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Deep-red fluorescent imaging probe for bacteria
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a b s t r a c t

A versatile deep-red fluorescent imaging probe is described that is comprised of a bis(zinc(II)-dipicolyl-
amine) targeting unit covalently attached to a pentamethine carbocyanine fluorophore with Cy5-like
spectroscopic properties. A titration assay based on fluorescence resonance energy transfer is used to
prove that the probe selectively associates with anionic vesicle membranes whose composition mimics
bacterial cell membranes. Whole-body optical imaging experiments show that the probe associates with
the surfaces of both Gram-positive and Gram-negative bacteria cells, and it can target the site of bacterial
infection in a living mouse. In vivo accumulation at the infection site and subsequent clearance occurs
more quickly than a structurally related near-infrared bis(zinc(II)-dipicolylamine) probe. The fact that
the same deep-red probe molecule can be used for spectroscopic assays, cell microscopy, and in vivo
imaging studies, is an important and attractive technical feature.

� 2012 Elsevier Ltd. All rights reserved.
Over the last five years we have developed a series of fluores-
cent bis(zinc(II)-dipicolylamine) (bis(Zn-DPA)) imaging probes
that target anionic membranes and these molecular probes have
proven useful for optical imaging of two major classes of cells:
dead and dying mammalian cells and bacterial cells.1 Initially, we
synthesized blue and green emitting bis(Zn-DPA) probes that were
suitable for bacterial cell studies using flow cytometry and fluores-
cence microscopy.2 We have also developed a near-infrared ver-
sion that is very effective for in vivo imaging studies of infection
models in rodents.3 Imaging probes that incorporate a deep-red
fluorophore with excitation/emission wavelengths that match the
common Cy5 filter set (approximately 645/665 nm) in micro-
scopes, microarrays, and flow cytometers are particularly useful.4

This wavelength region is still visible to the eye of a microscope
operator which facilitates microscopic studies, yet it is sufficiently
red to allow effective in vivo imaging in living animals.4c,d Perfor-
mance limitations, due to undesired absorption and autofluores-
cence by endogenous biomolecules and scattering of the light by
animal skin and tissue, are attenuated at longer wavelengths.5 Pre-
viously, we have reported deep-red bis(Zn-DPA) probes with struc-
turally unusual squaraine rotaxane fluorophores,6 but the need
remains for additional deep-red bis(Zn-DPA) probes that are rela-
tively cheap to produce. A low production cost is extremely impor-
tant for many imaging applications that require large amounts of
probe material such as high throughput cell screening assays or
temporal studies of large cohorts of animal models.7 Here, we de-
ll rights reserved.
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scribe the new and versatile deep-red probe, 1, that is comprised of
a bis(Zn-DPA) targeting unit covalently attached to a pentamethine
carbocyanine fluorophore with Cy5-like spectroscopic properties
(Scheme 1). We demonstrate how this probe can be used in a spec-
trometric Fluorescence Resonance Energy Transfer (FRET) assay
that measures probe association with model vesicle membranes
of any phospholipid composition. We also show how probe 1 can
be used to stain bacteria cells and optically image sites of bacterial
infection in a living mouse.

The straightforward synthesis of probe 1 using readily available
building blocks is described in the Supplementary data. In short,
the bis(Zn-DPA) unit is coupled to the carbocyanine fluorophore
by forming an amide-bond.8 Probe 1 is highly water soluble and
exhibits attractive photophysical properties in aqueous solution
(kabs = 643 nm, e = 42,800 M�1 cm�1, kem = 658 nm, /f = 0.13).
Based on previous experience, we expected that the bis(Zn-DPA)
unit would promote association with membrane surfaces that are
rich in anionic phospholipids. One example is the bacterial mem-
brane. The cellular envelope of Gram-positive bacteria is rich in
phosphatidylglycerol and other phosphorylated amphiphiles, and
the outer membrane of Gram-negative bacteria is known to con-
tain a large fraction of lipopolysaccharides that have anionic Lipid
A as the core structure (Scheme 1).2 Before starting the bacterial
studies we wanted to measure the association of probe 1 with
model vesicles that mimic bacterial cell membranes. It is a techni-
cal challenge to quantitatively measure the binding of small mole-
cules to bilayer membranes.9 We were attracted to the Cy5-like,
carbocyanine fluorophore in probe 1 because it can accept energy
from a donor Cy3-like chromophore via a FRET pathway.10 Thus,
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Figure 1. Association of fluorescent energy acceptor 1 to the surface of vesicles containin
C, D) Normalized spectra of FRET induced by incremental addition of 1 to vesicles cont
respectively. (E) Plots of the spectral data showing changes in the ratio of acceptor/don

