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Abstract—The epithelium is a thin layer of tissue that lines 

hollow organs, such as colon.  Visualizing in vertical cross-

sections with sub-cellular resolution is essential to understanding 

early disease mechanisms that progress naturally in the plane 

perpendicular to the tissue surface.  The dual axes confocal 

architecture collects optical sections in tissue by directing light at 

an angle incident to the surface using separate illumination and 

collection beams to reduce effects of scattering, enhance dynamic 

range, and increase imaging depth.  This configuration allows for 

images to be collected in the vertical as well as horizontal plane.  

We designed a fast, compact monolithic scanner based on the 

principle of parametric resonance.  The mirrors were fabricated 

using microelectromechanical systems (MEMS) technology and 

were coated with aluminum to maximize near-infrared 

reflectivity.  We achieved large axial displacements >400 m and 

wide lateral deflections >20
o
.  The MEMS chip has a 3.2×2.9 mm

2
 

form factor that allows for efficient packaging in the distal end of 

an endomicroscope.  Imaging can be performed in either the 

vertical or horizontal plane with 430 m depth or 1×1 mm
2
 area, 

respectively, at 5 frames per second.  We systemically 

administered a Cy5.5-labeled peptide that is specific for EGFR, 

and collected near-infrared fluorescence images ex vivo from pre-

malignant mouse colonic epithelium to reveal the spatial 

distribution of this molecular target.  Here, we demonstrate a 

novel scanning mechanism in a dual axes confocal 

endomicroscope that collects optical sections of near-infrared 

fluorescence in either vertical or horizontal planes to visualize 

molecular expression in the epithelium. 

 
Index Terms—Molecular and cellular imaging, endoscopy, 

optical imaging, gastrointestinal tract, system design 
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I. INTRODUCTION 

ABLETOP confocal microscopes collect optical sections in 

biological tissues with sub-cellular resolution by using a 

“pinhole” to reject scattered light [1].  Endomicroscopes 

use the core of a flexible optical fiber instead, and are being 

adopted in the clinic to provide instantaneous feedback on 

tissue pathology [2,3].  In these instruments, the objective lens 

and fiber are aligned along a single axis and provide images in 

horizontal planes only.  The epithelium is a thin, highly 

metabolic layer of tissue [4] that expresses unique molecular 

targets that reveal biological function [5], and has dimensions 

of 400 m in the normal condition [6].  Most human cancers 

originate in the epithelium of hollow organs [7], and extend 

downward in the vertical direction.  An accurate evaluation of 

the depth of invasion in early lesions is critical for proper 

therapeutic management [8].  Also, images in the vertical 

plane can localize the depth of disease relative to the tissue 

surface.  Pathologists use this orientation to assess the extent 

of cancer invasion [9].  Thus, endomicroscopy is a promising 

technology for visualizing molecular expression in the 

epithelium of hollow organs and for guiding physician biopsy 

[10-12]. 

In the dual confocal axes configuration, the excitation beam 

is directed at an angle incident to the tissue surface and uses 

separate optical paths for illumination and collection [13].  

This off-axis geometry minimizes the effects of tissue 

scattering [14], and enhances the dynamic range of detection 

so that images can be collected in vertical planes [15].  The 

region of overlap between the two beams (focal volume) can 

achieve sub-cellular resolution.  Low numerical aperture (NA) 

lenses are used to provide a long working distance to allow for 

a miniature scanner to be placed in the post-objective position.  

This location provides flexibility to use different scanning 

mechanisms to interrogate biological tissues.  Also, a 

diffraction limited spot can be swept over arbitrarily large 

fields-of-view (FOV) without optical aberrations.  Using this 

arrangement, the dual axes optical design can be scaled down 

to millimeter dimensions without loss of resolution.  A 

compact, high speed mirror is needed for scanning, and is the 

key factor to realizing this new class of endomicroscope. 

