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Visualizing epithelial expression 
of EGFR in vivo with distal 
scanning side-viewing confocal 
endomicroscope
Xiyu Duan1, Haijun Li2, Juan Zhou2, Quan Zhou1, Kenn R. Oldham3 & Thomas D. Wang1,2,3

Confocal endomicroscopy is an emerging imaging technology that has recently been introduced into 
the clinic to instantaneously collect “optical biopsies” in vivo with histology-like quality. Here, we 
demonstrate a fast scanner located in the distal end of a side-viewing instrument using a compact lens 
assembly with numerical aperture of 0.5 to achieve a working distance of 100 μm and field-of-view 
of 300 × 400 μm2. The microelectromechanical systems (MEMS) mirror was designed based on the 
principle of parametric resonance and images at 5 frames per second. The instrument has a 4.2 mm 
outer diameter and 3 cm rigid length, and can pass through the biopsy channel of a medical endoscope. 
We achieved real time optical sections of NIR fluorescence with 0.87 μm lateral resolution, and were 
able to visualize in vivo binding of a Cy5.5-labeled peptide specific for EGFR to the cell surface of 
pre-cancerous colonocytes within the epithelium of dysplastic crypts in mouse colon. By performing 
targeted imaging with endomicroscopy, we can visualize molecular expression patterns in vivo that 
provide a biological basis for disease detection.

Many human diseases originate within the epithelium of hollow organs and ducts1. This thin layer of tissue has 
dimensions of only a few hundred microns2, a simple repetitive architecture3, and intense self-renewal kinetics4. 
Optical sectioning is being developed to visualize molecular expression patterns unique to biological processes 
that drive disease progression with sub-cellular resolution. For in vivo imaging, these instruments must be made 
sufficiently small in size and fast in speed. Confocal endomicroscopes have been developed for this purpose with 
front-viewing optics, and are now being used routinely in the clinic5,6. Front-view optics requires instrument 
placement perpendicular to the tissue surface. This can be difficult in areas where space to maneuver is limited, 
such as in colon, biliary tract, and pancreatic duct. Side-viewing optics may be more useful for these imaging 
applications.

Confocal endomicroscopy is an emerging imaging technology that is being developed to instantaneously 
collect “optical biopsies” in vivo with histology-like quality7. These instruments use the core of a single mode 
optical fiber that acts as a “pinhole” to reject light scattered by tissue. A flexible fiber is used to deliver and col-
lect light through a medical endoscope. Current clinical endomicroscopes are limited in imaging performance 
by simple scanning mechanisms that are either too slow in speed resulting in motion artifacts or too bulky in 
dimension requiring a proximal location that reduces resolution. A fast compact scanner placed in the distal 
end of the endomicroscope can provide improved performance and flexibility for instrument control. We have 
previously developed a miniature scanner to perform high speed in vivo imaging8. This design uses paramet-
ric resonance where drive signals are applied at frequencies near 2ω o/n (ω o is the natural frequency of vibra-
tional modes and n is an integer ≥ 1)9. These electrostatic devices were fabricated with compact dimensions using 
micro-electro-mechanical systems (MEMS) processes10.

In clinical confocal endomicroscopy, contrast has been generated using non-specific methods, such as reflec-
tance11, endogenous fluorescence12, topically applied intra-vital dyes13, and intravenously injected fluorescein14. 
Targeted imaging agents have recently been developed that detect molecules that are specific to disease and have 
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known biological function. These contrast agents require high resolution in vivo imaging to validate specific bind-
ing to the intended target. We have previously identified a peptide specific for domain 2 of EGFR15, a cell surface 
target that is overexpressed in up to 80% of human colonic adenomas16 and 97% of adenocarcinomas17. We have 
demonstrated targeted images from the mucosal surface of mouse colonic adenomas in vivo with topical adminis-
tration using wide-field fluorescence endoscopy15. EGFR is also overexpressed in most epithelial-derived cancers, 
including breast18, esophagus19, head and neck20, lung21, and pancreas22, and is the target for a number of antibody 
and small molecule therapies, such as cetuximab and gefitinib23,24. Here, we aim to systemically administer a pep-
tide specific for EGFR, and demonstrate use of a high resolution side-viewing endomicroscope to validate specific 
cell surface binding to dysplastic colonocytes in vivo.

