
Short-Wave Infrared Fluorescence Chemical Sensor for Detection of
Otitis Media
Joshua J. Yim,○ Surya Pratap Singh,○ Anping Xia, Raana Kashfi-Sadabad, Martina Tholen,
David M. Huland, David Zarabanda, Zhixin Cao, Paola Solis-Pazmino, Matthew Bogyo,*
and Tulio A. Valdez*

Cite This: ACS Sens. 2020, 5, 3411−3419 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Otitis media (OM) or middle ear infection is one of
the most common diseases in young children around the world. The
diagnosis of OM is currently performed using an otoscope to detect
middle ear fluid and inflammatory changes manifested in the tympanic
membrane. However, conventional otoscopy cannot visualize across
the tympanic membrane or sample middle ear fluid. This can lead to
low diagnostic certainty and overdiagnoses of OM. To improve the
diagnosis of OM, we have developed a short-wave infrared (SWIR)
otoscope in combination with a protease-cleavable biosensor, 6QC-
ICG, which can facilitate the detection of inflammatory proteases in
the middle ear with an increase in contrast. 6QC-ICG is a
fluorescently quenched probe, which is activated in the presence of
cysteine cathepsin proteases that are up-regulated in inflammatory immune cells. Using a preclinical model and custom-built SWIR
otomicroscope in this proof-of-concept study, we successfully demonstrated the feasibility of robustly distinguishing inflamed ears
from controls (p = 0.0006). The inflamed ears showed an overall signal-to-background ratio of 2.0 with a mean fluorescence of 81 ±
17 AU, while the control ear exhibited a mean fluorescence of 41 ± 11 AU. We envision that these fluorescently quenched probes in
conjunction with SWIR imaging tools have the potential to be used as an alternate/adjunct tool for objective diagnosis of OM.
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Otitis media (OM) is one of the most common reasons
for pediatrician visits, antibiotic prescription, and surgery

in the pediatric population.1 Globally, there are over 740
million new cases of OM yearly with the highest incidence
rates in children younger than 5 years of age. OM includes a
variety of conditions such as acute OM (AOM),2 OM with
effusion (OME), and chronic suppurative OM (CSOM).
These conditions are closely related and can overlap, but most
importantly, they are linked by the presence of fluid in the
middle ear. In the case of CSOM, the fluid drains out of the
middle ear through a perforation in the tympanic membrane
(TM) or via a tympanostomy tube. While CSOM can be easily
discerned due to the presence of ear drainage, otoscopic
diagnoses of AOM and OME are not straightforward.3 The
difficulty in identifying the fluid composition in the middle ear
is one of the main reasons for OME misdiagnosis3a4 (Figure
1A).
Visible light pneumatic otoscopy is considered as the best

currently available diagnostic tool for OM.5 However,
pneumatic otoscopic examinations suffer from subjective
interpretations, especially by unexperienced practitioners.6

Diagnosis of OME can be challenging and even experienced

otolaryngologists need to employ adjuvant diagnostic methods
such as otologic microscopy or tympanometry to better discern
the presence of middle ear fluid in difficult cases.7 Some other
emerging technologies such as optical coherence tomography,
spectral gradient acoustic reflectometry, and sonography have
demonstrated immense potential in improving the diagnosis of
OM.8 However, they are yet to be widely adopted, which is
primarily due to difficulties in data interpretation and
unfamiliarity of the clinicians. Photonic techniques based on
fluorescence, Raman spectroscopy, and short-wave infrared
(SWIR) spectroscopy constitute another cornerstone in
diagnosing OM objectively.9 Some of our recent efforts have
been focused on visualizing middle ear effusion through an
otoscope that can detect SWIR wavelengths (1−2 μm) of
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light.,9a10 SWIR otoscopy provides two fundamental advan-
tages over conventional otoscopy. First, it can help in
identifying middle ear effusions based on the strong light
absorption by middle ear fluid in the SWIR region. Second,
due to a longer wavelength, SWIR light can penetrate deeper
through tissues, enabling a better view of middle ear structures
behind the TM in cases where the fluid is absent.,9a11 While
these studies show great promise in fluid detection, they still
lack the ability to sample the composition of the middle ear
fluid. To address this challenge, we have looked into employing
a fluorescently quenched biosensor that reads out upregulated
proteolytic activity associated with OM.12

