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ABSTRACT 

The present report describes a new approach to stain bacteria by means of rare earth complexes. We 
demonstrate with selected Gram-negative and positive bacteria (Escherichia coli, Micrococcus luteus, 
Bacillus megaterium) that these microbes can be stained efficiently with derivatives of N-phenyl- 
anthranilic acid, flufenamic acid in particular, and Tb3+ ions. Hence, the inherent advantages of rare 
earth complexes, e.g. strong optical absorption (>50 000 L × M−1 × cm−1) due to the antenna effect, 
large Stokes’ shifts (~10 000 cm−1) and very long emission decay times (millisecond range), and, not 
least, enhanced photostability can be fully exploited in fluorescence microscopy and spectroscopy of 
the bacteria; foreseeably, these findings will also be useful in flow cytometry and ELISA techniques.  

Keywords: bacteria, fluorescence microscopy, lifetime, luminescence, rare earth complexes, 
staining. 

Introduction 

In the context of microbes, rare earth ions have scarcely been studied. Only a few reports 
are devoted to ‘direct’ rare earth stains for bacteria and spores,[1–4] the term ‘direct 
bacterial staining’ refering to simple procedures as known for ‘classical’ organic cell dyes 
like Sybr Green (SG) or propidium iodide (PI).[5] Often, these essentially just require the 
incubation of the bacterial suspensions with the dye. In contrast to that and larger in 
number, rare earth-based techniques predominantly employ ‘indirect’ staining tech
niques, i.e. aim at liberated bacterial DNA, other secreted biomolecules, or dedicated 
antibodies, which have been shown to be useful in several bioanalytical and immunolog
ical methods, like polymerase chain reaction (PCR), enzyme-linked immunosorbent assay 
(ELISA), fluorescence flow cytometry and lateral flow assays.[6–14] However, these 
indirect methods require tedious and time-consuming preliminary preparations of, for 
example, antibodies, fairly costly equipment and highly skilled personnel. 

The intrinsic optical properties of Tb3+ ions, the focus here, arise from the nature of the 
f-orbitals: on one hand, their screening from the chemical environment advantageously 
leads to very narrow f–f excitation and emission lines, while the quantum mechanically 
forbidden nature of f–f transitions effect long decay times (ms) of the excited f-states, but 
also to disadvantageously weak absorption intensities on the other hand. To cope with the 
poor f–f absorptivity viz excitability in the bio-analytically relevant spectral range above 
300 nm, the ‘antenna-effect’ is used to sensitize Tb3+. Numerous articles and reviews 
outline the mechanisms involved and their benefits for bio-analytics, just three of which, 
covering mechanisms, biomedical applications and some economical aspects are quoted 
here.[15–17] In brief, a suitable ligand with allowed, strong and comparably broad absorp
tions in the relevant spectral range forms a complex with the Tb3+ ion; after excitation of 
the ligand (1S0 → 1S*), it undergoes inter-system crossing into an associated triplet state 
(1S* → 3T, enabled by spin–orbit coupling), from which the energy is transferred radia
tionlessly to energetically close Tb3+ states. Finally, characteristic Tb3+ emissions will 
typically occur from the excited 5D4 state of Tb3+. The process is limited by the ligands’ 
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triplet energies, which have to be located at least 2000 cm−1 

above the emitting 5D4-level (20 500 cm−1) to prevent back
transfer into the ligand’s 3T level.[18,19] A most important 
complex described in the past is tri-anionic tris(pyridine-2,6- 
dicarboxylato)terbium, [Tb((C5H4N)(COO)2)3]3− (also 
referred to as [Tb(dipicolinate)3]3− or [Tb(dpa)3]3−),[20] 

especially as a stain for endospores,[1,2] though their excita
tion unfortunately lies in the deep UV below 300 nm. 

The abovementioned long decay times can most favour
ably be used to discriminate the emission signal from other 
dyes, and the highly problematic autofluorescence in matri
ces of biological origin in particular (by time-gated lumines
cence).[21–23] The feasibility of using long-lived red-emitting 
microbe stains based on Eu diketonate complexes has 
recently been evaluated.[4] Furthermore, the narrow-line 
emissions of Tb3+, as well as most other rare earth ions of 
interest, can be of extreme value where filters have to be 
used to separate excitation and emission. Combined with the 
broad excitation bands of the complexes just below 400 nm, 
i.e. Stokes shifts of more than 150 nm, superb microbial 
luminescence monitors become available for the photolumi
nescent applications listed above. 