Results
Side-viewing confocal endomicroscope. The schematic for a side-viewing endomicroscope is shown, 
Fig. 1A. A laser provides excitation at λ ex =  660 nm. We performed ray trace simulations to design the optics to 
achieve diffraction-limited resolution with a working distance of 100 μ m, Fig. 2A–D. This imaging depth is rep-
resentative of the thickness of the epithelium in mouse colon. Only lenses with outer diameter < 3 mm were con-
sidered for use. Commercially available lenses were chosen to demonstrate proof-of-concept. The illumination 

Figure 1. Schematic. Optical configuration of side-viewing endomicroscope. Details provided in text. Key: 
PMT – photomultiplier tube, MMF – multi-mode fiber, SMF – single mode fiber, L – lens, F – filter, M – mirror.

Figure 2. Design of optics. (A) A ray-trace simulation was used to design the distal optics (L2-L4). (B–D) Spot 
size with RMS radius of 0.632, 0.794 and 1.94 μ m can be achieved at a distance of 0, 75 and 150 μ m away from 
the center of the FOV. The radius of the Airy disk is 0.59 μ m.
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beam is reflected by a dichroic mirror M1, focused by lens L1 into a 2 meter long single mode optical fiber (SMF), 
collimated by L2, and focused by L3. The beam is reflected 90° for side-viewing by the MEMS mirror M2 into a 
solid immersion lens L4 that provides contact with tissue and index matching. Near-infrared (NIR) fluorescence 
is collected by the same optics, transmits through the SMF optical fiber, passes through the dichroic M1, reflects 
off the static mirror M3, passes through band pass filter F1 (696–736 nm), focused by lens L5 into a 1 meter long 
multimode fiber (MMF), and transmits to the photomultiplier tube (PMT) detector. This design produced an 
effective numerical aperture (NA) of 0.5 with a field-of-view (FOV) of 300 ×  400 μ m2. Full instrument details are 
provided in Methods.

The packaging scheme for the mirror, optics, and fiber is shown, Fig. 3A. The assembled endomicroscope is 
shown passed through a 6 mm diameter biopsy channel of a medical endoscope, Fig. 3B. The rigid end of the 
endomicroscope was soaked in distilled water overnight to ensure an adequate seal. No leaks were observed after 
more than 20 in vivo uses in mouse colon.

We plot the intensity profile along a knife-edge target to measure a lateral resolution of 0.87 μ m, defined as the 
distance spanned by 10% to 90% of maximum intensity, Fig. 3C. We measured the signal collected while vertically 
translating a reflective surface, and measured a full-width-at-half-maximum (FWHM) of 13.2 μ m for the axial 
resolution, Fig. 3D. We collected reflectance images from a standard resolution target to qualitatively estimate a 
lateral resolution < 2 μ m (group 7, element 6 in expanded view of box), Fig. 4A. A reflectance image from a target 
with 100 ×  100 μ m2 square grids showed a FOV of 300 ×  400 μ m2, Fig. 4B. Mild distortion in the image results 
from use of the scan mirror that rotates about separate axes, and can be corrected with a look-up table, if needed.

MEMS scanner. We have previously designed, fabricated, and verified a compact 2D MEMS scanner with 
chip size of 3 ×  3 mm2 and a 1.8 mm diameter circular reflector, Fig. 5A25. We reduced the diagonal dimension to 
3.5 mm by cutting the four corners to match the reduced dimensions of the side-viewing endomicroscope. The 
reflector is mounted on a gimbal frame to minimize cross-talk between axes. Orthogonal sets of electrostatic 
comb-drive actuators are coupled to inner and outer torsional springs designed to achieve resonant frequencies 
near ~4 and ~1 kHz, respectively. A Lissajous scan pattern is created with a frame rate ≥ 5 Hz to cover 400 ×  400 
pixels. Aluminum was sputtered on the front-side silicon surface to achieve reflectivity > 90% between 400 and 
700 nm. We mounted the mirror onto a MEMS holder using copper pins to wire bond the electrical contacts, 
Fig. 5B. We measured the angular deflection of the MEMS scanner in either axis to characterize the frequency 
response to a sine-wave drive signal at 60 Vpp. For in vivo imaging, we used frequencies of 8210 and 1960 Hz to 
produce tilting frequencies at 4105 Hz and 985 Hz in the X and Y axes, respectively, Fig. 5C,D. We packaged the 

