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Clinically compatible flexible wide-field multi-
color fluorescence endoscopy with a porcine
colon model
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Abstract: Early detection of structural or molecular changes in dysplastic epithelial tissues is
crucial for cancer screening and surveillance. Multi-targeting molecular endoscopic
fluorescence imaging may improve noninvasive detection of precancerous lesions in the
colon. Here, we report the first clinically compatible, wide-field-of-view, multi-color
fluorescence endoscopy with a leached fiber bundle scope using a porcine model. A porcine
colon model that resembles the human colon is used for the detection of surrogate tumors
composed of multiple biocompatible fluorophores (FITC, ICG, and heavy metal-free quantum
dots (hfQDs)). With an ex vivo porcine colon tumor model, molecular imaging with hfQDs
conjugated with MMP14 antibody was achieved by spraying molecular probes on a mucosa
layer that contains xenograft tumors. With an in vivo porcine colon embedded with surrogate
tumors, target-to-background ratios of 3.36 £ 0.43, 2.70 £ 0.72, and 2.10 £ 0.13 were
achieved for FITC, ICG, and hfQD probes, respectively. This promising endoscopic
technology with molecular contrast shows the capacity to reveal hidden tumors and guide
treatment strategy decisions.
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1. Introduction

Colon cancer is one of the most common malignancies in many developed countries. Early
diagnosis of precancerous lesions in the colon with endoscopy has been shown to reduce
mortality. Conventional endoscopy can transmit light deep inside the gastrointestinal (GI)
tract for the visualization of precancerous lesions. Endoscopic imaging is critical to observing
precancerous lesions because the lesions are heterogeneous in shape, often flat, and small.
However, the missing rate of detecting smaller-sized polyps can go up to 27% [1]. Moreover,
conventional white light endoscopy cannot provide information on molecular changes and
thus, may result in unnecessary biopsies for further diagnosis. There have been various
optical endoscopic imaging modalities including auto-fluorescence imaging, chromo-
endoscopy, narrow-band imaging, and optical coherence tomography [2]. However,
endoscopic imaging modalities based on structural changes cannot provide sufficient
information for rapid and accurate screening due to the nonspecific background from the
tissue surface [2]. Among other imaging methods, molecular endoscopic imaging with wide-
field of view is an emerging modality to screen precancerous lesions in real-time, based on
molecular signatures, when used in combination with clinical endoscopy [3]. Oftentimes,
precancerous lesions overexpress certain enzymes or receptors in altered colonic mucosa or
epithelial cell surfaces. The molecular contrast between normal and tumor cells may provide
an efficient method of tumor detection with fluorescently-labeled molecular targets [4]. As
the most novel imaging method in medicine, molecular imaging modalities potentially allow
clinicians to locate hidden lesions by visualizing molecular characteristics [5, 6].

In clinics, confocal endoscopic methods such as fluorescence endomicroscopy (Cellvizio,
Mauna Kea Technology, Paris, France) provide cellular-resolution images with fluorophores
[7]. However, the confocal laser endoscope has a small field of view (several hundreds of
microns) with only contact mode. Raman-based endoscopy can detect very low
concentrations (~pM) [8] with noncontact mode. However, it suffers from long image
acquisition time [9]. Although the resolution and sensitivity are lower in our device than
confocal and Raman-based endoscopes, our endoscope is able to acquire clinically-relevant
surface images quickly, making it suitable as a screening device.

The optical fiber bundle is a fundamental element for implementing endoscopy for
flexible maneuvering along the curved lumen of animal or human gastrointestinal tracts [3].
The leached fiber bundle type is manufactured by laying up rigid, double-clad core rods in a
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closely packed array, such that any particular core occupies the same position in the matrix at
both ends of the bundle. Over the whole bundle, the outer layer of cladding is removed from
each core by acid leaching, separating the fibers, and rendering the bundle extremely flexible.
While the minimum bending radius (MBR) of conventional imaging fiber bundles with 1 mm
outer diameter (Fujikura LTd., Tokyo, Japan) is 100 mm, a leached fiber bundle with the
same diameter can reduce the MBR down to 25 mm. Leached fiber bundles are suitable for
compatibility with clinical endoscopes because the MBR of the imaging scope is not larger
than 50.8 mm [10]. To insert into the biopsy channel of commercial clinical endoscopes, we
constructed our probe using a leached fiber bundle [11].

