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Abstract

Purpose—Early and effective detection of cancers of the gastrointestinal tract will require novel 

molecular probes and advances in instrumentation that can reveal functional changes in dysplastic 

and malignant tissues. Here, we describe adaptation of a wide-field clinical fiberscope to perform 

wide-field fluorescence imaging while preserving its white-light capability for the purpose of 

providing wide-field fluorescence imaging capability to point-of-care microscopes.

Procedures—We developed and used a fluorescent fiberscope to detect signals from a quenched 

probe, BMV109, that becomes fluorescent when cleaved by, and covalently bound to, active 
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cathepsin proteases. Cathepsins are expressed in inflammation- and tumor-associated macrophages 

as well as directly from tumor cells and are a promising target for cancer imaging. The fiberscope 

has a 1-mm outer diameter enabling validation via endoscopic exams in mice, and therefore we 

evaluated topically applied BMV109 for the ability to detect colon polyps in an azoxymethane-

induced colon tumor model in mice.

Results—This wide-field endoscopic imaging device revealed consistent and clear fluorescence 

signals from BMV109 that specifically localized to the polypoid regions as opposed to the normal 

adjacent colon tissue (p < 0.004) in the murine colon carcinoma model.

Conclusions—The sensitivity of detection of BMV109 with the fluorescence fiberscope 

suggested utility of these tools for early detection at hard-to-reach sites. The fiberscope was 

designed to be used in conjunction with miniature, endoscope-compatible fluorescence 

microscopes for dual wide-field and microscopic cancer detection.
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Introduction

Cancer remains the second most common cause of death in the USA, with over 1.6 million 

new cancer cases estimated this year according to the American Cancer Society [1]. Even 

more alarming is the 585,000 cancer-related deaths expected this year in the US alone. 

Diagnostic tools that enable early detection, including endoscopy as a screening procedure 

for colon cancer, have been shown to reduce cancer mortality [2–4]. However, many of the 

imaging tools available for clinical screening, including endoscopy, are limited by the use of 

white light revealing gross structural abnormalities based on visual inspection. As such, 

white-light endoscopy has miss rates of up to 25 % [5]. Therefore, the development of point-

of-care diagnostic tools that offer additional molecular information with sufficient sensitivity 

and specificity for early cancer detection is critical for effective early detection and early 

intervention. Toward this end, fluorescence endoscopy has the potential for sensitive 

molecular analyses through the use of fluorescent molecular probes that have specificity for 

dysplastic or malignant tissues [6–13]. To effectively detect such functional probes, new 

accessories that image over a range of scales from macro- to microscopic levels and are 

compatible with clinical endoscopes need to be developed. Effective optical tools with a 

breadth of capabilities would facilitate cancer detection and have the potential to 

significantly impact the survival rates of patients.

Mouse models are typically used for development of molecular probes, and a number of 

instruments have been described that enable molecular detection of colon cancer in mice 

[14–18]. Endoscope design options for colonoscopy in mice are limited to a device diameter 

less than approximately 3.5 mm [19]. Rigid borescopes yield beautiful, high-resolution [20] 

rodent endoscopic images but have limited length and cannot navigate beyond the distal 

colon, restricting their utility. Fiber bundle-based endoscopes—fiberscopes—may have 

poorer resolution than rigid scopes but have a much smaller cross section (≤1 mm), ease of 
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sterilization, and simplicity of manufacture, and may serve as an adjunct modality for other 

high-resolution imaging tools. Fiberscopes are particularly well suited for fluorescence 

imaging since they can be made very small, use extremely sensitive detectors, such as 

intensified or electron-multiplying cameras, and can detect weak fluorescence signals 

through the working channels of existing clinical endoscopes [21]. Also, when used in 

conjunction with targeted molecular probes, the resolution of a fiberscope is less prohibitive 

and can reveal the presence of fluorescence signals—rather than relying on high-resolution 

morphological detail, and may be sufficient to guide further inspection with more high-

resolution devices that have smaller fields of view, or to guide biopsy. Fluorescence-enabled 

fiberscopes would have utility in animal models, and would also be suitable for use with 

clinical devices for early detection, guided microscopy and image-guided biopsy.