Figure 3. Side-viewing endomicroscope. (A) CAD drawing shows how instrument is packaged. (B) Dimensions 
allow for endomicroscope to pass through a 6 mm diameter biopsy channel of Olympus GIF XTQ160 endoscope. 
(C) Lateral resolution of 0.87 μ m was measured from width of transition from 10% to 90% of maximum intensity 
from profile across knife-edge target. (D) Axial resolution of 13.2 μ m was measured from full-width-at-half-
maximum (FWHM) of intensity profile produced by translating a plane mirror in axial direction at a neutral 
position of 100 μ m.
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assembly in a 4.2 mm diameter stainless steel tube. The distance between lens L3 and the 2D resonant mirror M2 
was adjusted to achieve a working distance of 100 μ m. For in vivo imaging, the endomicroscope was mounted 
onto a motorized rotational and translational platform to control the position of the distal end.

In vivo imaging of EGFR expression in mouse colonic adenoma. We performed in vivo imaging 
first with wide-field endoscopy using white light illumination in the colon of n =  6 CPC;Apc mice, Fig. 6A. These 
genetically-engineered animals develop adenomas spontaneously on the side wall of the colon that can be diffi-
cult to access with front-viewing optics26. We defined the distance between the endoscope tip and the anus and 
the clockwise location of the adenoma as landmarks to guide subsequent placement of the endomicroscope. We 
performed an intraperitoneal injection of Cy5.5-labeled peptide QRH* at a concentration of 300 μ M in a volume 
of 600 μ L and molecular weight =  1336.48. After ∼ 90 minutes, we observed peak fluorescence intensity from the 
adenoma, Fig. 6B. We then inserted the side-viewing endomicroscope, and used a motorized rotational and 
translational platform to position the distal tip onto the adenoma using the landmarks as a guide, Fig. S1. Optical 
sections were collected in vivo using a laser power of 1.5 mW. We observed strong binding of the EGFR peptide 
to the cell surface of dysplastic colonocytes (arrow), Fig. 6C, and minimal staining to normal colonic epithelium, 
Fig. 6D. A video (visualization) shows real time images being collected at 5 frames per sec while the side-viewing 
endomicroscope moves from an adenoma to normal colonic mucosa. We quantified each image by measuring the 
average fluorescence intensity from n =  5 regions of interest (ROI) with dimensions of 20 ×  20 pixels that repre-
sented a range of intensities for dysplasia and adjacent normal. We found significantly greater mean fluorescence 
intensities in vivo for dysplasia compared with normal colonic mucosa, Fig. 6E.

Validation of EGFR expression in mouse colonic epithelium. After completion of endomicroscopy, 
we euthanized the animals and performed macroscopic imaging of excised colonic mucosa to validate selective 
uptake of the EGFR peptide in adenomas. Representative NIR fluorescence images were collected using a Cy5.5 
filter set (λ ex =  675 nm excitation, λ em =  720 nm emission, 0.05 sec exposure), and showed increased fluorescence 
intensities from adenomas compared with adjacent normal colonic mucosa, Fig. 7A. A ruler was placed next to 
the specimen to confirm the distance of the adenomas from the anus to register the images. Fluorescence inten-
sities were measured from ROI (dotted boxes) around dysplasia (target) and adjacent normal (background). The 
target-to-background (T/B) ratio for each mouse was calculated by dividing the average intensity from a ROI of 
dysplasia with that from normal. We measured a T/B ratio of 3.47 ±  1.87 from n =  6 mice. Co-registration with 
white light images further confirmed the location of the adenomas, Fig. 7B.