Previously, electrostatic scanners have been fabricated with 

compact dimensions using micro-electro-mechanical systems 

(MEMS) processes.  These devices perform fast lateral 

scanning, but were able to achieve vertical displacements of 
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only 50 m [16,17], an inadequate result for epithelial 

imaging.  An electrothermal 1D MEMS tunable microlens has 

been used to achieve a depth scan of over 400 m but with a 

slow speed [18].  We have recently developed a miniature 

scanner actuator that performs both wide lateral deflections 

and large out-of-plane motion in a monolithic device [19].  We 

achieved high speeds needed for in vivo imaging using a 

design is based on the principle of parametric resonance [20].  

In this approach, the drive signal is applied at frequencies near 

2o/n (o is the natural frequency of vibrational modes and n 

is an integer ≥1).  These scanners are mechanically robust, 

highly reliable, and fabricated at low cost with high yield.  

They are a promising alternative to large, bulky actuators 

found in conventional microscopes, and can be used in an 

endomicroscope to provide real time horizontal and vertical 

sectioning capabilities.  Here we demonstrate integration of 

this device into the distal end of a dual axes confocal 

endomicroscope that is scaled down in dimensions to 5.5 mm 

diameter, and can be used either as a handheld imaging 

instrument or as an adjunct to medical endoscopy. 
 

II. METHODS 

A. Optical design 

We performed ray-trace simulations in non-sequential 

mode (ZEMAX, ver. 13) to identify commercially-available 

optics needed to achieve diffraction-limited resolution with a 

scaled down dual axes confocal scanhead, Fig 1.  We aimed 

to achieve optical sections in vertical planes with a large FOV 

of 1000 m laterally and >400 m axially to image the depth 

of the epithelium in colon.  We used collimated illumination 

and collection beams focused by a parabolic mirror (focal 

length, f = 4.6 mm) in a folded optical path with 

magnification 2.2.  The focused beams pass at half-angle of 

= 24.3o through a 1.8 mm diameter fused-silica solid 

immersion lens (SIL) that has an index of refraction of n = 

1.47.  Fluorescence emission passes through the SIL reflects 

off the scanner to the opposite surface of the parabolic mirror. 

 

 

Fig. 1.  Optical design of dual axes scanhead.  Separate illumination and 

collection beams are incident at angle to tissue to reduce effects of light 

scattering and provide high dynamic range for imaging in the vertical plane.  

Optical path is folded in a zig-zag pattern between scanner and parabolic 

focusing mirror. 

 
The parabolic mirror (Hanbo Precision-Tech Co, Ltd) is 

coated with silver (Ag) film to provide >95% reflectivity 

between 600 and 900 nm to focus the two near-infrared (NIR) 

beams.  The SIL is used as the point of contact for the optics 

with the tissue surface and to reduce spherical aberrations.  

The SIL is inserted with a Class II free fit into a 1.8 mm 

diameter hole located in the center of the parabolic mirror, and 

is sealed with UV-curable glue (NOA61, Norland). 
 

B. Imaging system 

A schematic of the imaging system is shown, Fig. 2.  A 

solid-state diode laser (300 mW, CNI Laser Inc) provides 

illumination at λex = 671 nm.  The beam passes through a 

variable neutral density filter (NDC-50C-4, Thorlabs) and is 

focused by lens L1 (f = 15.4 mm, PAF-X-15-PC-B, Thorlabs) 

into a single mode optical fiber (S630-HP, NA = 0.12, 

Nufern).  The illumination and collection beams are delivered 

through a pair of custom 1.2 mm diameter fiber-coupled 

gradient index (GRIN) collimators (GrinTech GmbH) with a 

center-to-center distance of 3.8 mm.  Two Risley prisms are 

inserted in the illumination path to optimize alignment.  The 

two beams are oriented parallel to the main optical axis of the 

silver-coated parabolic focusing mirror.  The collection 

collimator delivers NIR fluorescence that is collimated by 

lens L2 (f = 18.4 mm, C280TME-B, Thorlabs), and passes 

through a band pass filter (FF01-716/40-25, Semrock) that 

transmits from 696-736 nm with >93% efficiency.  Lens L3 (f 

= 18.4 mm, C280TME-B, Thorlabs) focuses the light onto a 

photomultiplier tube (PMT, H7422PA-40, Hamamatsu) 

detector. 
 

