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ABSTRACT
A new method of detecting endospores and its scientific background are
reviewed. The new method of detecting bacterial endospores has the
following steps: terbium cation is added to a sample potentially containing
bacterial endospores, terbium dipicolinate forms when the terbium cations
react with dipicolinate anions released from bacterial spore cases, solid
particles are filtered from the suspension, and photoluminescence from
terbium dipicolinate is measured. Research on both endospores and terbium
dipicolinate photoluminescence is reviewed. Furthermore, compounds and
biological materials that could interfere with this detection method were
1
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tested and the results are listed. Phosphate anions and s o m e
particles

reduced

the

signal

of

the

terbium-treated

biological

endospores

while

aquo-terbium cation generates a photoluminescent background. False positive
detection o f bacterial endospores has not proven to be a significant limitation
of this m e t h o d .

I.

INTRODUCTION

Detection of bacterial endospores is a difficult challenge w h o s e resolution
has m a n y potential applications. We present a new method of detecting
endospores using photoluminescence f r o m terbium dipicolinate. This section
will

discuss

both

the

importance

of

bacterial

endospores

and

photoluminescence f r o m terbium dipicolinate ions.

a. Bacterial Endospores
Bacterial endospores are c o m m o n but interesting organisms which are
sometimes difficult to detect. They are the most durable f o r m of life on our
planet. The bacterial endospore is a dormant state of the bacterial life cycle in
which the bacterium is almost indestructible. A bacterial endospore is m u c h
m o r e durable than a vegetative (biologically active) bacterium. T h e bacterial
endospore resists desiccation, boiling temperatures, and strong chemicals.
Because they are so resistant to heat, bacterial endospores are used for testing
autoclaves. S o m e bacterial endospores h a v e been revived after millions of
1 2 3

years.

'

Bacterial endospores form from vegetative bacteria in a process called
sporogenesis and vegetative bacteria f o r m f r o m endospores in a process
called germination. Sporogenesis has steps that are h o m o l o g o u s to cell
division. 4 T h e vegetative cell starts to segregate its contents and f o r m s a
sporangium

with the future endospore on the inside. This

sporangium

r e m o v e s water f r o m the endospore and covers the endospore with the cortex,
a layer in the spore case which is rich in an indeterminate form of calcium
dipicolinate

(Ca(dpa)).

Dipicolinate

anions

(dpa2-

or

2,6-pyridine-

dicarboxylate) are manufactured by the sporangium during sporogenesis but
are present in the spore case complexed with calcium and intercalated within
the muropeptides of the cortex. 4 After the endospore is formation is complete,
the outer sporangium

lyses, releasing the bacterial

endospore.

During

germination, the endospore becomes a vegetative cell by absorbing water and
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shedding both calcium and dipicolinate anion as the spore case disintegrates.
4,5

The endospore state protects bacterial colonies from destruction. Both
sporogenesis and germination take 4 to 8 hours. Sudden desiccation can
therefore overcome individual organisms. Endospores in bacterial cultures
form during both the stationary and death phase but seldom in the growth
phase. Because a bacterial colony in the stationary phase always has a few
endospores, sudden disasters to a colony (e.g., desiccation) usually leave a
few surviving endospores to start new colonies. The growth phase is short
compared to the stationary and death phase. Therefore, a colony can usually
be detected by detecting its endospores.
Only Gram-positive bacterial genera, although not all of them, form
endospores. Among Gram-positive bacteria, two genera that form endospores
are Bacillus and Clostridium
are Micrococcus

while two genera that do not form endospores
6

and Mycobacterium.

Many bacterial species that form

endospores are soil bacteria whose colonies are periodically threatened with
desiccation. The endospore state is not as useful to full time parasites because
living hosts cannot dry out and stay alive. Therefore, most endospore forming
bacteria are not full time parasites although

many

are

opportunistic

pathogens.
Many diseases are carried by Bacillus and Clostridium

endospores. The

four human diseases most commonly spread by bacterial endospores are
anthrax

(Bacillus

{Clostridium
species).