Efficient tumor detection can be achieved with fluorescently labeled organic fluorophores
(fluorescein isothiocyanate, FITC, and indocyanine green, ICG) or inorganic fluorophores
(i.e., quantum dots, QDs) potentially allowing clinicians to spot invisible tumor lesions. ICG
and FITC are well-known FDA-approved fluorophores for human use [12, 13], and have been
used as a contrast agent for lesion detection in clinics. For targeted imaging of esophageal
neoplasia with FITC-labeled peptides in humans, the range of concentration is 100 to 1000
puM [14]. Moreover, some researchers have used the ASY-FITC peptide with 100 pM
concentration to detect Barrett’s neoplasia using their endoscopic systems in patients [15]. In
another study, FR-o-targeted agent folate-FITC was found to be safe and offering specific and
sensitive identification of ovarian tumor tissues during surgery in patients with ovarian cancer
[16]. ICG is a fluorescent marker that is excited at a wavelength between 600 and 900 nm to
emit maximum fluorescence at 810 nm in water and 830 nm in blood. ICG was particularly
used in previous studies [13, 17] to improve lymph node mapping and enhance tumor
contrast. Infrared fluorescence endoscopy with ICG has been used to observe GI vascular
structure and may provide precancerous information [12].

In practice, many tumors express multiple cell surface and proteomic markers. Therefore,
simultaneous multi-fluorophore imaging of numerous molecular targets is important for
accurate cancer diagnosis. In addition to their resistance to photobleaching, quantum dots
(QDs) are ideal for multispectral imaging where different types of cells or tissues can be
imaged simultaneously by labeling with distinct QDs at different wavelengths. Recently,
specific molecular targeting with mouse colonic tumor and human colon adenoma was
performed with QD-conjugates that contain heavy metal [18]. However, the inherent potential
toxicity prevents cadmium- or lead-based QDs from being used for clinical imaging.
Therefore, it is vital to develop other types of QDs with reduced toxicity. Several QD toxicity
studies have addressed and reduced in vivo toxicity by coating the cadmium-based core with
another material [19, 20]. However, a study with nonhuman primates revealed that most of
the initial dose of cadmium still remained in the liver, spleen, and kidneys 90 days after
injection [21]. This means that the clearance of QDs can be quite slow, suggesting that
longer-term studies will be required to determine the ultimate fate of these heavy metals and
the impact of their remnants on the body. Ternary group I-III-VI QDs, such as AgInS, QDs,
are deemed better candidates as they contain no highly toxic elements. The AgInS,/ZnS QDs
showed significantly improved biocompatibility (less cytotoxic, 95% cell viability) in both
brain tumor cells and stem cells at high concentrations in comparison with that of the
CdSe/ZnS QDs, which were found to be cytotoxic at even low concentrations [22]. Thus, we
used heavy metal-free AgInS,/ZnS QDs in this study.

The porcine model is a suitable model for studying intestinal development or disease and
pretest in screening of lesions due to its physiological resemblance to the human colon in
terms of geometry and size [23]. It has been used as an animal model to investigate human
gastrointestinal diseases because human intestinal samples are limited and valuable [24]. Our
endoscopic system was used with a clinical endoscope to screen polyps in the porcine colon.

In this study, we describe a home-built, flexible, wide-field molecular fluorescence
endoscope compatible with clinical endoscopes and its validation by in vivo experiments on a
porcine colon. Furthermore, we use biocompatible fluorophores including heavy metal-free
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QDs, which may be useable in future clinical applications. The endoscopic imaging system
was tested and evaluated in a pilot study on a porcine colon with acutely formed fluorescent
surrogate tumors. To assess its feasibility in clinical settings, we used our system in
conjunction with a clinical sigmoidoscope.