 

Fig. 2.  Schematic of imaging system.  Details provided in text.  Key:  ND: 

neutral density filter, L1-3: lenses, c: collimators, p: prisms, SIL: solid 

immersion lens, s: scanner, BPF: bandpass filter, PMT: photomultiplier tube. 

 

C. MEMS scanner 

We designed and developed a compact, monolithic 

electrostatic, 3D micro-electro-mechanical systems (MEMS) 

scanner with a mirror geometry to match the dual axes 

architecture based on the principle of parametric resonance, 

Fig. 3 [19].  Two reflectors with dimensions of 690×700 μm2 

each and thickness of 45 μm are connected by a 1.31 mm strut.  

The surface is coated with a 70 nm layer of aluminum (Al) for 

high reflectivity >90% between 400 and 700 nm.  The mirror 

is mounted on a gimbal frame to minimize cross-talk between 

the X and Y axes and is coupled to a set of inner and outer 
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torsional springs that determine the resonance frequencies for 

horizontal scanning.  The gimbal is attached to U-shaped 

suspensions via serpentine springs located at each corner that 

determine the resonance frequencies for vertical scanning.  

This device was fabricated with a deep cavity (high aspect 

ratio and steep side walls) on the back side of the substrate to 

allow for large axial displacements using a 3 step deep 

reactive-ion etch (DRIE) process. 

We used electrostatic comb-drive actuators to produce either 

large axial displacements or wide lateral deflections by tuning 

the frequency, voltage, and duty cycle of a square wave drive 

signals.  The duty cycle of the excitation can have a significant 

effect on the performance of the scanner [21].  The scanner 

can alternate between Z-axis piston and Y-axis tilting modes 

to “switch” the plane of imaging from vertical to horizontal 

and vice versa.  A dense Lissajous scan pattern is formed that 

repeats itself at 5 frames per sec, generating images in either 

the vertical or horizontal plane with dimensions of 400×172 or 

400×400 pixels, respectively, at 100% coverage.  We etched 4 

ellipsoid shaped holes in the substrate (arrow) to reduce 

weight and minimize air damping effects after packaging. 
 

 

Fig. 3.  MEMS scanner.  Scanning electron micrograph (SEM) shows a 

compact, monolithic device mounted on a gimbal frame that is coupled to a 

set of inner (is) and outer (os) torsional springs and is attached to U-shaped 

suspensions via serpentine springs (ss).  Scanner can switch between wide 

lateral deflections and large axial displacements determined by parameters of 

drive signals to comb-drive actuators. 

 
We first characterized the frequency response of the scanner 

in each axis at ambient temperature and pressure.  We used a 

calibrated position sensing detector (PSD) to measure the out-

of-plane displacement and optical scan angle.  The scanner 

was driven at parametric resonance using a pulsed drive 

voltage at a frequency approximately twice that of each 

eigenmode.  The frequency was swept at various drive 

voltages and duty cycles using either an upsweep (low-to-high 

frequency) or downsweep (high-to-low frequency).  We 

empirically adjusted the voltage and duty cycle of the pulsed 

drive signal to characterize the amplitude and bandwidth of 

the scanner in each direction.  This mapping identifies 

parameters that can be used to operate the scanner with 

minimal parasitic vibrations and for different imaging 

applications with unique deflection amplitudes or scan speeds. 

We confirmed the magnitude of the out-of-plane 

displacement by recording videos at 4000 frames per seconds 

using a high speed camera (FASTCAM MC2.1, Photron USA, 

Inc.).  We used a 12 bit multi-function data acquisition board 

(PCI-6115, National Instruments) to digitize the analog signal 

from the PMT detector and to generate drive signals to the 

scanner via a 2-channel high voltage amplifier (2350, 

TEGAM).  The system was controlled using custom software 

(LabVIEW, National Instruments). 
 

D. Scanner packaging 

We attached the scanner to a compact 3.2×2.9 mm2 MEMS 

chip for packaging in the endomicroscope, Fig 4.  We 

fabricated the chip holder from M3 crystal, an acrylic based 

resin with high strength and stiffness, using a high precision 

3D printer (ProJet 3500HD MAX, 3DSystems) with 16 m 

resolution.  We inserted copper (Cu) pins at the edge of the 

holder for use as electrical contacts to deliver power.  Copper 

wires were used to deliver the drive signals to the MEMS 

chip, and aluminium (Al) wires were used between the Cu 

pins and the scanner [22]. 
 