We then validated specific binding of the EGFR peptide to pre-cancerous crypts using our endomicroscope 
on mouse colonic mucosa ex vivo and compared our images with that collected using a tabletop confocal micro-
scope. Increased intensity (arrow) is seen at the cell surface of dysplastic colonocytes, Fig. 8A,B. We observed 

Figure 4. Image parameters. (A) Reflectance image of standard resolution target (USAF 1951) qualitatively 
supports lateral resolution of < 2 μ m. Vertical and horizontal bars from group 7, element 6 are clearly seen 
in expanded view of box. (B) Reflectance image of grid with 100 ×  100 μ m2 squares shows a field-of-view of 
∼ 300 ×  400 μ m2. Note: interference patterns seen in either image result from multiple reflections between 
the outer face of the distal lens L4 and the reflective surface of the resolution target. This condition does not 
occur when imaging tissue. The corners of the image appear darker due to curvature of the image plane when 
scanning. The focal spots in the corners are offset by 7 μ m compared to the center. Images were collected at a 
working distance of ~100 μ m.
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greatly reduced signal from the EGFR peptide for normal colon, Fig. 8D,E. Representative histology (H&E) is 
shown for dysplasia and normal, Fig. 8C,F.

Panorama view. We rapidly created mosaic images of colonic mucosa to enlarge the FOV. We used the motor-
ized platform to rapidly rotate and translate the endomicroscope along the colon lumen. ~1 hour after injection 
of Cy5.5, we collected a panorama image of normal colonic mucosa in vivo while translating the endomicroscope 
a distance of 1 mm and rotating the instrument by 90°, Fig. S2A. We simulated the in vivo anatomy of colon by 
warping the image in custom software, Fig. S2B.

Discussion
Here, we demonstrate a side-viewing confocal endomicroscope that uses a fast, compact, distal scanner to collect 
real time in vivo optical sections in colonic epithelium. Using MEMS technology, we were able to scale down the 
dimensions of the device for efficient packaging and perform rapid beam scanning. This capability provides sig-
nificantly improved imaging performance in terms of speed and resolution compared with other endomicroscope 
designs currently used in the clinic. The instrument showed stable operation at 5 frames per second with minimal 
interference from mechanical vibrations while imaging. With further optimization, we can achieve frame rates 
as high as 10 per second. Using a Cy5.5 labeled peptide, we were able to collect bright optical sections of EGFR 

Figure 5. MEMS scanner. (A) An aluminum-coated reflector is mounted on a gimbal frame and is driven by 
orthogonal sets of electrostatic comb-drive actuators coupled to inner and outer torsional springs to produce 
rapid Lissajous scanning. (B) Mirror is secured by custom holder using copper pins as contacts to wire bond 
electrical connections. Frequency response shows mechanical scan angles for (C) inner and (D) outer axes 
with a drive voltage of 60 Vpp with either an upsweep (low-to-high) or downsweep (high-to-low) in frequency. 
The inner and outer axes were driven at 8210 Hz and 1960 Hz to achieve mechanical deflections of 5.5 and 3.5 
degrees, respectively.
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expression in mouse colonic epithelium at a depth of ∼ 100 μ m. After completion of packaging, the scanner per-
formed reliably, and was able to collect images continuously without any noticeable phase shifts at fixed drive 
frequencies. We fine tuned the phase at the beginning of each experiment. Position sensing of the MEMS device 
may be needed for use in more versatile environments.

We collected NIR fluorescence images with sub-micron lateral resolution. At an imaging depth of 100 μ m, 
we were able to visualize binding of a Cy5.5-labeled peptide specific for EGFR to the cell surface of colonocytes 
within the epithelium of dysplastic crypts. The extra-cellular domain of EGFR in human and mouse has 97.5% 
homology, and is 100% conserved in domain 2 where the EGFR peptide binds27. We used the CPC;Apc mouse 
that has been genetically engineered to sporadically delete an APC gene26, which is mutated in > 80% of human 
colorectal carcinomas28. Adenomas protrude spontaneously from the side wall in the distal colon where they 
are more readily accessible to imaging with a side-viewing rather than front-viewing endomicroscope. EGFR is 
overexpressed in the vast majority of human colonic adenomas16, thus may serve as an early target for detection 
of colorectal cancer. These results were validated ex vivo on macroscopic imaging and with immunofluorescence 
using a conventional tabletop confocal microscope with the EGFR peptide and a known EGFR antibody.