2. Materials and methods
Endoscopy imaging system

We have created a small, flexible, fiber-optic, multi-color fluorescence endoscopic imaging
probe, designed for clinical compatibility to comprehensively image the luminal surface of a
colon in noncontact mode. The endoscopic system consists of an imaging scope, excitation
light sources (473 nm and 785 nm), white light-emitting diode (LED), and a detection unit.
The constructional features and the workings of the system are described next. Multi-color
fluorescence imaging is realized by a filter wheel at the emission optical path, and
illumination is delivered via adjacent multimode fibers. To excite multiple fluorophores
sequentially, the light from the 473 nm laser (SDL-473-300T, Shanghai Dream Lasers
Technology) and the 785 nm laser (MDL-III-785-1W, Shanghai Dream Lasers Technology)
are coupled onto multimode fibers (NA 0.55, SCHOTT AG) using an achromatic VIS-NIR-
coated lens with an effective focal length (EFL) of 18 mm. The reflected and emitted
fluorescence light are collected via a micro-lens and relayed back to the optical path by the
image scope (Fig. 1(a)). The light passes through two achromatic lenses with EFLs of 10 and
40 mm (Edmund Optics), an emission filter wheel (630 nm BPF, 525 nm BPF and 808 nm
LP, Semrock), and a dichroic mirror. The reflectance image is captured by a charge-coupled
device (CCD) camera (QIClick, QImaging). Fluorescence images are acquired sequentially
with another CCD camera (PCO pixelfly, PCO AG), simultaneously.
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Fig. 1. Configuration of the clinically-compatible flexible wide-field multi-color fluorescence
endoscope system. (a) Schematic of multi-color fluorescence endoscope designed to be
inserted through the biopsy channel (diameter: 3.2 mm) of a clinical sigmoidoscope. The
system is comprised of two detection channels: reflectance and fluorescence. Multiple-channel
fluorescence imaging is obtained by the rotating filter wheel in front of the fluorescence
camera detector. (b—c) Photographs of the imaging device and system. (c) An enlarged view of
the detection part in the endoscopic system. (d) Photograph of highly flexible leached fiber
bundle used for home-made probes. Note that the leached fiber bundle in (a) is not visible in
(c). (e) Photograph of combined imaging scope and sigmoidoscope. (f-g) Close-up photograph
of the distal end of the imaging scope. The scope was enclosed and sealed within an aluminum
sheath. The magnified imaging scope shows a leached fiber bundle and multimode fibers for
delivering excitation light and white light (from LEDs). (h) Frontal view of the distal end of
the imaging scope. Acronyms are defined as follows: (LED: Light-emitting diode, DM:
Dichroic mirror, MMF: Multi-mode fiber, BPF: Band-pass filter, RGB: Red green blue).

The imaging scope consists of an imaging scope with a micro-lens attached on a leached
fiber bundle (O.D: 1.0 mm, Cat.1537357, SCHOTT AG) and multimode fibers for delivering
excitation light from two laser light sources at 473 nm and 785 nm wavelengths. The output
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excitation power was approximately 10 mW on the tissue, which is less than the American
National Standards Institute’s (ANSI) maximum permissible skin exposure limit set out for
laser beams [25]. To provide cool white light with a color temperature of 5,000-5,500 K, a
balanced combination of yellow- and blue-emitting LEDs (Ultrabright, Cree Inc., Durham,
NC) with band-pass filters (475/25 nm and 575/25 nm) was used for the white light LED
module, and the combined white light is delivered onto the multimode fibers. Each LED was
driven continually by a driver module (MicroPuck, LEDdynamics Inc., Randolph, VT). A
micro-lens (CAT #5337-750, precision optics corporation, Gardner, MA) cemented at the
distal end of the leached fiber bundle, protected with stainless steel mesh, and covered with
PTFE (Teflon) tubing provided a field of view of approximately 64 cm’ in front of the
specimen at a distance of 3 cm (Fig. 1(d)). The outer diameter of the imaging scope is 2.8
mm, enabling the scope to pass through the biopsy channel of a clinical sigmoidoscope
(DF200S, Olympus) with an inner diameter of 3.2 mm (Fig. 1(f)). The endoscopic system can
acquire an image of a positive 1951 USAF resolution target at group 3/element 6 which
corresponds to a lateral resolution of 70.1 um.

