillus bacteria spores were purchased from Sigma-Aldrich. The spores were
germinated, incubated for 1 h at room temperature, and suspended in saline
before use. The concentration of bacteria used in our experiments varied
from 105 to 107 cell per milliliter E. coli is a Gram-negative, facultative an-
aerobe, rod-shaped bacterium that is found in the lower intestine. Many of
these E. coli strains are harmless, but certain strains are associated with
urinary tract or gastrointestinal disease (22, 23). Some E. coli bacteria have
served as the host for research in recombinant DNA and under favorable

Fig. 4. EEM contour of Bacillus.

Fig. 5. (A) PCA of nonirradiated (control) Bacillus bacteria. (B) PCA of irradiated Bacillus bacteria. (i), (ii), and (iii) represented the data that were recorded
after 0, 5, and 22 min of UV irradiation, respectively.
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conditions, E. coli may require only 20 min to reproduce at room tempera-
ture. Bacillus are Gram-positive genus, rod-shaped bacteria and a member of
the phylum Firmicutes, which are ubiquitous in nature. Bacillus includes both
free-living (nonparasitic) and parasitic pathogenic species (24). These bac-
teria can produce oval endospores that are not true “spores,” but to which
the bacteria can reduce themselves and remain in a dormant state for very
long periods of time. Bacillus can produce copious amounts of enzymes
which are used by different industries; however, other species of Bacillus are
important pathogens, causing anthrax and food poisoning.

Spectra. In addition to using the handheld synchronous fluorescence spec-
trometer, the absorption spectra and fluorescence spectra in the range of
200 and 800 nm were also recorded by a Shimadzu UV-160 spectrometer
and a Shimadzu RF-5301PC spectrofluorimeter, respectively. The samples
were measured in high-quality quartz cells with a 1-cm optical path length.
Measurements weremade either at the temperaturemaintainedwith ice to
reduce bacteria reproduction, or at room temperature to simulate envi-
ronmental conditions. For synchronous spectra, the excitation was mea-
sured between 220 and 490 nm. The Δλ varied from 10 to 125 nm and the
fluorescence spectra were recorded from 230 to 700 nm at 1-nm intervals.
Twenty-four spectra were recorded per sample. The optimum excitation–
emission wavelengths were decided by the synchronous methods based on
the scanning interval Δλ determined by both excitation–emission matrix
(EEM) contours and the wavelength difference in absorption and emission
peaks. To that effect Fig. 4 shows that the best Δλ for the synchronous
fluorescence of Bacillus is 65 nm, while scanning at this Δλ the saline so-
lution did not display any detectible fluorescence.

Results and Discussion
PCA. The recorded fluorescence spectra were used in conjunction
with PCA, which made it possible to identify the bacteria strain
and in addition, determine the ratio of live/dead bacteria as a
function of time after UV irradiation. Bacillus and E. coli bac-
teria were subjected to 5.5-mW/cm2, 230∼280-nm UV light for
exposure times varying from 0.5 to 82 min. The bacteria ab-
sorption, fluorescence, and synchronous fluorescence spectra
were recorded before and after each irradiation interval. The
emission intensity in the 300–550-nm range was found to be the
best for detecting the variation in the emission spectra before
and after irradiation. For each PCA, we used the data obtained
from at least two experiments, performed under identical con-
ditions. The variation in emission spectra was attributed mainly
to two principal components, deduced by PCA and depicted as
scatter points in Fig. 5. The fluorescence spectra recorded at
several time intervals for nonirradiated Bacillus (control) are
shown in Fig. 5A, which indicates clearly that there is no signif-
icant difference between points. However, the emission spectra
of the same bacteria show, in Fig. 5B, a clear separation between
nonirradiated and irradiated bacteria as a function of UV irra-
diation time. The above experiment was repeated at least eight
times to calibrate the process, which showed reasonable agree-
ment with each other.

Synchronous Fluorescence Spectra of Bacillus and E. coli Bacteria.
After each UV irradiation period, the bacteria were also
plated and incubated for 24 h at 37 °C to determine the number
of live bacteria in colony-forming units. Inactivation is defined
in this study as the inability to reproduce (viability) after 48 h of
incubation at 37 °C. The data presented in Fig. 6 show a sharp
decrease in the number of live bacteria after 1 min or so of
5.5-mW/cm2 UV irradiation. Essentially, the data suggest that
most of the bacteria were inactive and the viable bacteria were
reduced from 108 to 102 within 5 min of UV illumination. It is
generally accepted that UV irradiation of bacteria affects
mostly viability, because the bacterial damage caused by
the UV is mainly in the form of nucleic acid dimerization:
DNA dimerization (25). This is in contrast to reactions with
chemical disinfectants, such as O3, which lead to cell lysis. It is
possible that DNA damage may be sufficient to prevent re-
production, yet allow them to repair sublethal damage and thus
make it possible for them to perform some live bacteria functions.
The change in fluorescence band intensity of Bacillus bacterial

strains, as a function of UV irradiation time, is shown in Fig. 7A.
The change of the intensity maximum between 330 and 335 nm
with UV illumination time is plotted in Fig. 7B. A close in-
spection of the fluorescence spectra reveals that the intensity of
the 330∼335-nm fluorescence band increased during the first

Fig. 6. Decreasing of the E. coli bacterial population as a function of UV
irradiation time. The UV (230∼280 nm) irradiation intensity is 5.5 mW/cm2.