 

Fig. 4.  Scanner packaging.  Device is secured on a MEMS chip mounted to a 

M3 crystal holder.  Electrical connections are provided using aluminum (Al) 

wired delivered via copper (Cu) pins and wires to the high voltage source. 

 

E. Alignment of optics 

We used an uncoated stainless steel tube with an outer 

diameter (OD) of 5.5 mm and an inner diameter (ID) of 5.0 

mm to house the dual axes scanhead, Fig. 5.  We used an 

iterative process to align the optics by maximizing the overlap 

of the intersecting focal volume between the two beams for 

optimal lateral and axial resolution.  We first used a beam 

analysis system (BeamScan XYS, Ophir Photonics) to grossly 

align the two beams in a parallel configuration with an initial 
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accuracy of <0.27 mrad. 

Two custom 0.1 degree optical wedges (Risley prisms) are 

inserted in the illumination path and rotated for fine 

alignment.  The wedges (Tower Optical) are 1.2 mm in 

diameter, and are fabricated from N-BK7 glass with anti-

reflection coating with reflectivity <0.5% between 640 and 

785 nm to match the excitation and emission wavelengths of 

Cy5.5.  By rotating the prisms, we can steer the illumination 

beam over a maximum range of 0.87 mrad.  After alignment 

was completed, the positions of the two prisms were fixed 

with UV glue.  We achieved a final accuracy for the lateral 

and axial positions of the illumination relative to the collection 

light path of 0.085 and 0.019 mrad, respectively. 
 

 

Fig. 5.  Dual axes confocal endomicroscope.  CAD drawing shows details for 

assembly and alignment of optics with integration of scanner. 

 

F. Measurement of resolution 

We measured the lateral resolution using the knife-edge 

method, where the distance that spans 10%-90% of maximum 

intensity across a border on a standard (USAF 1951) 

resolution target is determined.  The axial resolution was 

measured by translating a plane mirror in the vertical direction 

at a working distance of 200 μm in scatter-free air film, and 

quantifying the full-width-at-half-maximum (FWHM). 
 

G. Collection of images 

All experimental procedures were performed in accordance 

with relevant guidelines and regulations of the University of 

Michigan, and the mouse imaging studies were conducted 

with approval by the University Committee on the Use and 

Care of Animals (UCUCA).  We used 8 week-old CPC;Apc 

mice that have been genetically engineered to sporadically 

delete the APC gene and spontaneously develops colonic 

adenomas that overexpress EGFR [23].  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 temperature (25 ºC). 

The dual axes confocal endomicroscope was positioned at 

normal incidence to the exposed mucosal surface of resected 

colon with the SIL in direct contact.  NIR fluorescence images 

of adenoma and normal colon were collected in vertical and 

horizontal planes by tuning the drive frequency of the scanner.  

Videos were captured at 5 frames per second and exported in 

avi format with 8 bit (grayscale) digital resolution.  Streams 

that showed minimum motion artifact and absence of debris 

(stool, mucus) were identified.  The colon was then fixed in 

10% buffered formalin and paraffin embedded for routine 

histology (H&E). 

III. RESULTS 

A. MEMS scanner 

 

 

Fig. 6.  Scanner displacement and deflection.  (a) >400 m out-of-plane 

motion of the mirror is shown with drive voltage of 60 Vpp and 25% duty 

cycle (Visualization1).  The substrate has thickness of 546 m, shown for 

comparison.  (b) Large lateral deflections of the mirror along the inner axis at 

drive voltage of 50 Vpp and 50% duty cycle (Visualization2) and (c) outer axis 

at drive voltage of 60 Vpp and 50% duty cycle (Visualization3) are shown. 
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We produced compact monolithic 3D scanners using a 

robust silicon-on-insulator (SOI) micromachining process with 

a yield of >95%. 
 