We used a peptide to visualize EGFR expression in colonic adenomas because of their small size and low 
molecular weight by comparison to antibodies. These properties result in better vascular permeability, enhanced 
tissue diffusion, and greater tumor penetration for improved targeting29. Also, peptides clear rapidly for reduced 
background and less biodistribution in non-target tissues30. Peptides have less potential for immunogenicity than 
antibodies, which allows for repetitive use31. We used Cy5.5, a NIR fluorophore, to label the peptide to maximize 
imaging depth, avoid hemoglobin absorption, reduce tissue scattering, and minimize autofluorescence back-
ground32. By performing endomicroscopy with targeted imaging agents, we can visualize molecular expression 
patterns in vivo that provide a biological basis for disease detection. By comparison with static biopsies from  

Figure 6. Imaging of mouse colonic dysplasia. (A) White light image of CPC;Apc mouse colon collected  
in vivo with wide-field endoscope shows location of spontaneous adenoma (arrow). (B) Maximum uptake of the 
NIR-labeled EGFR peptide QRH*-Cy5.5 is seen from the adenoma ~90 minutes after systemic administration. 
From the in vivo confocal images, (C) increased fluorescence intensity is seen from cell surface of dysplastic 
colonocytes (arrow) while (D) minimal staining is seen in normal crypts. Real time video (visualization) of 
side-viewing endomicroscope moving from adenoma to normal is shown. (E) A significantly greater mean 
fluorescence intensity was measured from dysplasia compared with that of adjacent normal, 107 ±  19 versus 
62 ±  8 AU, from a group of n =  6 mice, P =  3.5 ×  10−4 by paired two-way t-test.
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ex vivo specimens, real time in vivo imaging may provide a more robust approach to evaluate pathology of neo-
plastic lesions and has potential for use in point-of-care diagnostics. This approach may also identify patients 
most likely to respond to targeted therapies.

By comparison, the Optiscan ISC-1000® uses a tuning fork mechanism to mechanically scan a single mode 
optical fiber. In vivo images are acquired at a slow frame rate of 0.8 to 1.6 per second, and imaging can be limited 
by motion artifacts from gut peristalsis, respiratory motion, and heart beats33. The Mauna Kea Technologies 
Cellvizio® uses a flexible optical fiber bundle that ranges in diameter from 0.3 to 4.2 mm. The smaller probes can 

Figure 7. Uptake of EGFR peptide in adenomas. (A) Representative NIR fluorescence image collected ex vivo 
show selective uptake of QRH*-Cy5.5 in adenomas compared with adjacent normal colonic mucosa. Intensities 
were measured from the ROIs defined by the dotted rectangles. We calculated a mean T/B ratio of 3.47 ±  1.87 
from the group of n =  6 mice. (B) Co-registered white light image of exposed mucosal surface confirms 
locations of adenomas.

Figure 8. Immunofluorescence of mouse colon ex vivo. Strong fluorescence intensity is seen from binding of 
the EGFR peptide QRH*-Cy5.5 to the cell surface (arrow) of dysplastic colonocytes using the (A) side-viewing 
confocal endomicroscope and (B) a conventional tabletop confocal microscope. (C) Representative histology 
(H&E) for dysplasia. Minimal fluorescence intensity is seen for normal colonocytes using the (D) side-viewing 
confocal endomicroscope and (E) a conventional tabletop confocal microscope. (F) Representative histology 
(H&E) for normal colonic mucosa.
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be used to image small caliber hollow organs, such as the biliary tract and pancreatic duct34. Lateral scanning is 
performed using galvo mirrors located at the proximal end. The image resolution is limited by the number of indi-
vidual fibers in the bundle33. The fibers are hexagonally packed, and the space in between fibers constitutes a large 
fraction of area where no light transmits. The fiber cores are multi-mode, and not optimal for rejecting scattered 
light. Side-viewing endomicroscopy has also been demonstrated using a 50 mm long graded-index (GRIN) lens 
coupled to a prism that deflects the beam at 90° 35. Scanning is also performed at the proximal end using a bulky 
galvo mirror. Long rigid GRIN lenses incur chromatic aberrations that may need correction when imaging fluo-
rescence, and are not compatible with flexible medical endoscopes. Side-viewing has also been used in a spectrally 
encoded confocal endomicroscope (SECM)36. This design uses a diffraction grating to spatially deflect different 
wavelengths of light delivered from a broad spectrum illumination source. Images are formed by mechanically 
rotating and translating the optics. This technique is limited to collection of reflectance, and has not been used to 
image molecular expression.