Here, we describe modifications to a commercially available white-light fiberscope for use 

as a wide-field fluorescence endoscope, and demonstrate its use in mouse models. The 

fiberscope is currently approved by the Food and Drug Administration (FDA) for white-light 

imaging of bile ducts and can be sterilized and reused, making it a promising candidate for 

adding small-footprint fluorescence imaging to endoscopic devices in the clinic and for 

incorporation into other devices to create multifunctional instruments that operate over a 

range of scales using several different modes. In addition to its clear clinical applications, 

this device also has potential for use as a preclinical imaging device to assess the tumor-

targeting efficiency of newly developed optical probes, in preparation for clinical translation.

We have adapted the 1-mm fiberscope to perform dual white-light and fluorescence imaging, 

and demonstrated its use in the distal colon of mice where we were able to evaluate the 

location, shape, and size of polyps. This is particularly useful when planning experiments in 

expensive transgenic mouse models and time-intensive carcinogen-induced models. No 

other preclinical imaging technique currently exists to assess tumor progression in 

orthotopic colon cancer models in real time, and therefore time and materials are often 

wasted in the testing of new drugs or tumor-targeting agents. We demonstrate functional 

imaging using BMV109, a fluorescent probe designed to target active cathepsin proteases 

expressed by inflammation- and tumor-associated macrophages and certain tumor cells 

themselves [22]. The probe has similar pan-cathepsin-targeting activity as the previously 

described MV151 [23] but utilizes a quencher that is cleaved upon activation, such that the 

probe is activated at the tumor site. Used in conjunction with an azoxymethane-induced 

(AOM) mouse model of colon cancer, the device and molecular probe demonstrated 

sensitive and specific targeting of colorectal tumors. We revealed that the combination of the 

wide-field fluorescence fiberscope and the cathepsin-activated probe reliably detected small 

polyps in relevant rodent models indicating utility in early detection of human disease.

Material and Methods

Small Animal Fluorescence Endoscope

The core component of the endoscope used in this study is the SpyGlass fiber-optic probe 

from Boston Scientific. The device is FDA-approved for white-light cholangiography and 

consists of a 6600-fiber imaging bundle surrounded by 225 wide-angle illumination fibers. 

The probe has an outer diameter of less than 1 mm and images a 70-degree field of view. We 
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have adapted the fiberscope to perform dual white-light and fluorescence imaging utilizing a 

dual-illumination setup with a laser and light-emitting diode (LED), as well as a removable 

mirror detection scheme.

For illumination, a 660-nm fiber-coupled diode laser (Coherent CUBE) was coupled into the 

SpyGlass light guide port using a 60× aspheric lens. A white-light LED placed beside the 

laser beam is used for white-light endoscopy. Controlled by remote switches, the laser and 

LED produce approximately 3 and 0.3 mW of light, respectively, measured at the output of 

the SpyGlass. For detection, a 20× microscope objective images the output from the fiber 

bundle onto one of two CCD cameras: a sensitive EMCCD camera for fluorescence (Andor 

Luca S) or a color CCD camera for white-light imaging (Hitachi KP-D20B). Inserting or 

removing a 45-degree mirror selects the desired camera. A long-pass interference filter with 

an edge wavelength of 664 nm is used in conjunction with a lens tube system to filter out 

background light—from the laser, environment, and fluorescence generated from the 

illumination fibers—before it reaches the EMCCD camera. The digital images from the 

EMCCD camera are recorded directly to disk at 24 frames per second, while the analog 

NTSC signal from the color camera is hardware-encoded to an MPEG-2 video using a USB 

capture cable (StarTech SVID2USB2NS).