Last but not least, we envisage that rare earth stains hold 
the promise of superior photostability over purely organic 
dyes like SG, photobleaching being an omnipresent bottle
neck in fluorescence microscopy and flow cytometry.[24–26] 

Experimental 

Materials 

The ligand, with a purity of >98%, was purchased from TCI 
chemicals (Belgium). For the experiments, ethanolic solu
tions were prepared and the desired TbCl3 ethanolic solu
tions were prepared from a 100 mM stock solution. The pure 
complex Tb(fluf)3 (fluf = flufenamate) was prepared as 
described earlier.[27] 

Spectroscopy 

Emission and excitation spectra as well as luminescence decay 
of the dispersions were measured on an Edinburgh FS5 spec
trofluorometer (180 W Xe lamp, 5 W microsecond Xe flash 
lamp, cooled and stabilized photomultiplier R928P) at room 
temperature. The excitation and emission spectra were 
recorded after centrifugation and re-dispersion of the bacteria 
in buffer, yielding approximately 2.4 × 108 bacteria mL–1. 

Microscopy 

Microscope images were taken with a Leica DMi8 fluores
cence microscope equipped with filtercubes (Tb3+: excita
tion 365 nm, emission 545 nm) and a CoolLED pE-4000 LED 
light source. The pictures of SG staining were obtained using 
an FITC filtercube (excitation 460–500 nm, emission 

512–542 nm) and for PI staining, a TXR filtercube (excita
tion 540–580 nm, emission 592–668 nm) was used. The 
pictures were taken using 100× and 63× magnification 
objectives; the irradiance intensity was set to 30%. The 
camera exposure time was 130 ms. 

Bacteria 

The bacterial strains in this work (DSM 1116, Escherichia 
coli; DSM 20030, Micrococcus luteus; DSM 90, Bacillus mega
terium) were purchased from DSMZ (Leibniz Institute DSMZ; 
German Collection of Microorganisms and Cell Cultures 
GmbH, Braunschweig, Germany). The bacterial cultures 
were taken from tryptic soy agar plates and inoculated into 
tryptic soy broth (caso bouillon, Merck KGaA, Darmstadt, 
Germany) to grow overnight. Then the bacteria were centri
fuged and redispersed in 50 mM HEPES buffer (pH 7.5) of 
above 99.5% purity purchased from Sigma–Aldrich. 

The approximate numbers of bacteria in samples were calcu
lated using the optical density of the dispersion at 600 nm. The 
density was measured on a Specord 200 Plus UV-visible spec
trophotometer (Analytik Jena) using 1 cm acrylic cuvettes. 

Bacterial dispersions in HEPES buffer (2.4 × 107 cells mL–1) 
were first incubated with 10 µL HFluf (30 mM ethanolic 
solution, 30 min) followed by treatment with 10 µL TbCl3 
(10 mM ethanolic solution, 30 min). 

Staining with the whole complex was done by incubating 
bacterial dispersions with 10 µL of 30 mM complex dis
solved in ethanol for 1–2 h. 

Results and discussion 

We recently described a new series of green-emitting Tb3+ 

complexes based on derivatives of N-phenylanthranilic acid 
(fenamic acid), with efficiencies up to 33% and decay times 
of 873 µs for Tb(meclofenamate)3(H2O)2 for example.[27] 

The efficiency of the complexes could be greatly enhanced 
by co-coordination with an ancillary 5,5′-dimethyl-2,2- 
bipyridine ligand (5,5'-dmbipy) to yield a quantum effi
ciency of 60% at a decay time of 1270 µs, this for the 
complex Tb(flufenamate)3(5,5′-dmbipy) (Fig. 1),[28] which 
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Fig. 1. Ligands for Tb3+ used in this investigation.   
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showed the largest gain over the non-co-coordinated com
plexes. This gain via co-coordination nurtured our hope that 
the numerous functional groups on or in bacteria would be 
able to provide an analogous efficiency boost. Indeed, Tb 
(flufenamate)3H2O (Tb(fluf)3) proved to be the best complex 
for microbial staining and is the focus of the following dis
cussion. To include the different membrane construction of 
Gram-negative (thickness of cell wall typically less than 
10 nm, lipopolysaccharide surface) and Gram-positive (thick
ness of cell wall up to 80 nm, containing teichoic acids) 
bacteria, Escherichia coli (Gram-negative), Micrococcus 
luteus and Bacillus megaterium (both Gram-positive) were 
chosen; B. megaterium was selected as the largest of these 
bacteria and is known to readily form spores on stress.[29] 

Generally, a two-step procedure was pursued: a first step 
involving incubation with flufenamate (fluf−), followed by 
the addition of Tb3+ solution as the second step. The fluo
rescence microscopy images and their overlay with the 
bright-field images are shown in Fig. 2. Obviously, all bac
teria could be stained to give satisfying and bright fluores
cence images, staining of E. coli working the best owing to 
its thin cell wall. M. luteus is known to form smaller aggre
gates (tetrads), which seem to agglomerate even further in 
the presence of Tb3+; B. megaterium takes up the least stain, 

this most likely being related to sporulation, as apparent in  
Fig. 1 (inset right image and Supplementary Fig. S1). 

