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for pulmonary tuberculosis by whole-body imaging
with β-lactamase reporter enzyme fluorescence
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1. Introduction

Tuberculosis (TB) remains one of the world’s dead-
liest diseases, resulting in an estimated 1.5 million

deaths in 2014 [1]. While a staggering one-third of
the world’s population is infected with Mycobac-
terium tuberculosis (Mtb), only 5–15% of these cases
develop into active TB. TB is also the leading cause
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Tuberculosis is a pulmonary disease with an especially
high mortality rate in immuno-compromised populations,
specifically children and HIV positive individuals. The
causative agent, Mycobacterium tuberculosis (Mtb), is a
very slow growing and difficult organism to work with,
making both diagnosis and development of effective treat-
ments cumbersome. We utilize a fiber-optic fluorescence
microendoscope integrated with a whole-body imaging
system for in vivo Mtb detection. The system exploits an
endogenous enzyme of Mtb (β-lactamase, or BlaC) using
a BlaC-specific NIR fluorogenic substrate. In the pre-
sence of BlaC, this substrate is cleaved and becomes
fluorescent. Using intravital illumination of the lung to ex-
cite this probe, sensitivity of the optical system increases
over trans- and epi-illumination methods of whole-body
fluorescence imaging. We demonstrate that integration of
these imaging technologies with BlaC-specific fluorescent
reporter probe improves the level of detection to �100
colony forming units, a 100× increase in sensitivity in com-
parison to epi-illumination and a 10× increase in sensitiv-
ity in comparison to previous work in intravital excitation

of tdTomato-expressing Mtb. This lower detection thresh-
old enables the study of early stage bacterial infections
with clinical strains of Mtb and longitudinal studies of dis-
ease pathogenesis and therapeutic efficacy with multiple
time points in a single animal.
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of death among people living with human immuno-
deficiency virus (HIV), contributing to over 30% of
deaths of HIV-positive individuals [2]. HIV-positive
individuals infected with Mtb are 26 times more
likely to develop TB than their HIV-negative coun-
terparts. However, for the first time since 2000, the
1.1 million TB deaths in HIV-negative people is ap-
proaching and expected to surpass the total 1.2 mil-
lion HIV deaths [2]. Treatment success rates for new
TB cases are as high as 85%; however, multidrug-re-
sistant TB (MDR-TB) cases have significantly lower
treatment success rates. There is an urgent need to
study the mechanisms of Mtb pathogenesis, as well
as to develop an effective vaccine for disease pre-
vention and new antimycobacterial therapeutic
agents to combat MDR-TB.

Whole-body optical imaging of small animals
provides non-invasive real-time detection and quan-
tification of Mtb bacterial load [3–5]. The standard
method of quantification requires sacrifice of ani-
mals, tissue homogenization of the organ(s) of inter-
est, plating dilutions on agar plates, and counting of
colony-forming units (CFU) after 1–2 months of cul-
ture. Recombinant strains of luminescent mycobac-
teria or fluorescent dye substrates targeted to myco-
bacteria enables infection monitoring in individual
animals over time, reduces the number of animals
needed for longitudinal studies, and provides rapid
feedback on bacterial load.

We recently demonstrated that intravital fiber-
optic excitation in whole-body fluorescence imaging
can enhance sensitivity to bacterial load [6]. A fiber
bundle microendoscope with illumination centered
at 530 nm was integrated into a whole-body imaging
system (PerkinElmer; IVIS Lumina II) to facilitate
excitation of fluorescence from within the airway,
circumventing much of the tissue absorption of exci-
tation light that occurs in conventional epi-illumina-
tion. Fluorescence exiting the body was detected via
whole-body imaging. The detection threshold for
pulmonary infection of tdTomato-expressing Myco-
bacterium bovis BCG (Bacillus Calmette-Guerin)
was reduced to �103 CFU by incorporating intravital
excitation [6]. In comparison, fluorescence detected
with whole-body epi-illumination of mice infected
with up to 106 CFU tdTomato-expressing BCG was
not significantly different than autofluorescence sig-
nal detected in pulmonary infections of BCG with
vector backbone. Although recombinant reporter
strains of mycobacteria have been widely used for in
vivo imaging, these techniques require specific re-
combinant laboratory strains that are not present in
clinical samples [7–14]. Preclinical evaluation of new
vaccines would be best performed using both labora-
tory and clinical Mtb isolates to improve predictive
value of animal studies for human efficacy [15].
Furthermore, optical technologies targeted to clinical
strains, rather than recombinant strains, have the po-

tential for clinical translation as either in vitro or in
vivo rapid point-of-care diagnostic tools [16].