7

anthracis),

botulinum),

tetanus

(Clostridium

tetani),

and gas gangrene (several other

botulism
Clostridium

However, many less common forms of food poisoning are also

spread by endospore-forming bacteria. Endospores are often resistant to
antibiotics and antiseptics sometimes making their associated diseases hard to
treat or prevent. Some bacterial endospores only carry diseases to insect
larvae. Because Bacillus thuringeinsis

kills only certain species of caterpillars

but does not affect human beings, it is often dispersed in the endospore state
as an insecticide. 8-9
Several methods to identify bacterial endospores have already been
developed because some endospores cause disease. Identifying bacterial
endospores by standard methods is slow and tedious. The Gram-stain only
stains Gram-positive bacteria that are in the vegetative phase but does not
stain the endospore phase. 10 Bacterial

endospores can be

specifically

identified using two microscopic staining methods: the general method of
staining spores and Dorner's method.

10

However, because the field of view
3
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of a microscope is very limited at high magnifications, searching for stained
bacterial cells that are not concentrated can take an inordinate a m o u n t of
time. Bacteria can also be detected using plate culture counting. In this
technique, a sample is spread over the surface of a solid m e d i u m , the
individual bacterial cells are allowed to grow until they are visible, and then
the colonies are counted. Therefore, the units of such a m e a s u r e m e n t are
called colony f o r m i n g units (CFU) instead of cells. This method is slow
because one has to wait for the bacteria to grow. If the method is m o d i f i e d to
be specific to endospores, it becomes even slower. O n e has to selectively kill
all the vegetative cells in the sample, spread the sample on the m e d i u m , wait
additional time for the endospores to germinate and then wait for the f o r m e r
endospores to grow. Plate culture c o u n t i n g is also biased by the aggregation
of bacterial cells, the viability of cells, and the variations in growth media.
T h e s e biases tend to w e a k e n the correlation between C F U and

actual

bacterial cell count.
S o m e important applications of bacterial counting cannot incorporate the
standard m e t h o d s just described because they are too slow and are not
specific to endospores.

A

new

method

of

rapidly

detecting

bacterial

endospores would be useful for health, m a n u f a c t u r i n g , and ecological studies.
Bacterial endospores on aerosol particles and in soil could be detected. T h e
air in indoor environments, such as surgical rooms, could be monitored for
bacterial

endospores.

Food poisoning could be prevented

by

detecting

endospores in food. The m a n u f a c t u r e of endospore suspensions, such as
bacterial insecticides, could be more rapidly monitored than is possible n o w .
T h e chemical remains of prehistoric bacterial endospores could be identified
in rocks. With all these applications in mind, this paper describes a n e w
m e t h o d of detecting bacterial endospores, using the p h o t o l u m i n e s c e n c e f r o m
terbium dipicolinate, that is much faster than currently used m e t h o d s of
endospore detection.

b. Terbium Dipicolinate
Calcium dipicolinate ( C a ( d p a ) ) is a m a j o r c o m p o n e n t (5 to 20 % w / w ) in
the spore cases of bacterial

endospores, 4 but is otherwise

uncommon.

Previously investigators used the absorption spectrum of Ca(dpa) to m e a s u r e
bacterial endospore concentrations." For m a n y other c o m p o u n d s , m e a s u r i n g
photoluminescence is a more sensitive m e t h o d for determining concentration
than m e a s u r i n g absorptivity. However, neither Ca(dpa) nor dissolved dpa 2

4
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can be used for photoluminescent detection of endospores because they do
not exhibit photoluminescence.
Some

metals

form

complexes

with

dpa2-

that

do

exhibit

photoluminescence. Terbium forms strongly photoluminescent

strong

complexes

with dipicolinate. The dipicolinate anion (dpa 2 ~)has been used to detect
terbium cation (Tb 3 + ) in both inorganic

l2 13

'

and biological samples. 1 4 ' 15,

16

2

To detect terbium, an excess of dpa " is added to a sample, which reacts with
Tb 3 + cations present to form Tb(dpa) 3 3 - . The photoluminescence spectra are
then measured. We have reversed this procedure by using excess Tb 3 + to
detect dpa 2 " from spore cases.
The Tb 3 + forms one of three chelates (Tb(dpa)„ 3 ' 2 " for «=1,2,3) with the
dpa 2 " extracted from bacterial endospores. The degree of chelation (n) of
dipicolinate with terbium depends on the relative concentration of terbium
and dipicolinate. Previous studies have measured the equilibrium constants
for the different forms of terbium dipicolinate. 1 7 1 8 An excess of dpa 2 " reacts
with Tb 3 + to produce Tb(dpa) 3 3 " and an excess of Tb 3 + reacts with dpa 2 " to
produce Tb(dpa) + . The shapes of the photoluminescence spectra of the t w o
terbium complexes are almost