For in vivo imaging, the modified fiberscope was introduced into the distal colon of mice 

using a flexible endoscope made from thin-wall plastic tubing (1.8-mm diameter). The 

tubing was glued to a catheter Y connector enabling the fiberscope to pass through with an 

airtight seal. The second input of the Y connector was connected to an air source for 

insufflation of the colon. The air source consists of an air pump followed by a pressure 

regulator and gang valves used to adjust output pressure and airflow (measured using a water 

column manometer). Before each procedure, the airflow system was adjusted to produce a 

maximum pressure of 6 mmHg in the colon, below the minimum pressure used in a 

colorectal distension sensitivity study in C57BL/6 J mice [24].

The fluorescence endoscopy system utilizes a portable cart containing all of the necessary 

hardware. Figure 1 shows the cart, optics, and endoscope prior to a mouse colonoscopy 

procedure.

Video and Image Processing

Full image frames from the EMCCD camera were directly spooled to the hard drive in 

chunks using the Andor SOLIS software. Individual 16-bit grayscale images were extracted 

from the chunks in PNG format using the ImageMagick software. The MATLAB software 

was used to preprocess the raw images, performing 2 × 2 binning and encoding the 16-bit 

grayscale images as 24-bit color RGB images supported by the AviSynth frameserving 

software (by storing the most significant and least significant bytes into the red and green 

channels, respectively). The AviSynth was used, with a custom plug-in, to contrast scale the 

images from the encoded 24-bit RGB format to 8-bit grayscale for display on computer 

monitors. The AviSynth script was also used to combine and synchronize fluorescence video 

frames with white-light frames from the color CCD camera and to blur images to reduce 

pixilation arising from the small gaps between fibers in the fiberscope. The MeGUI software 

was used in conjunction with the AviSynth script to encode frames into video.

Sensarn et al. Page 4

Mol Imaging Biol. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fiberscope Sensitivity and Resolution Measurement

The sensitivity of the fiberscope system was measured using a 96-well plate (Neuro Probe 

101-5) with 30-μl capacity, 3.2-mm diameter wells filled with various amounts of Cy5 (the 

fluorophore component of BMV109). A half logarithmic dilution series was used to test Cy5 

quantities ranging from 10 pmol to 10 fmol in 20 μl volumes of dimethylformamide (DMF). 

A cardboard box with the bottom cut out and a small hole on top was placed over the well 

plate, and the fiberscope was fed through the hole and fixed about 3 mm above the well 

plate. The box was then shifted to move the fiberscope from well to well as fluorescence 

image frames were acquired. As described in “Video and Image Processing,” the raw images 

were preprocessed into 24-bit RGB-encoded format, and a single frame (41.67 ms 

acquisition time) was chosen from each well for signal quantification in the MATLAB. 

Mean pixel values within a circular region of interest (ROI) surrounding the Cy5 solution 

were calculated from the images and plotted against Cy5 quantity to estimate the detection 

limit. After imaging each well on the plate, the measurements were repeated a second time.

To determine resolution, a vinyl laminate test pattern (1951 USAF test pattern, Edmund 

Optics) was illuminated with an external LED light source and imaged with the fiberscope in 

white-light mode. The fiberscope was brought very close to the test pattern to best resolve 

the smallest elements, as determined visually. The AviSynth was used to reduce pixilation 

from the fibers as mentioned in “Video and Image Processing.”

Mouse Colonoscopy

Colon tumors were induced in A/J mice by weekly intraperitoneal injections of 1 mg/kg 

azoxymethane for 6 weeks, beginning at 6–8 weeks of age. By about 6 months after 

treatment, the mice developed numerous tumors with a range of sizes in the distal colon. The 

size, shape, and location of some of the polyps were confirmed visually with the white-light 

imaging function of our fiberscope before administration of our fluorescent “smart” probe. 

Multiple polypoid tumors in three mice, with a range of sizes, were examined in our studies 

to demonstrate targeted fluorescence imaging of cathepsins in tumors.

Prior to imaging, mice were anesthetized with 2 % isoflurane through a nose cone and 

placed in the supine position on a heated surgery pad. A 24G Abbocath-T catheter and 

syringe were used to administer PBS enemas to clear feces from the distal colon prior to 

administration of BMV109. Another 24G catheter was used to administer BMV109 probe 

(200 μl, 10 μmol BMV109 in 10 % DMSO, 30 % ethanol, and 60 % PBS) intrarectally, 

while the anus was pinched by hand and slightly elevated. After a few minutes, the pinching 

was discontinued, and the catheter left inside the rectum while the probe incubated in the 

colon for 45 min.