We have developed reporter enzyme fluores-
cence (REF) technology to detect tuberculosis in
live animals without recombinant strains that can fa-
cilitate the clinical need for improved TB detection
tools [17]. The REF system uses a custom fluoro-
genic substrate designed to be cleaved by the bacter-
ial enzyme BlaC, which is naturally endogenously
expressed in Mtb and belongs to the class A β-lacta-
mase family [16]. Although β-lactamase enzymes are
present on many mycobacteria, BlaC is specific to
virulent Mtb strains [18]. Moreover, previous studies
reported that BlaC expression was constitutive both
in active and latent TB, indicating that the REF sys-
tem allows detection of any phase of TB [19]. One
of the main advantages of REF is that no recombi-
nant strain is needed, enabling clinical translation of
the technology. The REF system uses a near-infra-
red (NIR) fluorescent dye in a custom fluorogenic
substrate, which is more suitable for in vivo imaging
due to the longer tissue penetration and lower auto-
fluorescence background of NIR light [20–23]. REF
imaging using BlaC-specific NIR substrate has made
a significant breakthrough in whole animal imaging
of tuberculosis [3, 16, 17]. The REF substrate
CNIR800 has recently been developed for sensitive
and specific detection of tuberculosis in live animals
[24]. CNIR800 carries the NIR fluorophore IRDye
800CW, which has been used in human cells and tis-
sues in situ and in vivo, particularly for application
to cancer imaging and monitoring of therapy [25–
29]. This progress supports potential future transla-
tion of CNIR800 for clinical applications in tubercu-
losis. In this study, we exploit intravital excitation
via a microendoscope to improve sensitivity of
whole-body imaging to detect REF substrate cleaved
by mycobacteria-expressed β-lactamase in the mouse
lung. The improved sensitivity gained by intravital
excitation is necessary for diagnosis of early stage
TB infections and to evaluate therapeutic outcomes
in animal models.

2. Methods

2.1 Animal infections

Mice were randomly grouped in six groups of four
mice per group. The mice were anesthetized and in-
fected with 10–106 CFU of M. bovis BCG strain by
intratracheal instillation. M. bovis BCG strain was
used in this study as a safety precaution because it is
closely related to M. tuberculosis but not virulent in
humans [30]. A detailed protocol for the method
of infection was described previously [31]. 24 hours
after inoculation, the mice were imaged using the
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whole-body imaging system with intravital excita-
tion. Following imaging, the lungs were excised,
homogenized, and 10-fold serial dilutions of lung
homogenates were plated on 7H11 selective media
for culturing and CFU counting.

Animal use protocols were approved by the
Texas A&M University Institutional Animal Care
and Use Committee. Five- to seven-week old female
BALB/C mice were used in this study. Mice were
fed alfalfa-free AIN-93G diet with ad libitum access
to water. A mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg) was used for anesthesia.

2.2 Reporter enzyme fluorescence
technology and substrate CNIR800

The CNIR800 substrate consists of IRDye 800CW
fluorescent dye linked to a quencher (IRDye QC-1)
at the distal end through a lactam ring, providing a
fluorescence resonance energy transfer (FRET)
quenching effect (Figure 1) [17]. In the absence of
BlaC (no mycobacteria), the substrate is quenched
and produces minimal fluorescence. BlaC cleavage
of the lactam ring releases the quencher from
CNIR800, significantly increasing fluorescence of
the IRDye. Cleaved CNIR800 displays maximal
signal at an emission wavelength of 795 nm with
745 nm peak excitation wavelength [24]. The
CNIR800 REF substrate (20 μM, 2.5 μl/g of weight)
was administered intratracheally at 24 hours post-in-
fection.

2.3 Whole-body fluorescence imaging system
with intravital excitation

Figure 2 shows the integrated whole-body imaging
system with intravital excitation used in this study,

Figure 1 Schematic representation of the reporter enzyme
fluorescence (REF) system. The β-lactamase enzyme natu-
rally and constitutively expressed in Mycobacterium tuber-
culosis cleaves the lactam ring in the substrate, releasing
the FRET quencher and allowing recovery of IRDye
800CW fluorescence.