identical. Our experiments on

bacterial

endospores were usually done with a large excess of Tb 3 + so that, according
to our equilibrium calculations, the terbium dipicolinate formed as Tb(dpa) + .
Terbium dipicolinate has a very strong photoluminescence compared to
the Tb 3+ because of absorption by dipicolinate and energy transfer to the
terbium. Terbium cation absorbs weakly while dpa 2 - absorbs strongly in the
wavelengths between 250 and 300 nm. If one adds terbium cation to
dipicolinate anions, terbium dipicolinate chelates are formed with almost the
same absorptivity as the dipicolinate anion. However, an energy transfer
takes place within the complex so that the emission spectrum appears to be
that of terbium cation. Figure 1 compares the absorptivity of dpa 2 - , the
absorptivity of Tb(dpa) + , and the normalized excitation spectrum of Tb(dpa) +
in solution at pH 7.7 in TRIS buffer. The shapes of the three spectra are very
similar. For example, two transitions appear at 271 and 279 nm in Tb(dpa) +
that also exist in the dpa2". This indicates that the electronic energy levels in
dipicolinate (dpa 2 - ) are not affected by the presence of the

terbium.

Furthermore, the absolute values of the molar absorptivities of d p a 2 - and
Tb(dpa) + were large and similar while that of Tb 3 + was too small to measure
in this wavelength range.
The emission spectra of the Tb(dpa) + and other lanthanide complexes
show bands much narrower than those of most compounds associated with

5
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Fig. 1: Decadic molar absorptivity (ε) spectra of dpa2" and Tb(dpa) + , and
excitation spectrum of Tb(dpa) + at 546 nm emission wavelength.

bacteria. Figure 2 shows an emission spectrum of Tb(dpa) + and the intrinsic
emission spectrum from bacterial endospores. In Tb(dpa) + , the peaks of the
emission bands relative to the peaks of the excitation spectrum show a very
large Stokes shift. The intrinsic bacterial emission spectrum shows a very
long tail decreasing over the emission wavelength range. This is consistent
with other investigators who have shown that the intrinsic fluorescence from
bacteria is very broad and devoid of line structure. I< '' 20 ' 21 For example, the
intrinsic emission spectra of the vegetative cells of Bacillus
Escherichia

subtilis

and

coli are indistinguishable. 22 Relative to the emission bands of

microorganisms, the emission bands of Tb(dpa) + are very narrow. The main
reason our new endospore detection technique works well is that the
narrowness of the emission bands makes the Tb(dpa) + spectrum very distinct.
The emission bands of Tb(dpa) + are narrow because they come from
transitions of atomic Orbitals in the terbium cation. If the terbium cation were
unperturbed by angular momentum interactions, then terbium cation (Tb 3+ )
would have degenerate /^Orbitals inside a shell of s-, ρ-, and i/-orbitals due to
the n + l rule. 21 The outer shell of 5-, ρ-, and d-orbitals electrostatically shields
the ^orbitals in terbium and prevents them from mixing with the orbitals of
other atoms such as those in dpa 2 - . However, the ^orbitals of terbium are
6
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Fig. 2:

Emission spectra of Tb(dpa) + and bacterial endospores to which
terbium cation have not been added.

perturbed by spin-spin, orbit-orbit, and spin-orbit interactions (listed from
strongest to weakest). These interactions partly break the degeneracy of the
^ o r b i t a l s , which become 5 D, and 1 F, states (Russell-Saunders notation).
The crystal field splitting of the

24 25

7

and Fi states by ligands of the terbium

cation is small due to this shielding. 2 6 The emission spectrum of T b , + has
bands associated with transitions from the S D4 state to the 7Fi energy states (/
= 0 to 6). 24 The 7Ft state for each band are labeled in the emission spectrum
shown in figure 2. The 7 F 6 energy level is the ground electronic state of both
Tb 1 + and Tb(dpa) + .
The photoluminescence intensity of Tb(dpa) + is greater than that of Tb 3 +
because of the energy transfer from the dpa 2 - part of the complex to the Tb 3 +
part.