After incubation, two PBS enemas were administered to wash out unbound probe. To 

demonstrate in vivo imaging, the endoscope was coated with a small amount of Aquagel 

lubricant and carefully introduced into the rectum. While one operator slowly inserted and 

retracted the endoscope within the colon, the other switched the laser and LED on and off 

and removed/replaced the removable mirror on the optics breadboard to switch between 

white-light and fluorescence imaging modes.
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Ex Vivo Imaging

To simulate the human use case, where the fiberscope would be aimed directly at the colon 

wall in close proximity, and to allow imaging of polyps proximal to the splenic flexure 

(unreachable by our endoscope in vivo), the mice were sacrificed and their colons removed, 

excised tissues were rinsed in PBS, and cut open and placed on black paper for ex vivo 
imaging. The fiberscope was mounted in a cardboard box as described in “Fiberscope 

Sensitivity and Resolution Measurement” and scanned over the tissue surface in 

fluorescence imaging mode. A commercial wide-field fluorescence imaging device 

(Xenogen IVIS 200, Perkin Elmer) was also used to produce high-resolution images of the 

colon tissue and confirm contrast observed with the fiberscope.

Image and Statistical Analysis

The open source ImageJ image analysis software was used to draw regions of interest within 

the fluorescent images acquired with our fiberscope. Within each mouse (n = 3), three 

separate polyps were identified and analyzed for fluorescence signal intensity and compared 

with three separate normal adjacent regions within the colon of each mouse. A student’s t 
test was used to compare fluorescence signal intensity acquired from our fiberscope between 

the colon polyps and the normal adjacent colon tissue. An equality of variances test was 

performed and revealed little variance between the groups. Therefore, a one-tailed t test 

assuming equal variances was performed to determine statistical significance because it was 

hypothesized that the colon polyps would have greater localized fluorescence signal with 

little to no activation in the surrounding normal adjacent colon tissue. The values reported 

appear as mean ± standard error of mean (SEM).

Dual-Axis Confocal Microscopy of Colon Polyps

To confirm cellular activation of BMV109 in colon polyps and to rule out non-specific 

contrast (e.g., adhesion to the mucus layer of polyps), a fourth mouse (similar to those 

described in “Mouse Colonoscopy” but a C57BL/6 strain with polyps induced by both 

azoxymethane and dextran sodium sulfate) was treated and imaged as before, with the colon 

removed and placed on black paper. After fiberscope imaging, however, fluorescent polyps 

were excised and imaged using a dual-axis confocal (DAC) microscope [25]. The confocal 

microscope produces an image stack of optical sections from thick tissue samples without 

the need for physical sectioning or processing. This stack can be rendered in 3D to visualize 

the tissue morphology at the cellular level. By holding the photomultiplier tube gain constant 

between samples, the relative fluorescence levels can be compared.

Results

Fiberscope Sensitivity and Resolution

Figure 2a shows fluorescence images from Cy5 dilutions in a well plate. A negative control 

well contained pure DMF. All images are contrast scaled equally for visual comparison, 

resulting in the higher concentrations appearing saturated. Signals were not scaled or 

truncated for quantitation (Fig. 2b). Average pixel values computed within the yellow ROIs 

are plotted in Fig. 2b, along with a linear fit (solid line) and its y intercept (dashed line, 
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representing the background level). The DMSO control is plotted as 1 fmol to fit on the 

logarithmic x axis. The fiberscope was able to clearly detect 316 fmol of Cy5 within the 

41.67-ms acquisition, and a trained operator may be able to identify levels as low as 100 

fmol (visible just above background).

Figure 2c shows the resolution of the fiberscope. Group 3, element 1 of the 1951 USAF 

resolution test pattern is clearly resolved, demonstrating the ability to distinguish eight line 

pairs/millimeter, or a line thickness of 62.5 μm.