In OM, leukocytes infiltrate the area and release signaling
molecules and enzymes that are involved in sustaining
inflammation. Among these leukocytes, macrophages play an
important role and express various lysosomal proteases such as
cysteine cathepsins, matrix metalloproteases, and elastases.
These proteases, particularly cathepsin B, have been shown to
play an important role in OME.12a Therefore, targeting
upregulated cathepsins during OM-associated inflammation
may be an effective approach to identify OM. To detect
cathepsin activity, we used 6QC-ICG, a fluorescently
quenched substrate probe that broadly reads out the
proteolytic activity of cysteine cathepsins.13 This probe
consists of a short peptide sequence Cbz-Phe-Lys. The
quencher is attached to the lysine sidechain, and an FDA-
approved indocyanine green (ICG) dye is conjugated to the
lysine through a 6-carbon linker. It has shown potential for use

in surgical resection of tumor malignancies with high sensitivity
and specificity.13a 6QC-ICG is able to amplify the proteolytic
signal due to a high cleavage turnover rate, accumulating in the
site of inflammation by exploiting the latent lysosomotropic
effect (Figure 1B). The optically dark probe releases its
quencher upon cathepsin recognition and cleavage in the
lysosomes. When the peptide bond is cleaved, the fluorophore
fragment containing a primary amine becomes protonated in
the acidic environment of the lysosome and leads to its
lysosomal accumulation, promoting cellular retention of the
fluorophore (Figure 1B). Its ability to read out broad-cathepsin
activity with a near-infrared (NIR) and SWIR-compatible ICG
fluorophore makes it an ideal candidate for detecting OM
(Figure 1C). In this study, using 6QC-ICG and various NIR
imagers, we demonstrate the feasibility of distinguishing
inflamed ears from normal ears in a mouse model of OM.
Furthermore, we custom-designed a preclinical fluorescence
SWIR otomicroscope to detect the activation of 6QC-ICG in
vivo. Overall, our findings support prospective application of
optical contrast agents in accurately identifying OM.

■ RESULTS AND DISCUSSION

In Vivo Detection of OM Using a 6QC-ICG Probe with
an NIR Fluorescence Imager. To evaluate 6QC-ICG for the
detection of OM, we used a recently established OM mouse
model based on lipopolysaccharide (LPS) treatment.9b LPS, a
major component of the outer membrane in most Gram-
negative bacteria, is a powerful mediator of inflammatory