24

A metal-ligand model for energy transfer in lanthanide complexes

applies to Tb(dpa) + when excited at short wavelengths. 2 7 ' 2 8 The terbium
dipicolinate complex is analyzed approximately as a terbium cation and a
dipicolinate anion separated by a very small distance.

Russell-Saunders

splitting (linear spin-orbit perturbation) 2 5 is valid for the terbium cation while
singlet-triplet state splitting (two electron exchange s y m m e t r y ) 2 9 is valid for
the chromophore of the dipicolinate anion. Using notation consistent with

7
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these approximations, the energy level diagram in figure 3 shows the
electronic states and transitions that are important for our endospore detection
method. The dipicolinate anion has molecular states that are either singlet
states designated S„ or triplet states designated 7),, (/=0,1, 2,...). 2 9 The
absorption in the dipicolinate anion is caused by electric dipole allowed
transitions between the ground states (S n ) and the first excited states

{Si),

while the Sn to Τ/ transition is electric dipole forbidden. The dipicolinate is
excited by UV light (peak wavelengths at 271 and 279 nm) from the Sn state
to the Si state and then undergoes a nonradiative intersystem crossing into the
T: state. A direct Τι to Sn transition is forbidden but Τι overlaps 5D4 so that a
resonant nonradiative energy transfer occurs. This permits dpa 2 " to relax from
Ti to Sn, nonradiatively transferring energy from dpa 2 " to the terbium cation
which is excited from 7 F 6 to 5 D 4 . The large difference between the energy of
S,

and

the

energy

of

5

photoluminescence. The Tb

D4

3+

causes

the

very

large

Stokes

shift

in

then undergoes a radiative relaxation into one

of the 7Ft states.
The coincidental overlap between the 5 D 4 energy state in terbium and the
Ti energy state in dipicolinate is responsible for the high efficiency of energy

--'-280 nm

5

Resonant
transfer

d4

Si

T,

Emission

Absorption

622 nm
7

F3

586 nm

7

F4

546 nm

7

Fs

490 nm

7

FA
T e r b i u m cation

Fig. 3:

Energy

level

Dipicolinate
schematic

of

Tb(dpa) +

showing

absorption

and

emission transitions with associated wavelengths, and nonradiative
(—) transitions.

8
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transfer compared to that of most other lanthanide complexes.
luminescence

in

terbium

2-naphthoate

30

and

a

series

of

Phototerbium

calix[4]arenes 31 has been studied and modeled by a metal-ligand model
similar to that shown in Figure 3. Materials that bind with terbium, absorb at
5

D4 as dpa 2 - are

the same wavelengths and have the same overlap with

uncommon in the environment. For wavelengths less than 300 nm, an
enhanced terbium emission intensity from a solution of Tb 3 + probably
indicates the presence of dpa 2 .
Excitation wavelengths longer than 300 nm can not be used for endospore
detection. All terbium complexes have a weak photoluminescence that is
generated by direct excitation of the terbium cation regardless of the
absorption of the ligand. 32 However, some ligands enhance the photoluminescence efficiency of the terbium cation (regardless of the ligand's
absorptivity) by lengthening the lifetime of the 5D4 state. Therefore, some
terbium complexes that do not contain dipicolinate also have enhanced
terbium emission when excited past 300 nm. •,:i·34·35
An enhanced emission spectrum alone does not distinguish

between

terbium complexes because their emission spectra are identical. The entire
excitation spectrum may be necessary to distinguish between some terbium
complexes. However, a temporal profile may provide an alternative to an
excitation spectrum. Terbium complexes have very long luminescence decay
times relative to organic molecules due to a selection rule between the S D 4
and

?

F, states, 25 ' 26 while the luminescence decay times between different
6

terbium complexes vary due to the cation environment.
aquo-Tb

3+

has a luminescence decay time of 0.425 ms,

36

For example,
tryptophan (an

organic molecule) has a long component decay time of 3.1 ns, 37 and
Tb(dpa) 3 3 - has luminescence decay time of 2.13 ms. 38 '

39

We have not yet

used time resolved spectroscopy for endospore detection so far although the
differences in luminescence decay time are promising.
In summary, the photoluminescence

signature of Tb(dpa) + has

the

following distinctive features: the intensity is high, the emission bands are
narrow, the excitation range is broad, the Stokes shift is large, and the
luminescence decay time is long. 1 now describe how these unique properties
can be useful for identifying bacterial endospores.