Characterization of heavy metal-free QDs conjugated with MMP14 antibody

Matrix metalloproteinases-14 (MMP14) is a membrane-associated enzyme associated with
cancer invasion and metastasis [26]. Overexpression of MMP14 is expected at the peripherals
of tumors nearby luminal surfaces. MMP14 antibodies (Abs) were conjugated with red light
emitting AgInS,/ZnS (core/shell) QDs, which are heavy metal-free QDs (hfQDs). Red-color-
emitting hfQDs were synthesized using procedures previously described [27]. The absorption
and fluorescence profiles of the nanoparticle are shown in Fig. 2(a), where the emission peaks
can be found at 660 nm. The quantum efficiency of hfQD is 42.8%. The surface of the QDs
was co-decorated with a zwitterionic ligand and a ligand bearing carboxylic acid [28]. The
carboxylic acids were used for conjugation with the MMP14 Abs. To test the biocompatibility
of hfQDs for use as imaging probes in vitro, a cytotoxicity assay was carried out in cancer
cells. The concentration-dependent cytotoxicity of the water-soluble hfQDs was assessed in
cancer cells for a cell proliferation assay (Fig. 2(c)). Cell viability using the QDs is higher
than using CdSe/ZnS QDs in human brain tumor cells (U87 glioblastoma cell line) and
human bone-marrow-derived mesenchymal stem cells (hMSCs) [22]. Human colon cancer
cells (HCT116) were chosen as an MMP-expressed group and human breast cancer cells
(MCF7) for the negative control. When co-incubated, MMP-QDs showed cell-specific
labeling for the HCT116 cells, whereas no noticeable signal could be found for the MCF7
cells (Fig. 2(d)).

50 nM

Absorbance (a.u.) o
PL intensity {a.u.)

Cell viability (%)

400 500 600 700 00 900 1000

Wavelength {nm) 1h 12h

3h 6h
Incubation time (hour)
HCT116 cell (MMP14 positive) MCF7 cell (MMP14 negative)
Transmission Fluorescence Transmission Fluorescence

Fig. 2. (a) Absorption and fluorescence profiles of the hfQDs. (b) Transmission electron
microscopic image of the hfQDs. (c) Cytotoxicity measurements of HCT116 cells with hfQDs.
For QDs toxicity, cells were treated with 50, 250, and 500 nM of quantum dots for 1-12 h at
37 °C. After the incubation, cell viability was measured by CCK-8 assay. (d) Fluorescence
imaging with MMP14-QDs in HCT116 and MCF7 cells. Scale bar = 50 pm.
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Targeted molecular imaging of tumors with MMP14Ab-heavy metal-free QD in ex
vivo porcine colons

To investigate the applicability of biocompatible MMP14 Ab-hfQD probes in the spraying
and washing method [18], fresh tumor tissue was harvested from a subcutanecous mouse CT26
(colon carcinoma cell line) xenograft model, and embedded in an ex vivo porcine colon
tissue. The fresh tumor tissues were sprayed by 300 nM MMP14 Ab-hfQD probes in PBS
solution with only PBS solution used as control. The tissues were thereafter incubated for 30
min, and washed with PBS buffer three times prior to imaging. From this in vitro cytotoxicity
testing with HCT116 cells, we assumed the hfQD concentration of less than 500 nM as
innocuous and used for the subsequent experiments