Detection of BMV109 in Colon Polyps of Mice

In vivo imaging of a large colon polyp is shown in Fig. 3. The system was switched from 

white-light to fluorescence imaging mode in about 7 s. Localization of BMV109 to the 

polyp is visible in fluorescence (Fig. 3b). Video 1 shows both white-light and fluorescence 

imaging of the polyp after processing, with the white-light camera displayed on the left half 

of the video and the fluorescence EMCCD camera on the right half (see “Video and Image 

Processing”). During the procedure, the live camera views were displayed on separate 

monitors simultaneously, demonstrating the clinical use case. To access more polyps with a 

range of sizes and to demonstrate a more clinically applicable tissue-surveying technique 

(pointing the fiberscope directly at the colon wall), ex vivo fluorescence imaging was 

performed on colons from the three mice. Figure 4a and Video 2 show results from mouse 

M1. In the color camera photo, the entire colon is visible (distal end to the left). The white 

square in the image indicates the approximate region of tissue that was scanned in Video 2. 

The white circle indicates the field of view shown in the fluorescence fiberscope image to 

the right of Fig. 4a. Fluorescence contrast was observed in polyps against a dark background 

of normal tissue. Figure 4b shows the results from mouse M2 (the same mouse used for in 
vivo imaging in Fig. 3). In addition to the color camera photo and fiberscope image, an IVIS 

200 fluorescence image is included (bottom left). The ruler to the left of the image indicates 

tissue dimensions with a minor tick spacing of 2 mm. The fluorescence contrast observed in 

the fiberscope frame of Fig. 4b and Video 3 are confirmed by the IVIS 200 image. Finally, 

Fig. 4c and Video 4 show the same three modalities (color camera, fiberscope fluorescence, 

and IVIS 200 fluorescence) for mouse M3. The graph in Fig. 4d reveals a significant 

difference in fluorescence intensity between the colon polyps and the normal adjacent tissue 

within three different tumor-bearing mice. Regions of interest were drawn within the 

fluorescent images acquired from our fiberscope to determine relative fluorescence signal 

intensity. Three separate regions were drawn around three separate polyps and compared to 

three separate surrounding normal areas within each colon of the tumor-bearing mice (n = 

3).

There is a range of both small and large polyps that appeared to be at different stages of 

growth, including lesions approximately 2 mm in size (Fig. 4b, c). Lesions 2 mm and below 

can be difficult to visualize with conventional colonoscopy, particularly by less-experienced 

clinicians or with imperfect preparation of the colon [32]. Our results show high tumor to 

background signal and demonstrate that the wide-field fluorescence endoscope is able to 

detect differences in signal intensity offering both sensitivity and specificity.
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Dual-Axis Confocal Images Confirm Cellular Uptake in Polyps

Fluorescence from BMV109 was confirmed by wide-field imaging (Fig. 5e and Video 5), 

and DAC microscope images indicated cellular uptake in excised polyps from mouse M4. 

Three-dimensional-rendered DAC images of polyps (Fig. 5a–c) show strong, localized 

fluorescence signal in cells, with the exception of the polyp in Fig. 5a, which also exhibited 

weak fluorescence by fiberscope. Images from randomly selected adjacent normal mucosa 

(Fig. 5d) contain minimal fluorescence signal and correspond to the dark regions 

surrounding the polyps in Video 5. The DAC configuration is amenable to miniaturization 

[25–28] and was used here to demonstrate the utility of using a miniaturized DAC in 

conjunction with the fluorescence-adapted fiberscope for a combination of a wide-field 

finder scope and a miniature microscope for macroscopic and microscopic detection of 

cancers at epithelial surfaces.