 

Fig. 7.  Frequency response of scanner.  (a) The magnitude of the out-of-plane 

mirror displacement in the Z-axis with a square wave drive voltage of 60 Vpp, 

30V dc bias, and 25% duty cycle is shown versus drive frequency.  Large 

lateral deflections of the mirror along the (b) inner axis with square wave 

drive voltage of 50 Vpp, 25V dc bias, and 50% duty cycle, and (c) outer axis 

with square wave drive voltage of 60 Vpp, 30V dc bias, and 50% duty cycle 

are shown versus drive frequency. 

 
Drive signals applied to the electrostatic comb-drive 

actuators can instantaneously “switch” between large axial 

displacements, Fig. 6a (Visualization1), and wide lateral 

deflections in the inner, Fig. 6b (Visualization2), and outer 

axes, Fig. 6c (Visualization3). 

We measured the frequency response of the scanner.  The 

monolithic scanner provides an axial displacement of ~460 

m and optical scan angles of ±22.5° in the X-axis, ±23.0° in 

the Y-axis, Fig. 7.  These large motions are produced by a 

non-linear response resulting from a complex interaction of 

electrostatic softening, mechanical hardening, and structural 

damping in the springs [18]. 

We measured the frequency response of the scanner, Fig. 7.  

We achieved images with the expected FOV of 1000×430 μm2 

and 1000×1000 μm2 in the vertical and horizontal planes, 

respectively, by tuning the frequency, voltage, and duty cycle 

of a square wave: 0.97 kHz, 60 Vpp, 25% duty cycle for Z-

axis; 9.79 kHz, 50 Vpp, 50% duty cycle for the inner axis; and 

1.33 kHz, 50 Vpp, 50% duty cycle for the outer axis.  The drive 

signals were applied to the scanner via a high voltage 

amplifier.  A dense Lissajous scan pattern with 100% 

coverage was created at 5 frames per sec. 
 

B. Scanner packaging 

 
The dual axes confocal endomicroscope has been scaled 

down in dimensions to 5.5 mm diameter, assembled, aligned 

and packaged.  Use for imaging as a handheld instrument is 

shown, Fig. 8. 
 

 

Fig. 8.  The dual axes confocal endomicroscope has a dimeter of 5.5 mm and a 

rigid length of 38 mm for use as a handheld intra-vital imaging instrument. 

 
The endomicroscope was inserted into the distal end of a 

medical endoscope with a 6 mm diameter biopsy channel for 

future in vivo imaging, Fig. 9. 
 

 

Fig. 9.  Dual axes confocal endomicroscope can be passed through the 6 mm 

diameter biopsy channel of a medical endoscope (Olympus GIF XTQ180). 

 

C. Measurement of resolution 

 
From our simulations using commercially-available lenses, 

we expect a lateral and axial resolution of 2.5 and 4.0 μm, 

respectively, and from diffraction theory with ideal lenses, we 

calculated 2.2 and 3.9 μm, respectively [24].  We measured a 

lateral resolution of 2.49 μm, defined by 10%-90% of 
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maximum intensity from a knife-edge target, Fig. 10a, and an 

axial resolution of 4.98 μm, defined by the full-width-at-half-

maximum (FWHM), Fig. 10b.  These results agree with 

theoretical and simulated values.  We confirmed the lateral 

resolution with the mirror scanning using a standard resolution 

target (USAF 1951). 

 

 
 

Fig. 10.  Image resolution.  (a) Lateral (10-90% of peak value) result of 2.49 

μm, and (b) axial (FWHM) value of 4.98 μm were measured. 

 

D. Collection of images in vertical plane 

We have previously identified a peptide specific for domain 

2 of EGFR [25].  This cell surface target is overexpressed in 

up to 80% of human colonic adenomas [26], and is important 

in the development and treatment of colorectal cancer [27].  

We synthesized the monomeric linear peptide QRHKPRE, 

hereafter QRH*, with linker GGGSK using standard Fmoc-

mediated solid-phase synthesis [28].  The Cy5.5 fluorophore 

was used as a label by coupling QRH* with water soluble 

sulfo-Cy5.5-N-hydroxysuccinimide ester (Lumiprobe LLC).  

Prior to use, the peptides were reconstituted in water at a 

concentration of 300 M. 