9
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II. BACTERIAL ENDOSPORE DETECTION METHOD
The new method of detecting bacterial endospores consists of the
following three steps. 40 First, terbium chloride (TbCl 3 ) is added to an aqueous
suspension that may contain bacterial endospores. The aquo-terbium cation
(Tb 3+ ) reacts with any free dpa2" in solution extracted from endospores to
form terbium dipicolinate (Tb(dpa) + ). Second, particles (including the
residual bacterial particles) are removed from the terbium-treated suspension
by filtration (e.g., with 0.22 μιη pore size filters). Because Tb(dpa) + is
soluble, it is easily separated from insoluble interferents. Filtering particles
eliminates both photoluminesce from insoluble interferents and reduction of
light losses due to scattering from insoluble particulate matter. It can be
omitted if the particulate concentration is low. Third, the photoluminescence
of the solution which may contain Tb(dpa) + is measured. We now describe
our procedures and experiments. More detail can be found in our studies. 40 ' 42
The photoluminescence of terbium dipicolinate is strong in the pH range
of 5 to 10. Many buffers compete with the dipicolinate for the terbium cation
which reduces the photoluminescence intensity of terbium dipicolinate. For
example, a later section shows that phosphate anion reduces Tb(dpa) +
photoluminescence. Therefore, phosphate buffer cannot be used. TRIS buffer
has the optimum pK and does not react with Tb 1+ . Therefore, TRIS buffer
solution (pH = 7.7 at 50 mM concentration) was always used in these
experiments. Excitation spectra did not extend below 250 nm because TRIS
buffer solution absorbs light strongly in this range. Barella and Sherry 41
tabulate several buffers and their effects on terbium dipicolinate photoluminescence.
The photoluminescence setup was standard, collecting emission at right
angles to excitation, in the our studies. 40 ' 42 All emission spectra were excited
at either 270 or 280 nm where dpa 2 " has peaks in absorptivity. Quartz optics
were always necessary on the excitation side because glass absorbs in the
excitation wavelength range. In contrast, either glass lenses or a 420-nm
long-pass filter were always used in front of the emission monochromator to
eliminate elastically scattered light from the excitation source. This is
especially important because second order diffraction of the excitation
wavelength overlaps the first order diffraction of the emission spectrum
because of the huge Stokes shift in Tb(dpa) + .
Solutions

of

TbCl 3

were

prepared

by

serial

dilution.

At

high

concentrations ( > l - m M ) of TbCl 3 , a precipitate formed in TRIS buffer
10
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solution after six hours. N o visible precipitation occurred at the small
concentrations (<300-μΜ) of TbCl 3 used for our measurements. Therefore,
we avoided precipitation by immediately diluting high concentrations of
TbCl 3 . Solutions of terbium dipicolinate were prepared without bacterial
endospores by adding between 1 and 40 μΜ dipicolinic acid solution to
41-μΜ TbCl 3 .
Stock spore suspensions of B. globigii

were obtained from STER1S

(Mentor, OH). The mean population recovery of this suspension

was

9

6.2xl0 -CFU/ml in 40% ethanol v/v aqueous solution. This stock suspension
was diluted in TRIS buffer and Tb 3+ reagent was added to form samples.
Each sample was filtered before measuring spectra using 0.22-μηι pore size
filters. Absorbance spectra were collected from each sample to ensure that
inner filtering was negligible.
The photoluminescence spectra of Tb(dpa) + and the filtered B.

globigii

(Z?G)suspensions were compared. Excitation spectra are shown in Fig. 4 and
emission spectra in Fig. 5 for a sample with 48 MCFU/mL of STERIS B.
globigii

suspension in 31.4 -μΜ TbCl 3 , 31,4-μΜ TbCl 3 blank, and 1.2 μΜ

Tb(dpa) + solution without endospores. The photoluminescence spectra show
that Tb(dpa) + had formed in the terbium-treated endospore suspensions. The

W a v e l e n g t h / nm
Fig. 4:

Excitation spectra, at 546 nm emission, of Tb(dpa) + , Tb 3+ , and
terbium-treated endospores.
11
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Fig. 5: Emission spectra, at 270 nm excitation, of Tb(dpa) + , Tb3+, and
terbium-treated endospores.