Figure 1. Proposed model for fluorescence-guided detection of OM using an SWIR otoscope. (A) Diagram of normal ear and ear with AOM. (B)
Schematic representation of latent lysosomotropic effect, which results in fluorophore retention in the lysosome of substrate probe 6QC upon
cleavage by cysteine cathepsins. (C) Schematic of targeted fluorescence otoscopy setup.
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responses and is a widely accepted agent to induce OM in
mice.14 Several studies have shown that LPS treatment in the
ear of mice causes functional and structural changes similar to
those in the early stages of clinical OM.15 Additionally, LPS is
known to activate macrophages that cause release of
inflammatory cytokines.,15a,15c15d With the LPS-induced
mouse model of OM, we first evaluated the ability of 6QC-
ICG to identify OM using the Pearl Trilogy imaging system
an 800 nm NIR wide-field imager.9b Since the ICG
fluorophore in 6QC-ICG has a long emission range (750−
950 nm), we conducted initial studies by employing
commercially available NIR (∼800 nm) fluorescence imagers.
In animals treated with 6QC-ICG via tail vein injection, a
fluorescence signal developed over a period of 24 h as the NIR
fluorescence accumulated and facilitated clear differentiation
between the inflamed and control ears (Figure 2A). We also
evaluated the efficacy of an FDA-approved NIR fluorescent
dye, ICG, to investigate if it could differentiate between the
inflamed and healthy ears. ICG, being the same fluorophore
employed in 6QC-ICG, serves as an ideal internal control to
provide a readout of potential dye accumulation due to generic
uptake in the accumulated fluid or at the inflammation site.
However, the free ICG dye alone did not discriminate between
the inflamed and healthy ears at any time point over the course
of 24 h (Figure 2A,B). Furthermore, the ICG dye was excreted
from the mouse, and the fluorescence signal was quickly
depleted. In contrast, quantification of the 6QC-ICG probe
signal revealed that the inflamed ear had a statistically
significant increase in the mean fluorescence intensity with
respect to the untreated right ear (0.18 ± 0.05 AU vs 0.14 ±
0.03 AU; p = 0.005; Figure 2C). The mean signal-to-
background ratio (SBR) of the inflamed left ear was 1.3 at
24 h (Figure 2C). These results provided initial evidence in
support of visualizing and differentiating inflammation in the
ears through imaging of the 6QC-ICG signal.
The ability of 6QC-ICG to identify OM objectively was

further confirmed by analyzing the fluorescence signal from
excised middle and inner ear tissues. While the live animal
imaging of the whole mouse revealed higher fluorescence
intensity from the inflamed ears, signal variations due to the
external ear could not be completely ignored. Therefore, in the
next step, we isolated ear tissues consisting of both middle and
inner ears for further imaging studies. Fluorescence images of
ear tissues were acquired using the same 800 nm wide-field
imager used for the live animal imaging (Figure 3A). We
observed a statistically significant (p = 0.0013) increase in the
overall fluorescence signal in the LPS-treated ear tissues (0.37
± 0.14 AU) with respect to the control (0.18 ± 0.08 AU) with
a mean SBR of 2.1 (Figure 3B). As observed in the live animal
imaging studies, the mice injected with only the ICG dye did
not show any difference at 24 h post injection (Figure 3B).
These results confirmed the data obtained from the live animal
imaging studies and verified that the statistically significant
accumulation of fluorescence signals only occurred in the
inflamed ear.
Evaluation of 6QC-ICG Fluorescence Accumulation in

Ear Tissue Sections. To confirm the precise location of
fluorescence signals originating from the 6QC-ICG probe in
the ear, we obtained 10 μm-thick serial histological sections
and scanned them using a flatbed NIRF scanner. As
mentioned, 6QC-ICG contains a fluorophore reporter, which
contains a primary amine that gets protonated in the lysosomes
after probe cleavage. This allows the fluorescence signal to be

retained in the macrophages at the site of inflammation. This
retention of signal allows us to perform direct fluorescence
scans of the tissue sections for visualizing the location of the

Figure 2. NIR fluorescence imaging of murine ear inflammation using
6QC-ICG and ICG. (A) Time course of fluorescence over 24 h for
mice ears injected with either 6QC-ICG (top) or ICG (bottom). (B)
Image of a mouse treated with LPS (left ear) and left untreated (right
ear) followed by 6QC-ICG injection via tail vein and imaging after 24
h using an 800 nm wide-field imager (LI-COR Pearl Trilogy). (C)
Quantification of fluorescence of mouse ears injected with either
6QC-ICG or ICG (24 h post injection, n = 11).
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probe signal. Fluorescence scans were directly compared with
adjacent H&E-stained sections to establish a physiological
context. We observed that the increased fluorescence signal
originates primarily from the TM and middle ear mucosa
(Figure 4A). The TM is disrupted in the left ear as LPS was
administered in a trans-tympanic manner (Figure 4A), denoted
by a red asterisk in the H&E image. Thickening of the TM and
mucosa from LPS injection and inflammation were visible in
the LPS-treated left ear. Increased accumulation of fluores-
cence signal was observed in the TM and mucosa. In the
healthy right ear, fluorescence accumulation was not observed
in the TM or mucosa. With 6QC-ICG, the mean SBR of 3.8
was observed. Mean fluorescence values of the inflamed and
control ears were 7.6 ± 2.8 and 2.0 ± 1.2 AU, respectively
(Figure 4B). Enhancement in the number of macrophages and
cathepsin expression in LPS-treated ear was confirmed by
immunostaining using cathepsin B and CD68 antibodies
(Figure 4C). The significant difference (p < 0.0001) between
the LPS-treated and untreated ears suggests that 6QC-ICG
signal accumulation in the middle ear can facilitate objective
identification of ear inflammation.
SWIR Fluorescence Otoscopy Allows Visualization of