The dual axes confocal endomicroscope was placed in direct 

contact with the exposed mucosal surface of resected mouse 

colon to acquire optical sections of EGFR expression in pre-

cancerous crypts.  NIR confocal fluorescence images of 

colonic adenomas were collected in vertical planes.  This view 

of adenoma shows a large number of crypt profiles near the 

epithelial surface compared with basally.  The increased 

intensity reflects high levels of EGFR expression, Fig. 11a 

(Visualization4).  These features are consistent with 

corresponding histology (H&E) for adenoma, Fig. 11b. 

 

 

Fig. 11.  Optical section of adenoma in vertical plane.  (a) NIR confocal 

fluorescence image of EGFR expression from colonic adenoma 

(Visualization4) was collected with 430 m depth at 90 minutes after 

intravenous injection of Cy5.5-labeled peptide.  (b) Corresponding histology 

(H&E). 

 

 

Fig. 12.  Optical section of normal colon in vertical plane.  (a) NIR confocal 

fluorescence image of EGFR expression from normal colonic mucosa 

(Visualization5) was collected with 430 m depth 90 minutes after 

intravenous injection of Cy5.5-labeled peptide.  (b) Corresponding histology 

(H&E). 

 

NIR confocal fluorescence images of normal colon were 

also collected in vertical planes.  Faint signal is seen for 

normal mucosa, and reveals low levels of EGFR expression, 

Fig. 12a.  Crypts are uniform in size, evenly spaced, and lined 

by tall columnar epithelium with numerous goblet cells 

(Visualization5).  These features are consistent with 
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corresponding histology (H&E) for normal, Fig. 12b. 
 

E. Collection of images in horizontal plane 

 

 

Fig. 13.  Optical section of adenoma in horizontal plane.  a) NIR confocal 

fluorescence image of EGFR expression from colonic adenoma 

(Visualization6) was collected at a depth of 50 m at 90 minutes after 

intravenous injection of the Cy5.5-labeled peptide.  Dysplastic crypts (arrows) 

and goblet cells (arrowheads) can be appreciated.  (b) Corresponding 

histology (H&E). 

 
The imaging mode was “switched” to collect optical 

sections in the horizontal plane by tuning the parameters of the 

drive signals to the scanner.  NIR confocal fluorescence 

images of colonic adenomas were collected in the horizontal 

planes with a FOV of 1000×1000 m2 at a depth of 50 m.  In 

this view of the adenoma, we observed irregular crypt 

architecture with few goblet cells, Fig. 13a (Visualization6).  

These features are consistent with corresponding histology 

(H&E) for adenoma, Fig. 13b. 

NIR confocal fluorescence images of normal colonic 

mucosa were collected in the horizontal plane with a FOV of 

1000×1000 m2 at a depth of 50 m, Fig. 14a 

(Visualization7).  We observed minimal staining, and the 

crypts appeared circular in shape with uniform dimensions.  

These features are consistent with corresponding histology 

(H&E) for normal, Fig. 14b. 

  

Fig. 14.  Optical section of normal colonic mucosa in horizontal plane.  (a) 

NIR confocal fluorescence image of EGFR expression from normal colonic 

mucosa (Visualization7) was collected at a depth of 50 m at 90 minutes after 

intravenous injection of the Cy5.5-labeled peptide.  (b) Corresponding 

histology (H&E). 
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IV. DISCUSSION6 

Here, we demonstrate use of a fast, compact monolithic 

scanner fabricated using microelectromechanical systems 

(MEMS) technology located in the distal end of an 

endomicroscope.  The dual axes configuration provides a high 

dynamic range needed to collect optical sections of NIR 

fluorescence in the vertical plane with an imaging depths >430 

m at 5 frames per sec.  This depth is adequate to visualize 

important biological processes that occur in the epithelium, 

such as tissue differentiation, vessel formation, barrier 

function, and self-renewal [29], and the imaging speed is 

sufficient for future in vivo imaging.  In the post-objective 

location [30], the scanner was able to produce wide angular 

deflections >20o to achieve a FOV of 1000×1000 m2 in the 

horizontal plane.  This result is much larger than that of other 

endomicroscopes with similar dimensions [2,3], including our 

previous 5.5 mm diameter instrument, which achieved a FOV 

of only 362×212 m2 [31]. 