On plating the fluf−/Tb3+ incubated dispersions on agar 
plates, all samples formed colonies after 3 days. However, 
live-dead staining with SG (green emission in live bacteria) 
and PI (red emission in dead bacteria) revealed an increas
ing number of dead microbes, as indicated by the domi
nance of the PI emission from E. coli and B. megaterium 
(Supplementary Fig. S2). It should be pointed out, though, 
that care has to be taken in evaluating the fluorescence 
images: SG emission and PI absorption exhibit a large spec
tral overlap and energy transfer fluorescence resonance 
energy transfer (FRET); hence, the red PI emission can easily 
be overemphasized and falsify the picture. In the case of 
B. megaterium, no live bacteria were found after staining; 
however, as pointed out above, this may be related to 
sporulation. 

We also tested bacterial viability by incubating all three 
species for 0.5, 2 and 24 h in the buffered fluf− solution 
alone with subsequent plating on agar plates; after 3 days, 
no difference with blanks (bacteria in buffer only) was 
noted. Additionally, live–dead stains (SG and PI) support 
the conclusion that the addition of fluf− in the first step 
leaves the bacteria generally intact. 

Fig. 2. Fluorescence microscopy images of E. coli (left, obective lens 63×), M. luteus (middle, objective lens 100×, scale bar 10) 
and B. megaterium (right, objective lens 63×); excitation 365 nm, emission 545 nm; the scale bar is 10 µm in all images. The inset in 
the overlay of B. megaterium shows a pearl-necklet-like alignment of spores.    
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Furthermore, we evaluated the cytotoxicity of Tb3+ 

alone by first incubating the bacteria in buffered Tb3+ 

solution. Subsequently, they were plated on agar plates, 
which revealed growth of all three, although somewhat 
inhibited in comparison with plated blanks. In parallell, 
we used SG and PI staining right after the Tb3+ incubation. 
Supplementary Fig. S3 shows the presence of predomi
nantly live bacteria, except for E. coli, for which a larger 
number appears to be dead, although the same considera
tion with regard to SG-PI-FRET as above holds true here 
as well. 

The reverse order of incubation (Tb3+ followed by addi
tion of fluf−) led to very similar results with respect to 
staining intensities in the fluorescence images. Generally, 
however, the degree of agglomeration is somewhat higher if 
Tb3+ incubation is conducted first, which can be ascribed to 
the fact, well known from colloid chemistry, that trivalent 
cations are strong coagulants for negatively charged 
particles. 

By the aid of fluorescence microscopy, it is furthermore 
possible to show that the stains are contained within the 
cells rather than on the surface alone: cross-section bright
ness profiles are shown in Fig. 3 for E. coli (for other species, 
see Supplementary Fig. S1). We furthermore took excitation 
and emission spectra of dispersions of the bacteria and 
determined the lifetimes of the ingested complexes; again 
the spectra for E. coli displayed in Fig. 4 serve as an example 
(see Supplementary Fig. S4 for the other species). The exci
tation maxima are found at ~365 nm, which perfectly 
matches the emission of commercial high-power UV-LEDs, 
such that fairly low-cost monitoring is accessible; of course, 
our advanced fluorescence microscope also profits from this 
coincidence. 

We should point out here that, other than suggested by 
the bright fluorescence image on first sight (Fig. 2, centre 
row), M. luteus unexpectedly had the lowest spectroscopic 
excitation and emission signals. At the same time, the 

luminescence images showed that the complex is also 
strongly allocated in between the microbes. The emission 
intensity was clearly the lowest for M. luteus; it took several 
incubation attempts to obtain sufficiently emissive bacteria 
for recording the lifetimes. We have to concede that we had 
significant problems with the reproducible growth of 
M. luteus in previous investigations. The reason for this is 
not completely clear, but may be related to the fact that 
M. luteus lacks a glykokalyx capsule at the outer cell wall, 
which may promote the uptake of the growth-inhibiting 
complex on one hand. On the other hand, with respect 
to luminescence, the yellow carotenoid sarcinaxanthin 
(λmax = 450 nm), inevitably present in M. luteus, readily 
interferes via its triplet state with the Tb3+ ion’s 5D4 
f state and decreases its emission. Whether M. luteus partly 
metabolizes the complex, or the capsule is needed for more 
efficient endocytosis of the complexes is an open question 
still to be tackled. 