AOM Using 6QC-ICG in Mouse Models. SWIR imaging has
significant advantages over NIR due to minimized scattering,
decreased autofluorescence, and higher penetration depth.

Most importantly, it exhibits high water absorption, allowing
detection of ear effusions.9a We hypothesize that fluorescence
properties of 6QC-ICG, particularly ICG fluorophore, can be
detected in the SWIR region and may be utilized for
determining the presence of inflammation based on the
protease signature of middle ear fluid. Therefore, we custom-
designed an SWIR fluorescence otomicroscope and used it for
in vivo visualization of inflammation in the ear (Figure 5A,B).
Similar to routinely employed clinical otoscopes, we used a
specially designed “speculum” to deliver light effectively inside
the ear cavity. The speculum also helped reduce signal losses
from the external ear (Figure 5A,B). The efficacy of the long-
pass filter in removing interfering reflected laser light was
established through imaging of a reflective surface under
similar conditions.
Our findings suggest that the presence of inflammation in

the ear is easily distinguishable using this setup (Figure 5C).
Fluorescence quantification of a group of six animals revealed
strong fluorescence signals originating from the TM (Figure
5C). A statistically significant difference (p = 0.0006) in signal
intensities between the inflamed left ear and control right ear
was observed at 24 h (mean fluorescence of 81 ± 17 AU in
LPS-injected ear, 41 ± 11 in control; p = 0.0006) with an
overall SBR of 2.0 (Figure 5D). Fluorescence SBR values
obtained from in vivo SWIR imaging (SBR = 2.0) were similar
to those obtained using ex vivo NIR imaging of the excised
middle ear tissue (SBR = 2.1). This shows that 6QC-ICG with
SWIR imaging facilitates a more robust detection of ear
inflammation in live animals as compared to in vivo NIR
imaging (SBR = 1.3) along with minimal background signals.

■ DISCUSSION
OM is characterized by the presence of fluid in the middle ear.
Failure to diagnose OM can result in severe complications
including facial nerve palsy, meningitis, permanent hearing
loss, and brain abscesses. Consequently, there is a pressing
clinical need for a more accurate and noninvasive method for
sampling the middle ear fluid without disrupting the TM.
Recent studies have demonstrated that SWIR otoscopy can
facilitate visualization of fluid behind the TM.,9a10 However,
SWIR otoscopy has some limitations as it cannot determine
the fluid composition.
In this study, we evaluated a cathepsin-activated fluorescence

substrate probe, 6QC-ICG, in combination with a custom-
designed SWIR fluorescence otomicroscope to achieve
detection of ear inflammation in a murine model of OM.
LPS treatment in the middle ear is known to enhance the
infiltration of macrophages, leukocytes, and monocytes.9b,15b It
also induces the release of inflammatory cytokines such as
interleukin-1 (IL-1) and IL-3.15b We demonstrated that
upregulated cathepsin protease activity in inflammation-
associated macrophages can be successfully utilized for imaging
inflammation using the 6QC-ICG probe. Accumulation of
fluorescence signals in the LPS-injected left ear post systemic
administration of the probe provided evidence of cleavage by
proteases, which were later verified on excised ear specimens
(Figures 2 and 3). Previous studies have shown that LPS-
induced effects in the TM are primarily manifested in the form
of increased TM thickness, infiltration of inflammatory cells,
and collagen rearrangement.9b,15e,16 Our study corroborated
these observations as most of the detected fluorescence
originated from the thickened TM and middle ear mucosa of
LPS-injected ears (Figure 4).