To our knowledge, we have demonstrated the first side-viewing confocal endomicroscope using a 
MEMS-based scanner. These devices can provide fast imaging speeds in a small footprint. Scanning in the dis-
tal tip of the endomicroscope provides greater flexibility for image formation. Other MEMS-based instruments 
include a 7 mm diameter front-viewing confocal endomicroscope that uses an electrothermal mirror. Lateral 
scanning is performed with ± 26° of deflection, and a FOV of 180 × 180 mm2 is produced37. A separate electro-
thermal actuator consisting of 4 bimorphs provides ~400 μ m of out-of-plance displacement. The lateral and axial 
resolutions were found to be 1 and 7 μ m, respectively. Also, a 5.5 mm diameter front-viewing dual axes confocal 
endomicroscope was developed using a lateral scanning electrostatic MEMS mirror38. The instrument achieved a 
FOV of 362 ×  212 μ m2, and a micromotor was used to image at a depth of 140 μ m. The lateral and axial resolution 
was 5 and 6.5 μ m, respectively, and images were collected at 5 frames per sec. A handheld 12 mm diameter dual 
axes confocal microscope has been demonstrated using a lateral scanning electrostatic MEMS mirror with a res-
onance frequency of ~200 Hz39. Line scanning was performed to improve the imaging speed to 16 frames per sec. 
A custom, multi-element objective lens was to achieve a lateral and axial resolution of 1.1 and 2 μ m, respectively, 
with a FOV of 300 ×  300 μ m2.

Our endomicroscope design has potential to be used as an adjunct to wide-field endoscopy by providing instan-
taneous “optical” biopsy. Targeted imaging can be used to stage early cancer, guide choice for therapy, and mon-
itor therapeutic response. Furthermore, this instrument can quickly evaluate numerous tissue sites to minimize 
the number of physical biopsies collected, risk for bleeding, and procedure time. It may also be useful for detecting 
pre-malignant lesions that may otherwise be missed because of flat appearance, focal size, and patchy distribution. In 
the future, we can add the capability to perform depth scanning by using a MEMS device that performs out-of-plane 
displacement8. We found side-viewing to be effective for in situ imaging of adenomas located on the side wall of 
mouse colon that would otherwise be inaccessible with a front-viewing geometry. For the same reason, this instru-
ment can potentially be useful in the clinic to provide real-time pathology and assess important clinical conditions, 
such as flat colonic adenomas, indeterminant biliary strictures, and pancreatic intraepithelial (PanIN) lesions.

Methods
Side-viewing confocal endomicroscope. We performed ray-trace simulations (ZEMAX, ver 13) to 
design optics for the side-viewing endomicroscope. Our design criteria included diffraction-limited resolution 
on axis with working distance of 100 μ m. We used a solid-state diode laser (660-S, Toptica Photonics) to deliver 
fluorescence excitation at λ ex =  660 nm. The beam is reflected by a dichroic mirror M1 (FF685-Di02–25 ×  36, 
Semrock) and focused by lens L1 (f =  11 mm, C220TMD-B, Thorlabs) into a 2 meter long single mode optical 
fiber (SMF, SM600, Thorlabs). The illumination is collimated by lens L2 (f =  12 mm, 45–262, Edmund Optics) 
to a beam diameter of 3 mm and focused by lens L3 (f =  6 mm, 45–089, Edmund Optics). The focused beam is 
reflected 90° by the 2D resonant MEMS mirror M2 into a solid immersion lens L4 with (f =  1 mm, OD 1.5 mm, 
65–261, Edmund Optics). For L2, L3, and L4, only commercially available lenses with outer diameter < 3 mm were 
considered for endoscope compatibility.