Discussion

If we are to decrease the numbers of epithelial cancer-related deaths, we need to develop 

effective tools for early detection of dysplastic or malignant neoplasia such that intervention 

can be initiated when the disease can still be controlled. Since the luminal surface of the 

colon is an accessible tissue, white-light endoscopy has revolutionized the way we evaluate 

colorectal cancer resulting in significant decreases in cancer incidence and mortality. From 

this, we reasoned that we could build on this current standard of care and improve early 

detection with more advanced visualization tools [2–4]. Even in a powerful diagnostic 

approach such as endoscopy, neoplastic lesions can still be missed, particularly polyps less 

than 5 mm in size and flat lesions that can potentially progress into invasive carcinoma [29–

33]. Additionally, the current gold standard of removing virtually all visualized polyps 

followed by histology leads to excess polypectomies and histology costs since more than 

half of all resected polyps are non-neoplastic [34, 35]. An accessory tool that allows for real-

time in vivo classification of neoplastic lesions could significantly improve early cancer 

detection and thus patient outcome.

As a result, significant effort has been focused on developing better endoscopic accessory 

tools to enhance colorectal cancer detection. Some of the optically based endoscopic 

imaging techniques include narrow-band imaging, magnifying endoscopy, light scattering 

spectroscopy, autofluorescence imaging, optical coherence tomography, chromoendoscopy, 

and confocal microendoscopy [5, 36–41]. Most of these technologies rely on visually 

assessing surface structure to determine demarcation borders, and highlighting mucosal 

details such as capillary and pit patterns on the colon wall, providing little or no functional 

information. Some techniques look at basic tissue architecture through fluorescence, or 

characterizing crevices and concave areas with the use of chromogenic dyes, while other 

techniques focus on microanatomic changes between normal and dysplastic lesions [37, 40, 

42].

Video capsule endoscopy which uses ingestible capsules for diagnosis of gastrointestinal 

disease is another up and coming imaging technology that predominantly looks at structural 

details but has the potential to look at molecular details [43]. Current versions have color 

enhancement options that offer variable wavelength settings, which could be used for optical 
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probe detection. However, at present, image interpretation can be very time consuming, 

since up to 50,000 images can be generated during video capsule endoscopy. New software 

is currently being developed to reduce the time needed to interpret the images from 5 h to 1 

h [44]; however, this could lead to increased miss rates.

The ability to visualize disease-specific molecular changes beyond structural differences in 

glandular or nuclear morphology can increase the efficacy of endoscopic screening for 

improved diagnosis. The importance of functional information to guide endoscopy has been 

noted by other investigators, and molecularly targeted fluorescent probes have been tested in 

both mouse models and humans [6, 9, 15, 41, 42, 45–47]. Fluorescence endoscopy can play 

an important role, because several tumor-targeting molecular probes like peptides, 

antibodies, activated probes, and nanoparticles can be conjugated with fluorescent dyes and 

localized using a fluorescence endoscope.

Devices with high resolution, such as endomicroscopes, i.e., Cellvizio (Mauna Kea 

Technologies), have excellent resolution but are limited to small fields of view such that only 

a small predetermined area of interest can be examined and are thus inappropriate for 

surveying large areas quickly. Our wide-field fluorescence device is a complementary 

accessory for these endomicroscopes as well as white-light endoscopy, because our 

fluorescence-adapted fiberscope has the capability of surveying large areas in real time to 

guide microscopic imaging of a particular area of interest.

The fluorescence fiberscope can be adapted for imaging of molecular probes over a wide 

range of excitation and emission wavelengths. The 660-nm fiber-coupled diode laser was 

specifically chosen in this study for optimal excitation of the cathepsin-activated probe, 

BMV109, that bears a Cy5 fluorescent tag. However, any number of near infrared, or 

tunable, lasers may be used including those with longer wavelengths with greater light 

penetration into tissues due to less hemoglobin absorption, and modest autofluorescence.

The fluorescence from polyps was not necessarily uniform from polyp to polyp—this has 

been addressed in prior publications on BMV109 and related molecular probes [47]. 

Previous studies have demonstrated an imperfect correlation between polyp size and 

fluorescence, as well as bound fluorescence for various cathepsins expressed by polyps [47]. 

To summarize their findings, the amount of fluorescence generated by the activated probe 

depends on the tumor genotype and cathepsin expression of the polyps as well as their raw 

size (with larger polyps generally containing more proteases and higher fluorescence).