Figure 3. NIR fluorescence imaging of excised ear tissue using 6QC-
ICG and ICG. (A) Representative images of middle and inner ear
specimens from mice treated with LPS (left ear) and control (right
ear) injected with 6QC-ICG or ICG and imaged after 24 h using a
800 nm wide-field imager (LI-COR Pearl Trilogy). (B) Fluorescence
quantification of the excised right and left ear tissue from mice
injected with 6QC-ICG or ICG (2.3 mg/kg, 24 h post injection (PI),
n = 11). Highlighted dots correspond to the images presented in (A).
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6QC-ICG is a “turn-on” fluorescent probe that is activated
by upregulated cathepsin protease activity in macrophages
associated with inflammation. Since the fluorescence signal is
only activated by cathepsins and is not active when the probe is
intact and quenched, the contrast is improved, and an
additional washout step often associated with contrast dyes is
not required. Compared to ICG dye alone, the lysosomotropic
effect further allows the postcleaved portion of the 6QC-ICG
probe to accumulate in the lysosomes of the macrophages and
prevents the dye from diffusing out of the cells. The
lysosomotropic effect could be observed while comparing the

24 h time course of the probes, where ICG fluorescence
quickly diminished, while 6QC-ICG fluorescence increased
with time to provide contrast between the left and right ears.
NIR imaging, in combination with exogenous fluorophores,

has been extensively employed for visualizing cancer margins
and vasculature during intraoperative procedures. However,
they have not been widely explored for other clinical
applications such as infectious processes. One of the major
hindrances in translating these observations to a noninvasive
medical device is the limited penetration depth of standard
optical imaging methods.,11b17 Imaging in the SWIR range can

Figure 4. NIR fluorescence imaging of ear tissue sections. (A) Representative histological sections of ears (left: LPS-injected; right: untreated)
taken from mice injected with 6QC-ICG and imaged at 24 h. Top row shows H&E-stained and bottom row shows fluorescence of corresponding
unstained tissue sections. The slides were scanned on an 800 nm NIR flatbed scanner (LI-COR Odyssey CLx). The red asterisk denotes torn TM.
(B) Fluorescence quantification of unstained ear tissue sections from mice injected with 6QC-ICG (2.3 mg/kg, 24 h PI). (C) Confocal images of
the tympanic membrane and middle ear mucosa of LPS-treated (left) and untreated (right) mice (10× magnification). Cathepsin B imaged with
anti-cathepsin B antibody (green) and macrophage infiltration imaged with anti-CD68 antibody (red).
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provide improved visualization of deeper structures as
compared to NIR imaging.11a11b11c As mentioned before, we
recently developed an SWIR otoscope for diagnosing OM in
pediatric populations. A large-scale clinical trial is currently
underway to evaluate its efficacy in detecting fluid in the
middle ear.10 In addition to enhancing diagnostic capabilities,
the main benefit of the SWIR otoscope is the ability to be
integrated readily in the current OM management framework.
Utilizing a 6QC-ICG probe along with an SWIR otoscope is
based on the fact that ICG fluorophore has a long tail in the
SWIR region, which can be detected by our SWIR otoscope.18