spectra were the same for samples filtered before and after TbCI3 was added,
showing that all of the readily accessible dpa 2 ' entered into solution very
easily. The photoluminescence intensity for Tb(dpa) + was 2300 times that of
Tb 3+ at identical excitation intensities and concentrations.
Photoluminescence from other preparations of terbium-treated endospores
was measured. Figure 6 shows emission spectra from another suspension of
BG (Steris Co., Mentor, OH), a powdered sample of BG (ERDEC, MD), and
a commercial insecticide made from Bacillus

thuringiensis

endospores

(Thuricide® Rigel, Conn.). A horizontal offset has been added to the figure
to help distinguish the spectra. All had identically shaped emission spectra
showing that variety and species did not matter.
Although more than 5% w/w of BG endospores consists of Ca(dpa), early
endospore studies show that only a small fraction of the total dpaz~ in BG
endospores is initially available in solution.4 Therefore, only a small fraction
of the Ca(dpa) in the cortex contributes to the immediate formation of
Tb(dpa)+. To confirm this, we did the following experiments. 42 The total
weight of endospores was measured for the powdered BG samples and the
emission intensity measured. The emission intensity was much less than that
expected if 5% w/w Ca(dpa)were free in solution. This shows that only a
12
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Wavelength / nm
Fig. 6:

Emission spectra of three bacterial endospore samples excited at 280
nm.

very small percentage of dpa 2 - in the spore case was extracted into solution.
If the sample was washed by centrifugation and the two

components

separately added to Tb 3+ solution, the supernate did exhibit

Tb(dpa) +

photoluminescence but the solid residue which was resuspended did not. This
shows that the loosely bound dpa 2 - can be completely removed by washing.
Although repeated washing can remove the loosely bound dpa 2 - from the
sample, there are substances 4 that can cause spores to release tightly bound
dpa 2 ". We are studying methods for releasing more dpa 2 from endospores.

III. I N T E R F E R E N T S
The detection of terbium-treated endospores was studied at an excitation
wavelength of 280 nm. Many substances were tested that could be found in
the natural environment. 4 2 Three types of interferent that can bias detection of
bacterial endospores are: interferents that reduce Tb(dpa) + photoluminescence, those whose emission spectrum overlaps that of Tb(dpa) + and terbium
complexes other than Tb(dpa) + .

13
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a. Reduced Emission Intensity of Terbium Dipicolinate
Suspensions were prepared of 2 x l 0 7 CFU/mL of BG and 29 μΜ TbCl 3 in
TRIS buffer (pH = 7.7 at 50 mM) and filtered with syringe filters. Then the
reduction of emission intensity caused by the addition of an interferent was
measured. In addition the absorbances of the solutions were measured at 280
nm. The chemical substances were primarily common salts and organic
molecules of biological importance at a concentration of 38 μΜ. The
biological substances consisted of pollens, molds, bacteria, and

some

powdered insect debris mostly at concentrations of 50 mg/L. Measurements
were repeated at different concentrations for the two worst interferents:
phosphate anions and insect debris.
Reduction factors and absorbances are list?'' in Table I for substances that
may be found in the natural environment. The quantity Is/Iref is the ratio of the

Table I. Chemical and Biological Materials
Aba. S 280
nm

Inorganic/Organic
compounds
Calcium Carbonate

1.01

0.01

Sodium Chloride

1.02

0.01

Potassium Chloride

1.01

0.01

Ammonium Sulfate

0.98

0.03

Ammonium Nitrate

1.03

0.03

Sodium Nitrate

1.02

0.03

Potassium Phosphate
(40 mM)
Potassium Phosphate
(40 μΜ)
Sodium Benzoate

0.00

0.01

0.02

0.03

0.95

0.02

Tryptophan

0.93

0.03

Tyrosine

0.93

0.04

Phenylalanine

0.94

0.06

Glucose

1.01

0.01

Malic Acid

1.04

0.01

NAD

0.84

0.12

Riboflavin

0.96

0.03

14

Biological
materials
Pollen:
Cultivated Wheat
Pollen: Eastern
Cottonwood
Pollen: Desert
Ragweed
German Cockroach
(-50 mg/L)
German Cockroach
(-10 mg/L)
Aspergillus
flavus: mold
Cladosporium
herbarum: mold
Yeast: Candida
utiliz
Aerobacter
aerogenes
Azotobacter
Vinelandii
Pseudomonas
fluorescens
Bacillus
globigii
Bacillus
subtilis
Erwinia
herbicola
Micrococcus
luteus
Acinetobacter
haemolyticus
Nutrient broth
(30 mg/L) +
Tryptone(50mg/L)