The decay times τ2 of E. coli, B. megaterium and M. luteus 
are considerably higher than for the free complex Tb 
(fluf)3(H2O), especially considering that the free complex 
was measured as a solid. The true nature of the intra
cellular complex, e.g. neutral [Tb(fluf)3], monocationic 
[Tb(fluf)2]+ or dicationic [Tb(fluf)]2+, could not be veri
fied; evidently, however, the complexes are unambiguously 
linking to coordinating functional groups of the bacteria. 
The fact that the decays were best fitted as bi-exponentials 
yielding a comparably short decay τ1 is tentatively ascribed 
to species adhering to the surface of the bacteria, where 
they are exposed to quenching through the aqueous envir
onment. Near-surface allocated complexes would obvi
ously be in accord with the brightness profiles as well 
(Table 1). 

Somewhat to our surprise, a one-step staining procedure 
with the complex itself for the Gram-negative E. coli (see 
Supplementary Fig. S5) also led to acceptable results, 
although at appreciably lower brightness levels. In contrast, 
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Fig. 3. Brightness profiles/cross sections through E. coli. The blue (a) and violet (b) lines in the overlay of brightfield and 
fluorescence channels indicate the measured ranges in micrometres (left image). Plots of the corresponding brightness values 
(a, b) are depicted in the middle and right graphs. The top black lines show brightness dips for white light at the beginning and the 
end of the bacteria. At the same time, the bottom green lines indicate the location of the complex along the section. High 
brightnesses at the edges indicate that there may be a higher concentration in surface areas, enhanced by the stronger absorption, 
i.e. longer passage of the exciting light, at the edges. Significantly, the brightness levels (cts, counts) throughout the bacteria are far 
above the background levels.    
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the Gram-positive bacterial cells did not respond to the 
whole complex as such; instead, the complex precipitated 
from the dispersion in the vicinity of the bacteria. This 
observation again corroborates the role of the thinner cell 
walls of the Gram-negative bacteria. It is conceivable that 
via this pathway a simple alternative Gram stain can be 
devised. 

Last but not least, Tb(fluf)3 in the bacteria proved to be 
far more stable photochemically than SG (half-life 69 vs 
17 s), which motivates us to conduct further systematic 
studies on this issue. 

Conclusions 

We have demonstrated for the first time that green-emitting 
Tb complexes with highly desired excitation in the spectral 
range above 350 nm can be used as efficient luminescent 
stains for bacteria, Gram-negative bacteria (E. coli) yielding 
greater brightness in the fluorescence images than Gram- 
positives, which can be attributed to the thickness of the cell 
walls. The predominant luminescence lifetimes of up to 
approximately 800 µs in the aqueous bacteria dispersions, 
by far in excess of the free complexes, show the synergistic 
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Fig. 4. Excitation and emission spectra (top), and 
decay curves (bottom) from dispersions of the 
stained E. coli (τ1 and τ2: decay components of the 
bi-exponential fit, Χ2: goodness of fit).    

Table 1. Spectral data of Tb3+ species in this investigation; percentages of first and second order decays in parentheses.         

Species Tb(fluf)3(H2O), 
solid[ 27] 

Tb(fluf)3(5,5′-dmbp), 
solid[ 28] 

Tb3+ E. coli Tb(fluf)3
A 

E. coli 
Tb(fluf)3

A M. 
luteus 

Tb(fluf)3
A B. 

megaterium   

Decay time τ1 (µs)    207 (34%) 85 (18%) 170 (31%) 

Decay time τ2 (µs) 434 1275 283 822 (66%) 459 (82%) 700 (84%) 

Maximum 
excitation (nm) 

365 375 290 363 365 363 

AIn the bacteria, the complexes may be cationic, e.g. [Tb(fluf)2]
+; see text.  
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interaction with functional groups of the bacteria. The long 
lifetimes will be an indispensable asset, exploitable in time- 
gating analyses such as luminescent flow cytometry and 
time gated microscopy. Furthermore, although yet to be 
detailed for other organic dyes, the photostability of the 
bacterial complexes was shown to outshine SG as a promi
nent example for an organic dye. 

Supplementary material 

Supplementary material is available online consisting of 
supplementary Figs S1–S5 with additional microscopic 
images, excitation and emission spectra, decay curves and 
brightness profiles. 
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