Molecular targeting can be achieved utilizing highly specific molecular probes with high 

binding affinities. Bioconjugation of such probes with fluorescent dyes or nanoparticles has 

been used to target biomarkers that are overexpressed in colon cancers such as c-Met, 

VEGF, EGFR, or metalloproteinases [6, 9, 48–51]. The highly specific binding affinity 

provides an increased signal-to-noise ratio resulting in a visual contrast of the neoplastic 

lesion against the normal mucosal background. A significant problem with in vivo 
fluorescence imaging is the background due to the inability to effectively wash off unbound 

probe. To reduce this source of noise, we utilized a “smart” activated probe in which there is 

only signal after interaction with the target enzyme. The advantage of these probes is that 
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they only fluoresce after they have been cleaved by tumor-associated proteases, virtually 

eliminating non-specific fluorescent background signal. The fluorescence activity of these 

molecular beacons is quenched in their native state but becomes fluorescent when covalently 

bound to, and cleaved by, active proteases (i.e., cathepsins) [12, 47] expressed by the tumor 

cells and tumor-associated macrophages.

When considering clinical translation of an intrarectal dosing approach, it is important to 

clear the mucosal layer within the colon because it can act as a barrier for our molecular 

probe to reach its intended target on the epithelial wall. While the technique of utilizing an 

intrarectal enema of a DMSO/ethanol cocktail as a mucolytic is not ideal for clinical 

translation, there are alternative strategies that are currently being used in the clinic for 

clearing the thick mucosal layer like the administration of acetic acid (vinegar) [52]. It is 

important to note that the BMV109 probe is still under development, and that other 

administration approaches are currently being investigated that may be better suited for 

clinical translation [47]. However, if this probe were to be administered topically to the 

colon, one could envision an enema that could be mixed with a small percentage of acetic 

acid to help clear the mucosal layer. An enema could be administered prior to routine 

colonoscopy and allowed to incubate for a given period of time followed by a rinse with 

water to clear the unbound probe. The routine white-light colonoscopy could then 

commence while using our accessory wide-field endoscopic tool to help guide the physician 

and provide a molecular map of the targeted optical imaging probe to improve real-time 

detection of dysplastic and cancerous lesions. It is important to note that although different 

optical probes may be used to enhance the specificity, our newly developed wide-field 

fluorescence endoscope has shown to be very sensitive in detecting the BMV109 probe in 

this study. Our endoscope has been designed to fit into the accessory channel of most 

conventional endoscopes without perturbing its routine white-light functions in the clinic.

Although our wide-field device was developed for the clinic and for use in combination with 

other imaging tools, its small size also offers the ability to be tested in small laboratory 

animal models, and may find utility for advancing the study of rodent models of 

gastrointestinal cancers. The small size allowed us to assess its utility with cathepsin probes 

in rodent models, and will enable testing of various new investigational molecular probes, 

and the device design was intentional such that it, and the probe, can then be translated to 

the clinic without the need for a translational bridge between basic and clinical sciences.

It is important to stress that although we initially focused our efforts on improving colon 

cancer detection, our newly developed wide-field molecular imaging device could be easily 

deployed through the accessory channel of many clinical endoscopes/rigid borescopes that 

already utilize white-light endoscopy. Tissues that already utilize clinical endoscopy for 

cancer diagnosis include the bladder, stomach, esophagus, lungs, cervix, and skin. 

Intraoperative strategies could also benefit greatly from our newly developed molecular 

imaging device, which could aid surgeons in identifying tumor margins in real time while 

potentially improving tumor resection.
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Conclusion

We have adapted a commercially available clinical fiberscope to perform wide-field 

fluorescence imaging in addition to its present white-light capability. This will have 

potential for detecting molecular probes in difficult to reach areas of the body. In 

conjunction with a custom-made colonoscope, the wide-field fluorescent system was able to 

identify fluorescence from a topically applied molecular probe in colon polyps of 

carcinogen-treated mice. These results confirm that the fiberscope has the sensitivity to 

detect emission from fluorescent probes localized to polyps with a high signal-to-noise ratio. 