0.63

Abs. β 280
nm
0.02

0.16

0.11

0.45

0.11

0.16

0.33

0.69

0.10

0.25

0.03

0.52

0.04

0.54

0.05

0.74

0.02

0.81

0.02

0.66

0.01

0.97

0.03

1.01

0.03

1.00

0.03

0.91

0.03

1.03

0.02

0.19

0.13
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emission intensity at 545 nm of the endospore suspension with the interferent
to the endospore suspension without the interferent. A value of 1.00 indicates
that the interferent had no effect on the measurement. Since there is a 1% or
2% uncertainty in the experimental data, values may be slightly greater than
1.00.
Only

those

organic

compounds

and

salts

containing

phosphate

significantly reduced the emission intensities. 42 The absorbances were small,
showing that the effect was not caused by inner filtering. Phosphate
interferents may be the most serious cause of false negatives in field
measurements.
The cause of this reduction may be that Tb 3+ has higher affinity for
phosphates than dipicolinate so that the phosphate displaces the dipicolinate
in Tb(dpa) + . Our detection method works because terbium binds
more strongly than calcium

44

17,43

much

2-

to dpa . However, phosphate binds very

strongly to terbium and other lanthanides. 45,46 Aluminum phosphate has a
smaller solubility 47 than terbium phosphate. 48 Therefore, a binding agent for
phosphate such as aluminum cation may be beneficial.
Several of the biological substances reduced the enhanced emission of
terbium cation. Certain proteins 49-50 that bind to Tb 3+ may be present in these
substances and be removing Tb 3+ . The presence of nutrient broth was found
to be particularly harmful to the successful application of this test. Various
methods of removing the nutrient broth were investigated since it is expected
to be a common interferent. Washing of the samples, or separation by
centrifugation, proved unsuccessful in eliminating this problem due to the
removal of the dpa 2 " in the supernatant. Large particles such as pollens and
fungal spores may not be a problem for airborne endospore detection because
they are big enough to selectively filter from the air.
b.

Overlapping Emission Spectra of Interferent
Bacterial components have a broad emission spectrum that overlaps the

narrow bands of Tb(dpa) + and so could interfere with bacterial endospore
determinations. The intrinsic bacterial spectrum, shown

in Figure

2,

+

overlapped the spectra of Tb(dpa) . However, the emission spectrum of
Tb(dpa) + is much narrower than the intrinsic emission spectrum of spores.
Calculations show that one may need no more than

two

emission

wavelengths to separate the two components. 51
Only three of the organic substances studied had an intrinsic emission
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spectrum that overlapped the emission spectrum of terbium: tryptophan,
riboflavin, and nutrient broth with tryptone. The emission spectra were much
broader and less intense than the Tb(dpa) + bands. A previous study also
showed that many flavins other than riboflavin have broad emission spectra
that overlap that of terbium. 52 Emission from these interferents, just as the
intrinsic bacterial emission, can be easily distinguished from that of Tb(dpa) + .
The subtraction technique using two nearby emission wavelengths (on and
off terbium emission band) could reduce the bias of broad emission bands.
Because Tb(dpa) + has such a long emission decay time (between 0.425 and
2.13 ms) compared to that of other substances (a few nanoseconds), time
resolved spectroscopy could also be used to distinguish it. However, the
shape of the emission spectrum may be the easiest way to distinguish terbium
complexes from organic molecules.
c. Other Terbium Complexes
None

of the potential

interferents in our studies

formed

terbium

complexes that had significant photoluminescence when excited at 280 nm.
Therefore, these interferents could not cause a false detection of endospores.
Some interferents, such as the nitrates and sulfates, do not absorb at 280 nm
while some interferents do absorb at 280, such as tryptophan and benzoic
acid. To explain why the absorbing ligands did not produce