In vivo multiple fluorescence surrogate tumor imaging in porcine colon

The performance of the multi-color fluorescence endoscopic imaging system in vivo was
validated in a porcine colon (Yorkshire pig) with 30 kg body weight that resembles the
human colon. We first anesthetized the pig with 4% isoflurane for induction. We maintained
anesthesia with 1.5%-2.0% isoflurane supplied through endotracheal intubation during
imaging after removing stools in the colon. We tested in vivo multi-color fluorescence
imaging capabilities after creating surrogate tumors made of multiple fluorophores. In the
colon tissue, a simple injection of three probes (FITC, hfQDs, and ICG) into the colonic
tissue using a clinical injection needle (NM-400U-0423, Olympus) allowed fluorescence
imaging immediately after injection. The animal studies were performed under the
supervision of the Institutional Animal Care and Use Committee of the Asan Medical Center
by the approved institutional protocols (Fig. 3).

Anesthesia System setup Endoscopic observation Formation of pseudo polyps

Fig. 3. In vivo fluorescence endoscopic imaging protocol in porcine colon. Prior to the
imaging, a 30 kg Yorkshire pig was anesthetized with isoflurane (1.5%-2.0%) through
endotracheal intubation and the multi-color fluorescence endoscope was set. Next, the
observation of the porcine colon using the clinical sigmoidoscope was performed to remove
any existing stool with PBS solution. Prior to fluorescence imaging, a mixture of fluorophores
was injected into the colonic wall to form surrogate tumors using the clinical injector.

In vivo fluorescence imaging of surrogate tumors with colon cancer cells in porcine
colon

Colon 38 SL4 cell line, a metastatic cell line of colon cancer was cultured with DMEM/F12
(Life Technologies; containing L-Glutamine, 2.438 g/L sodium Bicarbonate), 10% fetal
bovine serum (FBS, Life Technologies), 1% penicillin streptomycin (Life Technologies;
containing 10,000 units/mL penicillin, 10,000 p g/mL streptomycin, and 25 pg/mL
amphotericin B) as cell medium. The quantity of cells was 14.75 x 10° cells/mL. The
molecular fluorescence endoscope can detect fluorescence light in surrogate tumors after
injecting SL4-DsRed cancer cells with 100 pL volume.
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3. Results

Ex vivo targeted fluorescence endoscopic imaging of syngeneic mouse tumors with
MMP14Ab-heavy metal-free QDs in the porcine colon tissue
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Fig. 4. Ex vivo tumor-targeted fluorescence image with MMP14Ab-hfQD probe in the porcine
colon. (a) Experimental configuration. (b) Tumor-targeted fluorescence imaging using
MMP14Ab-hfQD and PBS solution as control with grafted mouse tumors in the porcine colon.
(c) Quantified TBR using PBS solution and MMP14ab-hfQD ex vivo with 1.08 + 0.05 and
1.74 + 0.06, respectively. p < 0.05 by unpaired t-test.

We first performed molecular fluorescence endoscopic imaging in ex vivo porcine colon
tissue by spraying molecular probes (MMP14Ab-hfQDs) onto the target, a syngeneic mouse
tumor tissue (Fig. 4). MMP participates in various physiological and pathological processes
such as arthritis and tumor progression, and is known to be overexpressed in CT26 murine
colon tumor [29, 30]. Ex vivo imaging shows the targeting of MMP14Ab-hfQDs to bind cell
surface receptors with 30 min incubation time. The intrinsic background signal from the ex
vivo porcine colon tissue did not interfere with fluorescence from the molecular target. The
regions of interest (ROI) were placed in the tumor (S;) and the adjacent tissue (S,) and the
ROI intensities were recorded in pixel intensity values between 0 and 255 with 8 bits. After
obtaining mean signal intensities, the target-to-background ratio (TBR) was determined as
S/S,. Data are presented as means + standard deviations, and each signal intensity value
represents either tumor or neighboring tissue signal intensity after subtraction of background
signal intensity (intrinsic camera noise). We measured the background signal using the same
configuration except only blocking the excitation light. Tumor-specific fluorescence signals
could be detected in tumor tissues using MMP14Ab-hfQDs where TBR was 1.74 £+ 0.06.
However, no fluorescence signal was detected in the tumor tissues using PBS solution. All
fluorescence images were analyzed using the Image J software (National Institutes of Health,
USA).