Fig. 7. (A) Fluorescence spectra of Bacillus irradiated with 5.5-W/cm2, 230–280-nm UV light. Spectra (i), (ii), (iii), and (iv) were recorded after 0, 0.5, 5, and 22
min of UV irradiation, respectively. (B) Intensity change of the 330-nm fluorescence band maximum of Bacillus in saline irradiated with 5.5-mW/cm2 as a
function of irradiation time.
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minute of UV irradiation and then decreased continuously as a
function of UV irradiation time. Similar results were also ob-
served with E. coli bacteria. Because the fluorescence intensity is
a measure of the concentration of the bacteria in the sample, a
decrease in intensity designates a decrease in the number of
bacteria per milliliter. The 330-nm peak displayed in the fluo-
rescence spectra of Bacillus and E. coli is most probably due to
tryptophan and therefore the initial increase and subsequent
decrease in this fluorescence band intensity may correspond to
an increase and subsequent decrease in tryptophan concentra-
tion. We performed similar experiments with Trp alone and
mixtures of Trp and Tyr in water and saline solutions and did not
observe any initial increase in the emission intensity, but only a
continuous decrease of both the 330-nm intensity and the entire
fluorescence spectrum as a function of irradiation time. We
propose that some tryptophan, which was bonded to the bacteria
membrane and therefore did not exhibit the same tryptophan
emission maximum, was cleaved by the UV radiation, providing
an additional amount of free tryptophan and thus the small
initial increase in the 330-nm band intensity of Bacillus and E. coli
spectra. We are performing additional experiments aimed at
identifying the mechanism of the increase of the 330-nm bacte-
rial fluorescence band during the first minute of UV irradiation.
In addition, we are using Raman and coherent anti-Stokes
Raman spectroscopy for the study of the Trp-membrane bond
dissociation which may result in free Trp and thus help explain
the observed increase in the 330-nm bacterial fluorescence band
intensity maximum. Increasing the UV radiation time, or dose,
results in the well-known degradation of Trp and consequently
the decrease in the band intensity.
As noted above, plating data shown in Table 1 reveal that

Bacillus viability is lost for 90% of the bacteria during the first
5 min of UV irradiation, which is similar to that found in E. coli
under the same experimental condition. This is consistent with
the bacterial membrane-Trp bond cleavage result, which gener-
ates some free Trp and forms a “hole” in the membrane that
allows the UV radiation to penetrate through the bacteria wall,
react with nucleic acid(s), and dimerize DNA. The measured
inactivation response of both bacteria strains essentially suggests
that only 100–500 cells per milliliter live bacteria remained, from
the original 107 cells per milliliter after about 10–20-min irradi-
ation with 5.5-mW/cm2 UV light. It has been proposed (26, 27)
that a larger amount of respiratory bacteria survived after an
equal irradiation dose. Microscopic examination of the bacteria
samples we used indicated that before UV irradiation, the bac-
teria were single, or possibly in some cases paired; therefore, we
consider the UV light interacts with nonaggregated bacteria. It

has been reported that at higher UV doses a small fraction re-
mains unaffected, such as the 100–500 viable bacteria found in
our studies after 20 min of UV irradiation. A possible reason is
the formation of dead bacteria aggregates which envelop live
bacteria and shield them from the destructive effects of UV ir-
radiation. Microscopic studies suggest that aggregation does
develop after prolonged irradiation. It is interesting to note that
the resistance to inactivation observed in aggregated bacteria,
which is widely believed to be dimerization of cellular nucleic
acid, DNA, is not transmitted to successive generations. There-
fore, we consider aggregation as a bacterial defense mechanism
against radiation damage and other forms of stress which may
also result in aggregation (28, 29).
Owing to the fact that treatment with antibiotics is a prefer-

able means for bacteria disinfection, we treated 108 cells per
milliliter E. coli with 100 μg/mL Ampicillin for 5 min, 22 min, 4 h,
and 24 h. Plating and overnight incubating show that after 5 and
22 min of Ampicillin treatment, the bacteria population did not
change; however, about 105 cells per milliliter bacteria were
killed after 4 h of treatment and all bacteria were killed after 24 h
of treatment. Using the same synchronous fluorescence and PCA
method described above, the separation of live and dead bacteria
after each treatment period were clearly displayed on plot. We
are performing experiments with Ampicillin and other antibiotics
to establish the value of this method in determining the identity
and ratio of live/dead bacteria in situ within minutes.
The handheld synchronous spectrometer may also record

normal and synchronous fluorescence spectra of bacteria mix-
tures of different strains. The characteristic spectra of each
strain may be distinguished by the synchronous fluorescence,
and the live/dead bacteria ratio could be revealed by PCA. In
addition, this device may also make possible the identification
of the components such as tryptophan, tyrosine, and DNA of
many strains of bacteria.

Conclusion
The data presented in this paper show that it is possible to record
in situ the normal and synchronous fluorescence spectra of
bacteria and mixtures. Our data also show that by such tech-
niques we may identify the components of bacteria and chemical
mixtures and clearly display the fluorescence bands of the indi-
vidual components. In addition, it is possible to distinguish be-
tween live and dead bacteria and determine the ratio of live/dead
bacteria as a function of UV irradiation dose and antibiotic
treatment that result in bacteria inactivation. It may even be
possible to perform such assays directly on patient samples such
as urine, cerebrospinal fluid, pleural fluid, or other body fluids
either by adding antibiotics directly to these fluids and assessing
the change in the ratio of live-to-dead bacteria or after the ini-
tiation of the treatment by determining the increasing proportion
of dead bacteria.
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