Scheme 1. Chemical structures of the fluorescent probes and phospholipids used in
this study.
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we constructed a FRET based titration assay for membrane binding
(Fig. 1A). The lipophilic dye 3 (also known as DiIC18) was incorpo-
rated into the membrane of vesicles and then probe 1 was added in
incremental amounts. Association of 1 to membranes leads to
strong energy transfer, which is observed as a loss in the donor
emission band at 570 nm and an increase in the acceptor emission
band at 665 nm. The spectral data in Figure 1B–D is plotted in Fig-
ure 1E as a set of titration isotherms. The plots show that probe 1
has very weak affinity for zwitterionic membranes composed of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and
stronger affinity for membranes that are enriched in Lipid A (mimic
of Gram-negative membrane) or1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol, (POPG, mimic of Gram-positive bacteria).
These titration curves fitted well to a binding model of the probe
forming a 1:1 complex with the anionic phospholipid that is ex-
posed on the outer surface of the vesicle. The association constant
for membranes that are rich in Lipid A (1.2 � 105 M�1) is higher
than for membranes that are rich in POPG (1.3 � 104 M�1). This
is structurally reasonable since the polar head group of the Lipid
A structure contains two dianionic phosphate monoesters groups
(Scheme 1) that have an inherently higher affinity for the cationic
bis(Zn-DPA) unit in probe 1. The titration curves also show a
lower extent of FRET for 1 binding to Lipid A-rich membranes,
reflecting the five times lower number of membrane binding sites
for the same amount of FRET donor dye 3. From an operational
g 1 mol % of the energy donor 3 induces FRET. (A) Schematic of the FRET process. (B,
aining 3 and composed of only POPC, POPC/POPG (50:50), or POPC/lipid A (90:10),
or fluorescence intensities due to association-induced FRET.



Figure 2. Optical imaging of anesthetized hairless mouse with separate rear leg injections of S. aureus Xen31 (�108 cells) prelabeled with 10 nmol of either 1 (A, cyan color
showing deep-red signal via the Cy5.5 filter set) or 2 (B, red color showing infrared signal via the ICG filter set). Panel C shows an overlaid image of the spectrally unmixed
emission signals from the two populations of S. aureus Xen31 labeled with 1 or 2. Intensity scale for each image is in arbitrary units. N = 3.

Figure 3. Optical imaging of anesthetized hairless mouse with a rear leg injection of bioluminescent S. typhimurium AM3 (�108 cells) and treated 3 h later with 10 nmol of 1
via the tail vein. (A) Bioluminescent signal from bacteria, (B) fluorescent signal from 1, (C) overlay of panels A and B. Images were acquired 3 h after probe dosage. Intensity
scale for each image is in arbitrary units. N = 3.
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perspective we find that this FRET-based vesicle binding assay is
technically straightforward to conduct and highly reproducible.
The fact that it can be used to measure association of 1 with
vesicles of any composition makes it highly versatile.

The outer membrane surface of healthy animal cells is com-
posed primarily of zwitterionic phospholipids, and we have previ-
ously shown that bis(Zn-DPA) probes can selectively target sites of
bacterial infection in living animals.2,3 The vesicle titration data in
Figure 1 suggested that probe 1 should also exhibit selective and
universal affinity for the cell envelope of virtually all genera of bac-
teria.2,3,6 This hypothesis was confirmed first by conducting pellet-
ing experiments that treated representative strains of Gram-
positive and Gram-negative bacteria (Staphylococcus aureus, Esche-
richia coli, Salmonella typhimurium) with probe 1 and showing in
each case that the bacterial pellet, produced after centrifugation
and washing, exhibited intense deep-red fluorescence. A subse-
quent animal imaging experiment demonstrated that the deep-
red fluorescence could be observed through skin and tissue. Specif-
ically, two separate populations of Gram-positive Staphylococcus
aureus Xen31 were mixed with either deep-red probe 1 or the
known near-infrared probe 2 (excitation/emission wavelengths of
794/810 nm)3 and each cell/probe mixture was converted into a
pellet by centrifugation. The two pellets were washed and then in-
jected into the opposite rear legs of an anesthetized mouse, and a
whole-body optical image of the mouse was recorded using an
in vivo animal imaging station. The images in Figure 2 show that
both probes have good affinity for the S. aureus and that the
deep-red fluorescence signal for 1 could be observed separately
from the near-infrared signal of 2.