Figure 2 Whole-body imaging of
REF fluorescence with intravital
excitation in the airway of live
mice. 24 hours after BCG infection
via intratracheal instillation,
CNIR800 REF substrate is admi-
nistered through an intratracheal
catheter. After a time period to al-
low CNIR800 cleavage, mice are
placed in the whole-body imaging
system and the microendoscope is
inserted into the airway for intra-
vital excitation and whole-body
imaging.
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previously described in detail [6]. The fiber-based
microendoscope image provides real-time feedback
for guidance of placement of the fiber bundle tip
within the airway. In tandem, the microendoscope
excitation within the airway serves as the intravital
light source for whole-body imaging with the IVIS
illumination blocked.

The 10,000-fiber bundle (FIGH-10-500N, Fujiku-
ra) is routed through an access port into the whole-
body imaging system (IVIS Lumina II, Perkin-
Elmer), enabling insertion into the trachea of the
anesthetized mouse through a 22G × 100 catheter
(SURFLO® I.V. SR-OX2225CA, TERUMO Me-
dical). The excitation pathway of the microendo-
scope consists of a 730 nm laser diode (HL7302MG,
Thorlabs), excitation filter with 750 nm cut-off
wavelength (FES0750, Thorlabs) to limit any light
leakage, and 757 nm dichroic mirror (FF757-Di01,
Semrock) targeting fluorescence excitation of the
CNIR800 REF probe. A 10× objective lens
(RMS10X, Thorlabs) couples the illumination and
imaging system to the fiber bundle. A 776 nm emis-
sion filter (FF01-776-LP, Semrock) passes CNIR800
fluorescence to a 1.45 megapixel CCD camera (EXi
Blue, QImaging). The microendoscope fiber bundle
has 0.66 mm outer diameter, 3 μm core-to-core spac-
ing, and 450 μm field of view [32]. Output power
from the fiber bundle was measured to be 1.2 mW.

2.4 In vivo animal whole-body imaging
using REF technology

Whole-body images of mice were acquired using
both intravital fiber excitation and IVIS epi-illumina-
tion at various time points post-administration of
CNIR800. After whole-body imaging, animals were
sacrificed and lung homogenates were plated for
CFU counting. To collect images with intravital fiber
excitation, a catheter was inserted into the trachea
of the animal, and the animal was laid on the IVIS
stage in the ventral or dorsal position. The lower tor-
so of the mouse was covered with a black cloth to
block background fluorescence of the gastrointes-
tinal tract and kidney. The fiber bundle was fed into
the catheter until it was in contact with the airway
wall. The fiber position was guided and confirmed
with the image on the CCD camera of the microen-
doscope. The fiber bundle was marked at the mouth
to ensure comparable insertion distance among ani-
mals and secured to the stage to prevent movement
during stage height adjustment for imaging.

The excitation light source from the IVIS system
was blocked, and IVIS fluorescence emission filters
were selected to collect CNIR800 signal at 20 nm in-
crements from 760 nm to 840 m using the IVIS camera
in order to spectrally unmix the image data. After

imaging with intravital excitation, epi-illumination
images of the same animal with the IVIS imaging
system excitation source were collected for compari-
son. Epi-illumination band-pass excitation filters of
675 nm and 745 nm were used for background tissue
autofluorescence and CNIR800, respectively. Typical
IVIS illumination intensity was approximately 1–
2 μW/cm2. The same IVIS emission filter settings
were used as the intravital fiber excitation configura-
tion. Each acquisition was taken with an f-stop of 2,
medium binning, and automatic exposure time,
which maximizes the sensitivity to signal. Acquisition
settings are automatically recorded and fluorescence
signal is quantified by the software.

Manual spectral unmixing was performed using
PerkinElmer Living Image software (version 4.3.1)
to reduce tissue autofluorescence background and
quantify the REF signal detected by whole-body
imaging with intravital or epi-illumination. Following
spectral unmixing, fluorescence radiance was quanti-
fied over a pre-defined region of interest targeting
the lungs.

Statistical analysis was performed using Graph-
Pad Prism software (Version 6). Student’s two-tailed
t-test was used to determine statistical significance
compared to the control; P < 0.05 was considered
significant. Pearson correlation was used to test the
correlation of CFU and fluorescence signals. The re-
lationship between CFU and fluorescence signal was
determined using a linear regression analysis.