The primary sources of targeted cathepsins are macrophages that migrate to and infiltrate the 

tumor sites. Using a miniaturized DAC microscope, we have confirmed cellular uptake of 

BMV109 in tumor epithelium, suggesting lysosomal uptake, cleavage, and binding of the 

activated molecule. Because macrophages are present both in cancer and inflammation, the 

combination of BMV109 and miniature fluorescence imaging tools has potential for 

detecting early disease. The small cross section of the SpyGlass makes it easy to incorporate 

with existing endoscopic tools, such as our miniature DAC microscopes or the Mauna Kea 

Cellvisio, enabling dual wide-field white-light and fluorescence imaging with high-

resolution microscopy for point-of-care pathology. This clinical fiberscope has sufficient 

resolution to guide miniature fluorescence microscopes for in vivo optical pathology, and we 

envision combined fiberscope/microscope devices used for point-of-care optical pathology 

and guided resection during routine cancer screening.
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Fig. 1. 
a Cart system containing optics, computers, and air pump. b Small animal fluorescence 

endoscope, consisting of 1.8-mm diameter thin-wall plastic tubing glued to a Y connector 

used to introduce the fiberscope and airflow into the colon. c Schematic of optics 

breadboard. The detection system consists of a sensitive EMCCD camera and color CCD 

camera switched via a removable mirror. Illumination from either a 660-nm laser or white-

light LED (electronically switched) is coupled through the fiberscope.
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Fig. 2. 
Fiberscope fluorescence sensitivity and white-light resolution tests. a Fluorescence images 

of Cy5 dilutions in wells. Images are contrast scaled equally for visualization but not 

quantitation. b Average fluorescence signals within ROIs. c White-light image of 1951 

USAF resolution test pattern showing the fiberscope’s ability to resolve eight line pairs/

millimeter (62.5 μm line thickness).
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Fig. 3. 
In vivo white-light and fluorescence imaging of colon polyp after treatment with BMV109. 

a White-light frame from Video 1, taken at 10-s time point. b Fluorescence frame from 

Video 1, taken at 17-s time point after removing mirror and switching illumination from 

LED to 660 nm laser. (Video 1, MOV, 8.1 MB).
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Fig. 4. 
Wide-field images of excised mouse colon tissue, after treatment with BMV109 cathepsin-

targeting fluorescent probe, using various modalities. a Photo (top left) and single frame 

from fluorescence fiberscope (right, Video 2) of a colon tissue from mouse M1 (IVIS 200 

image not taken for mouse 1). The white circle and square in the photo indicate the 

displayed fiberscope frame and approximate field of view surveyed in the video clip, 

respectively. b Photo (top left), IVIS 200 fluorescence image (bottom left), and fluorescence 

fiberscope frame (right, Video 3) of a tissue from mouse M2. c Same as b but an excised 

tissue from mouse M3 (fiberscope frame on right from Video 4). d Graph depicting 

significant differences between fluorescence signal intensity between colon polyps and 

normal adjacent tissue from images acquired with our newly developed fiberscope (one 
asterisk indicates p = 0.0004) (two asterisks indicate p = 0.0001) (three asterisks indicate p = 

0.004) (AU signifies arbitrary units). The values reported appear as mean ± standard error of 

mean (SEM). (Videos 2–4, MOV, 1.6, 7.1, 7.8 MB).
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Fig. 5. 
a–d Dual-axis confocal volumetric images of excised colon tissue from a mouse treated with 

BMV109. a–c are polyps (two images acquired from each), and d are randomly selected 

surrounding normal mucosa (four images). Approximate dimensions are 240 (width) × 270 

(height) × 64 (depth) μm3. e Fluorescence fiberscope frames from Video 5 showing 

BMV109 contrast in tumors compared to surrounding normal. f Photo showing tissue prior 

to polyp excision. Red arrows link polyps in the photo to corresponding fiberscope and DAC 

microscope images. White box shows approximate field of view surveyed in Video 5. (Video 

5, MOV, 4.6 MB).
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