NIR fluorescence (dashed red arrows, Fig. 1) is collected by the same optics and travels in the opposite direc-
tion along the same path, is descanned by M2, and focused into the same single mode fiber (SMF). After exiting 
the fiber, fluorescence is collimated by L1, passes through the dichroic M1, reflected by M3, and passes through 
a band pass filter F1 (FF01-716/40-25, Semrock) that transmits from 696 to 736 nm with > 93% transmission 
efficiency, and is focused by lens L5 (f =  6.24 mm, C110TMD-B, Thorlabs) into a 1 meter long multimode fiber 
(MMF, FT400UMT, Thorlabs). The multimode fiber transmits fluorescence to a photomultiplier tube (PMT) 
detector (H7422–40, Hamamatsu). The PMT signal is amplified by a high-speed current amplifier (59–178, 
Edmund Optics). A high-speed multi-function data acquisition board (National Instruments, PCI-6115) is used 
to digitize the amplified PMT signal. The same board was used to generate control signals to drive the 2D MEMS 
scanner. The data acquisition board was controlled using custom software (LabVIEW, National Instruments).

MEMS scanner. A compact scanner was designed and fabricated using micro-electro-mechanical systems 
(MEMS) processes. The reflector has diagonal dimensions of 3.5 mm, and is mounted on a gimbal frame to min-
imize vibrational cross-talk between orthogonal axes. The mirror is rotated about either axis by drive signals 
applied to panels of electrostatic comb-drive actuators coupled to inner and outer torsional springs. Custom 
software was developed in LabView to drive the MEMS scanner and reconstruct the image by remapping the time 
series signal in a 2D matrix.

At the center of the FOV of the endomicroscope, we measured a lateral resolution of ∼ 0.90 μ m. To satisfy the 
Nyquist sampling criteria, we must sample with spacing < 0.45 μ m between pixels. We used different scanning 
parameters for in vivo versus ex vivo images. For in vivo imaging, we used tilting frequencies of 4105 and 985 Hz 
to create a Lissajous scan pattern with 400 ×  400 pixels at 5 frames per sec to cover a FOV of 300 ×  300 μ m2. The 
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pixel spacing is 0.75 μ m, and we are under sampling a little to maintain a higher frame rate to incur less motion 
artifact. For ex vivo imaging, we used frequencies of 4105 and 976 Hz to create a scan pattern with 1000 ×  1000 
pixels at 1 frame per sec to cover a FOV of 300 ×  400 μ m2. The pixel spacing is ≤ 0.4 μ m, and meets the Nyquist 
sampling criteria.

We used computer-aided design (CAD) software (Solidworks, ver 2015) to design the housing to package the 
optics and scanner. We used an stainless steel tube with an outer diameter (OD) of 3.4 mm and an inner diame-
ter (ID) of 3 mm to center and align the lenses L2 and L3, and a second stainless steel tube with OD 4.2 mm and 
ID 3.4 mm to enclose the MEMS scanner and lens L4. We fabricated the MEMS holder with OD 3.8 mm using 
M3 Crystal, an acrylic based resin with high strength and stiffness. We used a high precision 3D printer (ProJet 
3500HD MAX, 3DSystems) with 16 μ m resolution. A total of 3 copper pins were inserted for wire bonding. 
The distance between L3 and M2 was adjusted to achieve a working distance of 100 μ m. The position of M2 was 
adjusted using a 6-axis precision manipulator to ensure that the reflected beam was at normal incidence to L4. 
After assembly, the probe was sealed using epoxy (G14250, Thorlabs).

We verified the dimension of the packaged endomicroscope by passing it through the 6 mm diameter instrument 
channel of a medical endoscope (Olympus GIF XTQ160). Prior to use, the distal tip of the endomicroscope was 
soaked in distilled water overnight to ensure an adequate seal. For in vivo imaging, the endomicroscope was mounted 
onto a rotational and translational platform driven by a motorized linear stage (CONEX-LTA-CC, Newport) and a 
stepper motor (324, Adafruit) to precisely control the distal end of the endomicroscope in the mouse colon.