In vivo endoscopic imaging of multiple pseudo-polyps made of biocompatible
fluorophores in the porcine colon
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Fig. 5 In vivo fluorescence endoscopic imaging of surrogate tumors in the porcine colon with
different fluorophores. (a) Experimental configuration. (b) Fluorescence imaging of surrogate
tumors with FITC, ICG, and hfQDs in the porcine colon.

We tested the in vivo multi-color fluorescence imaging capability of our proposed system in
the porcine colon after generation of surrogate tumors by injection of fluorophores (Fig. 5(a)).
Each fluorophore with various concentrations of solution was injected into the porcine
colonic tissue with 100 pL volume. PBS without fluorophores injected at a different site
served as a control. Based on our empirical tests, we chose 1 mg/ml concentration (25.6 uM
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for FITC, 300 nM for hfQD and, 129 uM for ICG) for the feasibility of multi-color
fluorescence endoscopic imaging in the porcine colon (Fig. 5(b)-5(d)). As the field of view of
the sigmoidoscope and that of our endoscope were different, the fluorescence endoscopic
probe was positioned closer to the surrogate tumors for imaging.
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Fig. 6 In vivo multi-color fluorescence endoscopic imaging in the porcine colon. (a) (upper)
Generation of a surrogate tumor with mixtures of multiple fluorophores. Fluorescence images
of each dye were obtained with corresponding emission filters. (b) Threshold images of
multiple fluorophores with the endoscope showing the distributions of each fluorophore and a
merged image. (c) TBR of fluorophores in the surrogate tumor at the same concentration of 1
mg/ml.

For feasibility of multi-color fluorescence endoscopic imaging in vivo, three fluorophores
with 1 mg/ml concentration were mixed to form a volume of 300 pL. Using a clinical injector
needle, the mixture was injected into the porcine colon tissue. The endoscopic system can
acquire each fluorescence signal with corresponding emission filters (Fig. 6(a)). The
fluorescence signal in the adjacent tissue was defined as the background. The effect of each
fluorophore with the same concentration on contrast was compared in terms of TBR. The
TBR of each fluorescence imaging was 3.36 + 0.43 for the FITC, 2.10 = 0.13 for the QD, and
2.70 £ 0.72 for the ICG (Fig. 6(c)). These values are consistent with those of typical
fluorescence endoscopy. The TBR is affected by tissue auto-fluorescence, the intensity and
characterization of excitation light source, quantum yield, and camera quantum efficiency. In
the system characterization studies, the strong light intensity was visible in the drop at a
concentration of 1 mg/ml without a saturated image. Thus, we selected 1 mg/ml concentration
for multi-color porcine colon detection. To estimate the polyp boundaries for each channel,
we set threshold values that are the average of the maximum and the minimum values of each
image (Fig. 6(b)) [4]. Although this simple approach works reasonably in the porcine colon, it
may require more sophisticated threshold techniques. In the fluorescence imaging, the
surrogate tumors with injected multiple fluorophores are clearly distinguishable from adjacent
tissues in the porcine colon.

In vivo endoscopic imaging of a surrogate tumor composed of cancer cells in the
porcine colon
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Fig. 7. Intra-vital in vivo fluorescence endoscopic imaging of SL4-DsRed cancer cell pellet in
porcine colon. (a) Surrogate tumor imaging of PBS injection (control experiment). (b)
Surrogate tumor fluorescence imaging of SL4-DsRed cancer cells. (c) Mean TBR value at the
injection site of the colon cancer cells and control.
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For in vivo intra-vital targeted molecular imaging, we injected 100 pL of SL4-DsRed colon
cancer cell pellets and the PBS control solution into the porcine colon tissue. Although the
DsRed fluorophore has an excitation peak at 556 nm, it has a relatively broad excitation
spectrum and could be excited with a 473 nm laser source and emission filter (611-649 nm).
However, no signal was detected in the control injection site and adjacent colon tissue (Fig.
7). Mean TBR of each fluorescence image was 1.05 for the PBS solution and 1.66 for the
SL4-DaRed cancer cell. The endoscopic system could detect surrogate tumors composed of
cancer cells in the porcine colon in vivo.