Our custom-designed preclinical fluorescence otomicroscope
provided evidence that in vivo visualization of 6QC-ICG at the
inflamed sites in the ear is possible (Figure 5). Additional
animal studies focusing on probe delivery, dosing, timing, and
ototoxicity of the compound are required to evaluate the true
clinical potential of the 6QC-ICG probe. In this study, the
probe was administered intravenously, which is clinically
suboptimal for pediatric populations for a common medical
issue. Studies into various formulation methods, including oral
administration and application in the form of eardrops, still
need to be evaluated. We envision that protease-cleavable
fluorescent biosensors in combination with SWIR detection
devices can also be effective in diagnosing other infectious

diseases in pediatric patients, where the use of ionizing
radiation techniques is not ideal. Any infectious process that
elicits an inflammatory response with the associated increase in
proteolytic activity, such as cervical abscesses, could be
detected using this approach.

■ CONCLUSIONS

Overall, this study demonstrates that the use of fluorescence
probes with SWIR otoscopy has the potential to improve the
overall diagnosis of OM. The ability to simultaneously
determine fluid presence and composition using the SWIR
otoscope and 6QC-ICG can serve as a powerful tool that could
enable improved tracking of AOM and CSOM treatment and
follow-ups. In addition to OM, ear conditions such as
mastoiditis and cholesteatoma also lack objective diagnostic
tools. Since these ear conditions also have chronic inflamma-
tion, we anticipate that probes such as 6QC-ICG could also be
used to image these ear conditions. While more work needs to
be done to formulate the probe for routine clinical use, we
envision that 6QC-ICG can be used as an objective diagnostic
test, which may aid physicians in their treatment decisions,
ultimately yielding better clinical outcomes.

Figure 5. In vivo SWIR otomicroscopy imaging of ear inflammation. (A) Diagram of the custom-designed SWIR otomicroscope setup. (B) Image
of SWIR otomicroscope (left) and closeup of 3D-printed and fitted speculum (right) used for in vivo imaging. (C) Fluorescence from the left ear
(LPS injected) and right ear (untreated) of animals injected with 6QC-ICG (24 h) by an SWIR otomicroscope (793 nm laser, 808 nm long-pass
filter, SWIR camera). (D) Quantification of mean fluorescence for the TM region of interest in the middle ear (n = 6).
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■ MATERIALS AND METHODS
Compound Synthesis. Synthetic procedure and characterization

of 6QC-ICG are outlined by Yim et al.13a All reagents and materials
used in the synthesis of 6QC-ICG were obtained from commercial
sources and used without further purification. IRDye QC-1 NHS ester
was obtained from LI-COR Biosciences (Lincoln, NE, USA) and
ICG-NHS ester was from Intrace Medical (Lausanne, Switzerland).
Compounds were synthesized using reported procedures and purified
by reverse-phase preparative HPLC.
OM Mouse Model. In vivo studies of murine models were

conducted according to the current NIH and Stanford University
Institutional Animal Care and Use Committee (IACUC) guidelines
(APLAC #33028). A total of 22 female C57BL/6J mice (aged 4−6
weeks) were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). Mice were anesthetized with a standard dose of ketamine and
xylazine mixture. Salmonella enterica-derived lipopolysaccharide (LPS;
L7261, Sigma) emulsion was prepared in normal saline (0.9%) at a
stock concentration of 20 mg/mL. The left ear was treated with 3 μL
of LPS through a trans-tympanic injection under a microscopic view.
The right ear remained untreated and served as a control.
Probe Administration. Stocks (10 mM) of either 6QC-ICG or

indocyanine green (ICG) were dissolved in a solution of 10% DMSO
prepared in 100 μL of phosphate-buffered saline (PBS) to a final
concentration of 25 nmol per injection. It was administered
intravenously through mouse tail vein and imaged between 1 and
24 h post injection.
Wide-Field Near-Infrared Fluorescence (NIRF) Imaging.