Next, two sets of animal imaging experiments demonstrated
the effectiveness of probe 1 to selectively target a bacterial infec-
tion within a living mouse. In each case, a bolus of �108 bacterial
cells was injected into the rear leg of an anesthetized mouse and
then, 3 h later, a dose of probe 1 (10 nmol) was injected intrave-
nously via the tail vein. The whole-body images in Figure 3 were
acquired at 3 h after the probe injection. In this case, the infection
was a bioluminescent strain of Salmonella typhimurium AM3, a
Gram-negative bacteria. Shown in Figure 3A is the bioluminescent
emission from the S. typhimurium, and in Figure 3B is a deep-red
fluorescence image. The overlaid image in Figure 3C confirms that
probe 1 is highly colocalized at the same anatomical site as the bio-
luminescent bacteria.

The images in Figure 4 summarize an analogous experiment
that used probe 1 to target an infection of Gram-positive S. aureus
Xen31. The montage shows the accumulation of probe 1 and its
subsequent clearance from the animal. A region-of-interest analy-
sis of these in vivo images indicated that the maximum target to
background ratio of 4.2 was achieved after 6 h, and that there
was very little fluorescent signal remaining at the site of bacterial
infection after 24 h. This latter fact was confirmed with an ex vivo



Figure 4. Fluorescence imaging montage of anesthetized hairless mouse containing a rear leg injection of S. aureus Xen31 (�108 cells) and treated 3 h later with 10 nmol of 1
via the tail vein. Mouse was imaged at (A) 0 h, (B) 3 h, (C) 6 h, and (D) 24 h after probe dosage. Intensity scale (arbitrary units) applies to all images. N = 4.
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biodistribution analysis of the excised tissues after animal sacrifice
at 24 h (see Fig. S4). A comparison of the in vivo imaging data in
Figure 4 with literature shows that probe 1 (10 nmol) can be em-
ployed at about a fourfold lower dosage than probe 2 for the same
T/NT ratio.3 Furthermore, probe 1 washes out much faster from the
infection site than probe 2. This suggests that probe 1 may be bet-
ter suited for longitudinal imaging studies that must repeatedly
image the same infected animal over time.11 Fluorescent probes
like 1 and 2 with a single bis(Zn-DPA) targeting unit can detect a
mouse leg infection containing �107 or more bacterial cells, but
this visualization threshold can be lowered by using higher affinity
bacterial probes whose chemical structures containing multiple
bis(Zn-DPA) units.6 While the tissue penetration of near-infrared
light associated with 2 is slightly greater than the red light of 1,
neither probe is expected to be very useful for fluorescent planar
imaging of deep tissue infection sites in larger animals. However,
continued advances in fluorescence tomography may ameliorate
this technical limitation.7g

In summary, we find that deep-red bis(Zn-DPA) probe 1 exhib-
its several useful photophysical and supramolecular properties
that make it a very attractive and versatile targeted probe for fluo-
rescence imaging studies of membranes that are rich in anionic
phospholipids. The probe can be employed in a technically
straightforward FRET-based assay that measures affinity for model
vesicle membranes of any composition. The bis(Zn-DPA) unit in
probe 1 selectively targets the abundant phosphorylated amphi-
philes within the cell envelope of Gram-positive and Gram-nega-
tive bacteria.2,3,6 Thus, probe 1 is expected to be a universal
fluorescent imaging probe for any bacterial infection in a living
mouse. The fact that the same probe molecule can be used for spec-
troscopic assays, cell microscopy, and in vivo imaging studies, is an
important technical feature that simplifies the experimental design
and reduces experimental uncertainty since there is no change in
probe molecular structure.
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