4. Discussion and conclusion

Early detection of structural or molecular changes in dysplastic epithelial tissues may be
crucial for improving patient care. Multi-color fluorescence endoscopic imaging with
biocompatible fluorophores has the potential to improve the screening of tumors within the
colon. In this work, we demonstrate clinically compatible, multi-color fluorescence imaging
and the feasibility for in vivo assessment of surrogate tumors in porcine colons.

The porcine model is experimentally tractable and is an alternative model of the human GI
tract. In addition, it offers significant advantages over rodent models for translational research
[31]. However, experimental preparation takes longer, and imageable sites are limited due to
the presence of stool in the porcine colon. We spent an average of approximately 3 h
removing stool using PBS solution and injectors even after a two-day prefasting of the
animal.

Our home-built endoscopic device was compatible with a clinical sigmoidoscope through
the biopsy channel due to the use of a highly flexible leached fiber bundle instead of a
conventional fiber bundle. Thus, leached fiber bundles are found suitable. They have several
thousand fibers that are fixed short ferrules at either end of the bundle but are not bound
together along the remainder of the length, with minimum bending radius of 25.0 mm.

The multi-color fluorescence endoscope can detect three fluorescence signals from FITC,
hfQDs, and ICG at 100 ms exposure time (or 10 frames per second) for clinical translation.

A spraying method for tumor-targeted molecular imaging within the colon, as opposed to
intravenous injection, can be applied to potentially minimize toxicity to patients. For porcine
model studies, we chose a concentration of 1 mg/ml for each fluorophore (FITC, hfQDs, and
ICG) solution. The endoscopic fluorescence imaging with FITC provided the highest TBR in
the colon because of high quantum yield and high camera quantum efficiency at green
wavelength. The hfQDs are potential molecular probes with sensitivity, good stability, and
reduced phtobleaching compared to the other fluorophores. Another advantage of the hfQDs
is the reduced harmful effects of toxic heavy metals, making them suitable for future clinical
translation. However, the emission spectrum of hfQDs is still somewhat broader than that of
cadmium-based QD nanoparticles. While we used the incubation time of 30 min for tumor
detection based on our previous study [18] that is relatively long duration for human clinical
studies, this incubation time could be reduced with further optimization.

In merged fluorescence images of the porcine colon, the fluorescence distribution could
change due to time delays present in sequential image acquisition (~3 s) from manual control
of filter wheel. Alternatively, one can reduce the sequential image acquisition time by use of
the fast motorized filter wheel or simultaneous detection of different fluorescence with
multiple cameras. Animal breathing and endoscopists’ handling can generate movement
artifacts. To resolve this problem in practice, motion artifact correction can be adapted [32,
33]. Some previous research show automated motion artifacts for intra-vital microscopy in
small animal models [34]. For Moreover, simultaneous fluorescence endoscopic imaging for
NIR channels can reduce movement artifacts [35]. Thus, heavy metal-free QDs at multiplexed
NIR wavelength range can simultaneously provide imaging with high sensitivity and contrast
without motion artifacts.
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Known molecular targets such as the epidermal growth factor (EGFR) that is known to be
overexpressed in over 70% of human colorectal cancer [36], and others such as the human
epidermal growth factor receptor2 (HER2), vascular endothelial growth factor (VEGF), and
phosphoinositide 3-Kinase (PI3K) may be used to improve diagnostic sensitivity using the
proposed endoscopic system with biocompatible fluorophores [37-39]. In addition, the
fluorescence endoscopic imaging system has the potential to help investigate molecular
mechanisms of colon cancer progression. In summary, we present the first clinically
compatible, wide-field-of-view, multi-color fluorescence endoscope with leached fiber-
bundle scope in a porcine colon model and demonstrate the feasibility with multiple
biocompatible fluorophores towards clinical translation.
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