Mice were imaged after 24 h of probe injection using the Pearl
Trilogy Small Animal Imaging System (LI-COR Biosciences, Lincoln,
NE, USA) while being kept under anesthesia with 2% (v/v) isoflurane
(Fluriso, VetOne, Boise, ID, USA). Signal was detected using the 800
nm filter set. Images were analyzed using Image Studio Software (LI-
COR Biosciences, Lincoln, NE, USA).
SWIR Fluorescence Otoscopic Detection of OM. SWIR

fluorescence otoscopy was performed after 24 h of 6QC-ICG probe
treatment using a custom-built imaging system equipped with a fiber
(200 μm core)-coupled 793 nm laser (20 W, Lumics LU0793D140-
D10DH) and Allied Vision Goldeye G-032 Cool TEC2 camera
(Figure 5). The sensor set point of the camera was at −30 °C. The
laser light excitation was guided to the animal ear through a lens and
specially designed speculum (3D-printed using poly-lactic acid).
Epifluorescence was collected via a high-efficiency long-pass filter
(BlP01-808R-25, Semrock) before reaching the camera. The average
excitation flux at the site of delivery was ∼25−30 mW cm−2. The
assembly was partially enclosed, and experiments were performed in a
dark environment to avoid exposure to unwanted light. The images
were acquired using a platform-independent Vimba SDK (Allied
Vision) with a uniform acquisition time of 10 s. During the imaging,
anesthetized mice were placed over a predefined heated platform in
the left and right lateral decubitus position to acquire images from the
right and left ears, respectively. MATLAB programming environment
was used for processing and analysis of the acquired images.
Histology. Following otoscopy, animals under deep anesthesia

were euthanized via cervical dislocation. Both the middle and inner
ears were harvested. The tissues were fixed in 4% paraformaldehyde
(PFA) overnight at 4 °C and rinsed with phosphate-buffered saline
(PBS) of pH 7.3 to remove the residual traces of PFA. This was
followed by 48 h decalcification of samples using 0.5 M EDTA.
Tissues were rinsed free of any EDTA solution by multiple washes
using PBS followed by overnight incubation in 30% sucrose at 4 °C.
In the end, tissues were processed through serial incubation in sucrose
and OCT compound (Fisher Scientific) mixture. Tissue sections (10
μm) were obtained from OCT blocks and either stained with
hematoxylin and eosin (H&E) or analyzed without staining by NIRF
scanning.
Flatbed Near-Infrared Fluorescence (NIRF) Scanning of

Slides. H&E-stained slides and unstained cryosections were placed
directly on the Odyssey CLx imaging system (LI-COR Biosciences,
Lincoln, NE, USA) and imaged using the following parameters:

channel, 800 nm; resolution, 21 μm; intensity, auto; quality, highest.
Images were analyzed using Image Studio Software (LI-COR
Biosciences, Lincoln, NE, USA).

Immunofluorescence. Frozen ear samples in OCT blocks were
sectioned into 10 μm slices, fixed with 4% PFA for 30 min, and
washed three times with PBS. Blocking buffer (PBS + 0.3% Tx-100)
was then added on top of the sections and left for 2 h at room
temperature. Subsequently, sections were incubated with primary
mouse anti-cathepsin B (AF965; R&D Systems, Minneapolis, MN,
USA) and recombinant anti-CD68 antibody (ab213363, Abcam,
Cambridge, MA, USA). After 24 h, sections were incubated with
secondary antibodies for 1 h at room temperature. The tissues were
nuclear-stained with DAPI (ab104139) in mounting medium and
covered with a cover slip.

Confocal Microscopy. A confocal laser scanning microscope
(CLSM700, Zeiss) was used to image tissues using a 10× objective.
Images were processed with ImageJ software.

Statistical Analysis. Statistical analysis was performed in Excel
(Microsoft, Redmond, WA, USA) and Prism (GraphPad Software,
San Diego, CA, USA). The signal-to-background ratio (SBR) was
calculated as described in the figure legends. Unless otherwise noted,
all values in figures are presented as mean ± SD. Statistical
significance was calculated based on the Student’s t-test (two-tailed,
unpaired).
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