In vivo imaging of EGFR expression in mouse colonic adenoma. All experimental procedures were 
performed in accordance with relevant guidelines and regulations of the University of Michigan, and the mouse 
imaging studies and all experimental procedures were conducted with approval by the University Committee on 
the Use and Care of Animals (UCUCA). The mice were housed in pathogen-free conditions and supplied water 
ad libitum under controlled conditions of humidity (50 ±  10%), light (12/12 hour light/dark cycle) and temper-
ature (25 °C). We have previously developed a peptide that is specific for domain 2 of EGFR15. We synthesized 
the monomeric linear peptide with sequence QRHKPRE, hereafter QRH*, with linker GGGSK using standard 
Fmoc-mediated solid-phase synthesis40. QRH* was labeled with a water soluble NIR fluorophore using sulfo-Cy5.5- 
N-hydroxysuccinimide ester (Lumiprobe LLC). After lyophilization, the peptides were stored at − 80 °C.

We used a CPC;Apc mouse that spontaneously develops adenomas in the distal colon where they are accessible 
by the side-viewing endomicroscope. During imaging, 12-week-old CPC;Apc mice were anesthetized with 2% 
isoflurane (Fluriso; MWI Veterinary Supply Co.). We first used a wide-field small animal endoscope (27030BA, 
Karl Storz Veterinary Endoscopy) with white light illumination to examine the colon for presence of grossly visi-
ble adenomas. We waited ∼ 90 minutes after intraperitoneal injection of QRH*-Cy5.5 to achieve maximum target 
uptake. The distal tip of the endomicroscope was placed into the colon of anesthetized mice. The insertion depth 
and angle were controlled using the translational stage and the rotational fixture in order to image normal colonic 
mucosa and adenomas at the same locations as first detected on the wide-field endoscope.

Live video streams were collected ~100 μ m below the mucosa surface at 5 frames/sec using a laser power of 
1.5 mW. Individual frames with minimal motion artifacts were identified. After completion of imaging, the mice 
were euthanized, and the colon was harvested for ex vivo imaging. The optical window of probe was positioned 
directly en face over the exposed mucosal surface of resected colon to optimize contact. Images were collected 
with the same laser power as that used in vivo. Previously identified landmarks were used to confirm the locations 
of the adenomas. The colon was fixed in 10% buffered formalin and paraffin embedded for routine histology 
(H&E). Images and tissues were collected and analyzed in a total of n =  6 mice. One representative image was 
selected from either dysplasia or normal for each mouse. We quantified each image by measuring the average 
fluorescence intensity from n =  5 regions of interest (ROI) with dimensions of 20 ×  20 pixels that represented a 
range of intensities for dysplasia and adjacent normal.

Validation of EGFR expression in mouse colonic epithelium. After completion of imaging, the ani-
mals were euthanized, and the colon was excised, flushed with PBS, and divided longitudinally for macroscopic 
imaging (IVIS 200, Caliper Life Sciences), to validate specific uptake by the EGFR peptide. NIR fluorescence 
images were collected using a Cy5.5 filter with λ ex =  675 nm excitation and 720 nm emission with 0.05 sec expo-
sure. A ruler was placed next to the specimen to determine the distance from the anus for registration with the 
endoscopy and histology images. Whole mount tissue was imaged with a conventional tabletop confocal micro-
scope (Leica TCS SP5 Microsystems) using Cy5.5 and DAPI filters. The colon was then fixed in 10% buffered 
formalin and processed for routine histology (H&E).

Panorama view. The side-viewing endomicroscope can be rapidly rotated and translated in the lumen of the 
colon to enlarge the dimensions of the images collected using the motorized platform. We first injected Cy5.5, 
and waited approximately 1 hour for the dye to circulate. We collected images in a video stream of normal colonic 
mucosa in vivo while translating the endomicroscope a distance of 1 mm and rotating the instrument by 90°. We 
stitched together individual images to form a mosaic and warped the composite image to simulated the in vivo 
anatomy of colon using custom software (Matlab, Mathworks Inc).
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