3. Results

3.1 Peak CNIR800 substrate fluorescence
signal at 4 hours post-pulmonary
administration

At 24 hours post-inoculation, CNIR800 was deliv-
ered by aerosol to two mice infected with 106 CFU
of M. bovis BCG strain and two uninfected mice to
evaluate the kinetics of the REF substrate CNIR800
to detect bacterial infection in the mouse lung. Pul-
monary delivery of substrates improves signal-to-
noise ratio (SNR) by concentrating delivery to the
target infection site and decreasing background sig-
nal from other organs and tissues that could other-
wise accumulate substrate. Intravital excitation with
whole-body imaging was performed every 2 hours
over a 12 hour period (Figure 3A). In vivo fluores-
cence signal from the cleaved substrate significantly
increased 2 hours post-administration of the sub-
strate with the maximum fluorescence at 4 hours
(Figure 3B). Fluorescence signal in the infected ani-
mal at 8 hours post-administration was not signifi-
cantly different from the initial (0 hours) timepoint,
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suggesting that the ideal window for imaging by pul-
monary delivery of CNIR800 is between 2 and
6 hours post-administration of the substrate. Aerosol
delivery into the airway showed faster kinetics than
intraperitoneal (IP) delivery of the substrate, which
had a gradual signal increase from 2 hours until it
reached a maximum at 6 hours post-administration
(Figure 3C).

3.2 Dorsal position exhibits the highest SNR
at 4 hours post-administration of CNIR800

Groups of mice infected with 106 CFU M. bovis
BCG strain were imaged at 2 and 4 hours post-ad-
ministration of CNIR800 substrate in dorsal and
ventral positions on the IVIS stage. SNR was calcu-
lated at each time point by dividing fluorescence sig-
nal detected in infected mice by the signal in un-
infected mice for each position (Figure 4C). At
2 hours post-administration, both positions exhibited
a similar SNR. However, at 4 hours post-administra-
tion, SNR was significantly increased in dorsal posi-
tion as compared to the ventral position despite the
fluorescence signal being higher in the ventral posi-

tion. The SNR of the images in the dorsal position
at 4 hours post-administration was also significantly
higher than the same position at 2 hours post-admin-
istration (P = 0.029).

3.3 Detecting pulmonary infection in mice
using BlaC-specific substrate

Six groups of mice were infected with 101–106 CFU
of M. bovis BCG intratracheally, and CNIR800 was
delivered to the mice via aerosol at 24 hours post-in-
fection. Mice were first imaged using intravital fiber-
optic excitation 4 hours post-administration of the
substrate. Immediately after, mice were imaged
using epi-illumination of whole-body imaging system
(IVIS Lumina II) for parallel comparison of these
systems. As shown in Figure 5, whole-body imaging
with intravital fiber-optic excitation using CNIR800
provided a threshold of detection as low as �100
CFU in the mouse lung (Figure 5C; P = 0.029).
Fluorescence signals correlated well with the number
of bacteria present in mouse lungs down to this
threshold (Figure 5C; R2 = 0.95, P = 0.0008), while
epi-illumination of the animal only allowed detection

Figure 3 Kinetics of aerosol deliv-
ery of CNIR800 (20 μM, 2.5 μl/g) in
mice infected with 106 CFU M. bo-
vis BCG strain in the lungs. (A)
Whole-body images acquired with
intravital excitation at time points
post-administration of CNIR800.
(B) Comparison of mean fluores-
cence signal fold-change over sig-
nal at initial time point for infected
and uninfected mice. * p-value <
0.05, ** p-value < 0.01: significantly
different from fluorescence signal
at 0 hour using Student’s two-tailed
t-test. (C) Comparison of mean sig-
nal-to-noise ratio (SNR) fold-
change for aerosol delivery and in-
traperitoneal delivery of CNIR800.
Error bars denote standard error.
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down to 104 CFU (Figure 6C, R2 = 0.36, P = 0.211).
R2 was calculated using linear regression. Imaging
using intravital fiber-optic excitation therefore im-
proved the threshold of detection over epi-illumina-
tion by �100 fold.

4. Discussion and conclusion

Using a fiber optic fluorescence microendoscope for
intravital illumination in a whole-body imaging sys-
tem, we have characterized the enhancement in sig-
nal detection of pulmonary infection in vivo using a
NIR BlaC-specific fluorogenic substrate in compa-
rison to epi-illumination. We determined optimal

methods for achieving the best SNR, including im-
aging time after fluorogenic substrate administration
and the position of the animal during imaging. We
demonstrated that integration of these optical im-
aging technologies with BlaC-specific fluorescent re-
porter probes enables sensitive detection of bacteria
in lungs of living animals at �100 CFU, an improve-
ment of two orders of magnitude over whole-body
epi-illumination. This technology can also improve
the sensitivity of whole-body optical imaging to en-
able study of early stage bacterial infection, evalua-
tion of therapeutic efficacy, and development of pre-
ventative treatments using clinical strains of myco-
bacteria.