photo-

luminescing terbium complexes, we hypothesize that the triplet state (Γ ; ) of
the absorbing ligands (other than dpa 2 - ) is not resonant with the 5 D 4 state of
Tb 3+ . Aquo-Tb 3 + (Tb 3+ complexed only with H 2 0 ) has an emission intensity
about 10~4 that of Tb(dpa) + at the same concentration and excitation intensity.
Among terbium complexes, only aquo-Tb 3+ was shown to cause an unwanted
background.
That part of the aquo-Tb 3+ reagent that does not react with the dpa 2 causes an emission background near the limit of detection (LOD). At the
endospore concentrations studied, there was not sufficient dpa 2 - to react with
all the Tb 3+ in the reagent so some aquo-Tb 3+ remained. Because the shape of
the Tb 3+ emission spectrum is identical to that of Tb(dpa) + , the noise on the
emission of aquo-Tb 3+ determined the LOD. The LOD was 1.2xl0 5 CFU/mL
without

interferents

in

photoluminescence of Tb

3+

our

recent

experiments. 42

The

weak

was insignificant for endospore concentrations

well above the LOD. In concentration determinations where the endospore
concentration is low, the emission of Tb 3+ that has not reacted with dpa 2 must be subtracted.
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Failure by this author in the initial study
Tb

3+

40

to subtract the emission of

led to an error in analysis. A calibration curve at the peak intensity,

which was at 270-nm

wavelength

excitation

and 546-nm

wavelength

emission for B. globigii (Steris, Mentor, OH), was fitted by least squares to a
power law exponent of 0.80. 40 However, the data was recently reanalyzed
with the photoluminescence of the blank, with the same Tb 3+ concentration,
subtracted. The data was again fit to a power law by least squares and showed
a power law of 0.97, much closer to the 1.00 that was expected. The
calibration curve using the same data but with blank subtraction is shown in
Figure 7. This error demonstrates the significance of the aquo-Tb 3+ as a
baseline photoluminescence.

1

Fig. 7:

Calibration
excitation

10
100
C(BG endospores) / | M C F U / mL]
curve
and

of

terbium-treated

546 nm

emission

endospores

after blank

(31

at

270
μΜ

nm
Tb 3 + )

subtraction. The intensities were normalized so that the intensity was
1.0 at the highest bacterial endospore concentration.

It may be possible to lower the LOD using time resolved spectroscopy if
the noise comes from the aquo-Tb 3+ background. Aquo-Tb , + has an emission
decay time of 0.425 ms while Tb(dpa) 3 3 " has a lifetime of 2.13 ms. 3 6
Although the decay time of Tb(dpa) + is currently unknown, it is probably
between 0.425 and 2.13 ms.
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IV. C O N C L U S I O N S

The

new

method

of detecting

bacterial

endospores

with

Tb(dpa) +

p h o t o l u m i n e s c e n c e could be very sensitive if the e f f e c t s of interferents are
r e m o v e d or accounted for. This method should be m u c h more rapid and
specific to endospores than any current standard method of counting bacteria.
Few substances other than dipicolinate form c o m p l e x e s with terbium that
enhance Tb 3 + photoluminescence w h e n excited at 280 nm so that false
positive signals will not be a problem.
Interferents that could reduce the signal include phosphates and various
biological particles. False negative signals m a y be a serious problem because
m a n y interferents reduce the photoluminescence of Tb(dpa) + . Phosphates
especially

reduce

photoluminescence

although

methods

of

removing

phosphates, such as the addition of a l u m i n u m cation, are being studied.
Photoluminescence of photoluminescent materials causes p r o b l e m s w h e n
their emission spectra overlap or are identical to that of Tb(dpa) + . Although
organic molecules h a v e emission spectra that s o m e t i m e s overlap that of
T b ( d p a ) + , organic molecules always have emission bands m u c h broader than
those of Tb(dpa) + which are therefore easy to subtract. N o i s e on

the

a q u o - T b , + photoluminescence m a y determine the limit of sensitivity because
aquo-Tb 1 + has an identical emission spectrum to Tb(dpa) + . T i m e resolved
spectroscopy m a y be useful in subtracting out the emission b a c k g r o u n d of
aquo-Tb3+.
If proper precautions are taken, rapid and accurate detection of bacterial
endospores is n o w possible using terbium dipicolinate photoluminescence.
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