The high light scattering ability of lung tissue effi-
ciently diffuses the non-uniform illumination coming

Figure 4 Effect of animal position-
ing on fluorescence detection and
signal-to-noise ratio (SNR) in
whole-body imaging with intravital
excitation after aerosol delivery of
CNIR800 in mice infected with 106
CFU M. bovis BCG strain in the
lungs. (A) Representative images
of mice in dorsal or ventral position
acquired at 2 hours and 4 hours
post-administration of CNIR800.
Comparison of (B) fluorescence
signal (photons/sec) and (C) SNR
(fluorescence signal in infected ani-
mals normalized to signal in unin-
fected animals) in different animal
positions at different times post-ad-
ministration of CNIR800. * p-value
< 0.05: significantly different from
fluorescence of uninfected control
group calculated by Student’s t-test;
# p-value < 0.05, ## p-value < 0.01:
significantly different in fluores-
cence among different imaging
time points calculated by two-way
ANOVA.
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from the fiber bundle source used for intravital illu-
mination. Positioning of the fiber bundle is likely to
be important for the quality of imaging obtained.
The two primary methods employed to ensure the
most repeatable placement of the fiber bundle tip in
the mouse airway were consistent insertion of the in-
tratracheal catheter and microendoscopic confirma-
tion of contact with the tissue. Real-time fluores-
cence images on the microendoscope CCD provide
feedback on fiber tip contact with the tissue. Addi-
tionally, the fiber bundle was marked at the mouth
to confirm positioning of the fiber bundle within
mice of the same age and similar weight. In addition
to non-uniformity of illumination light distribution,
other contributors to fluorescence signal variation
likely could include inter-animal variability in distri-
bution of bacterial infection, overall lung volume,
and differences in the anatomy of the chest cavity
and airways. Epi-illumination images are acquired
with longer acquisition times to compensate for low-
er illumination intensity at the animal compared to
intravital illumination intensity. Fluorescence back-
ground scales with both illumination intensity and

exposure time indicating that level of detection is
unaffected.

These results are consistent with our previous re-
port showing significant improvement of detection
sensitivity using intravital excitation to detect tdTo-
mato-expressing M. bovis BCG in the lungs of live
animals [6]. The greater enhancement of intravital
excitation over epi-illumination with tdTomato
(1000×) in comparison to CNIR800 (100×) can be
attributed to the shorter excitation wavelength of
tdTomato and higher absorption of shorter wave-
lengths by mammalian tissue. In other words, intra-
vital excitation is more critical for fluorescent targets
with shorter excitation wavelengths. Sources of back-
ground in detection of REF substrate are quite dif-
ferent from tdTomato detection. In addition to re-
duced tissue absorption of NIR light, NIR REF sub-
strates exploit reduced tissue autofluorescence in
this spectral range as compared to the visible wave-
lengths necessary for most genetically modified pro-
teins, including tdTomato. Contributors to back-
ground signal for REF detection of mycobacteria
include quenched substrate and spontaneous hydro-

Figure 5 Whole-body imaging
using intravital fiber excitation
of mice infected with 10–106 CFU
M. bovis BCG strain and labeled
with REF substrate CNIR800 de-
livered intratracheally 24 hours
post-infection. (A) Representative
images 4 hours post-administration
of CNIR800. (B) Scatter plot of
fluorescence signal (photons/sec)
for each animal as compared to ac-
tual CFU obtained from lung
homogenates of same animal. Each
dot denotes an individual animal.
(C) Average fluorescence versus
grouped CFU from lung homoge-
nates. Vertical and horizontal error
bars represent standard errors of
fluorescence and CFU counts per
group, respectively. The average
fluorescence for the uninfected
group is represented by a solid red
line; standard error (1.28 × 108 p/
sec/cm2/sr) is represented by
dashed red lines that coincide with
the mean. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001: sig-
nificantly different as compared to
the fluorescence in the uninfected
group, calculated by Student’s two-
tailed t-test.
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lysis of substrate [16]. The challenge with this back-
ground is that it has the same fluorescence spectrum
as the signal and cannot be removed by spectral un-
mixing, which is effective for removal of tissue auto-
fluorescence. The use of CNIR800 allows application
to native strains of Mtb and the potential for clinical
translation. Our results also demonstrate improve-
ment of detection thresholds using REF imaging in
live animals compared to both epi-illumination and
trans-illumination excitation [24].
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