We used a MEMS-based scanner that combines torsional 

and serpentine springs using a design based on the mechanism 

of parametric resonance in a monolithic device.  By attaching 

the springs to a gimbal frame linked to a U-shaped suspension, 

we were able to switch the scan direction between vertical and 

horizontal planes to provide a more complete view of the 

epithelium.  Large out-of-plane motions and wide angular 

deflections were achieved using drive voltage <60 Vpp.  

Electrical isolation is achieved by containing the scanner 

inside a stainless steel tube.  We found the scanner to work 

reliably after packaging, and were able to collect images 

continuously for several hours.  The device consistently 

“switched” imaging modes at fixed drive frequencies without 

noticeable phase shifts.  Horizontal and vertical stacks can be 

generated to produce 3-dimensional volumetric images, 

representing a key advance in endomicroscopy technology that 

is currently limited to imaging in horizontal planes only at 

fixed depths. 

This device represents a significant improvement in imaging 

performance compared with other MEMS scanners used in the 

dual axes confocal endomicroscope.  The previous 5.5 mm 

diameter instrument used a MEMS scanner to perform fast 

lateral scanning to achieve a FOV of 362×212 m2 at 5 frames 

per sec.  A dc micromotor was used to drive a linear actuator 

to achieve an imaging depth of 140 m [31].  In a later 

version, a computer controlled piezoelectric micromotor was 

used to improve the imaging depth to 300 m [32].  Vertical 

cross-sections were created by collecting a Z-stack of 

horizontal images and using post-processing to create a 3D 

volumetric image.  By comparison, we were able to achieve 

>10-fold larger FOV at the same imaging speed and a factor of 

3 greater imaging depth.  Deformable metallized polymer 

membranes are also promising as MEMS devices, but only 85 

m axial displacement has been demonstrated so far [33].  The 

scanner appears to work reliably.  We were able to collect 

images in tissue for several hours at a time, and have operated 

some scanners continuously for up to 5 days.  Some of our 

systems have lasted over 6 months. 

Shape memory alloys were used in first generation single 

axis confocal endomicroscopes to provide axial large 

displacement of 250 µm, but this approach is slow and suffers 

from hysteresis [2].  Electrothermal devices can provide large 

axial displacements at low voltages, but have high power 

dissipation requirements and have not yet been incorporated 

into endomicroscopes [34].  Electromagnetic scanners have 

been developed with fast response times and good vertical 

displacements, however, this technology is challenging to 

scale down in size to an endomicroscopic form factor [35].  

Piezoelectric actuators can achieve large vertical 

displacements in a small form factor, but may not have the 

speed needed to perform fast lateral scanning [36]. 

Currently, clinical confocal endomicroscopes image in 

horizontal planes only and use contrast generated from 

intravenously injected dyes, such as fluorescein [37].  These 

dyes follow a vascular distribution and are non-specific for 

disease.  We visualized molecular expression in both vertical 

and horizontal planes by using a peptide to target EGFR 

expressed in pre-malignant colonic epithelium.  Peptide have 

small size and low molecular weight by comparison to 

antibodies for improved vascular permeability and more 

effective targeting with deep tissue imaging in the vertical 

plane [38].  By using a non-refractive focusing element 

(parabolic mirror) to avoid chromatic dispersion, we can also 

detect multiple targets at the same time using additional lasers 

and fluorophores [39].  Other targeting moieties, including 

enzyme activatable [40], antibodies [41], vitamins [42], and 

lectins [43], are being developed to image biological function.  

This integrated approach can potentially serve as an adjunct to 

medical endoscopy by visualizing molecular expression of 

disease targets for real time pathology in the epithelium of 

hollow organs and to guide point-of-care diagnostics. 
 

V. CONCLUSIONS 

We present an endoscope-compatible dual axes confocal 

endomicroscope with a compact, monolithic scanner located 

in the post-objective position.  Optical sections of epithelium 

were collected in vertical and horizontal planes with sub-

cellular resolution at 5 frames per sec.  We demonstrate ex 

vivo near-infrared fluorescence images that target 

overexpressed EGFR in pre-cancerous mouse colon with 430 

m vertical depth and 1×1 mm2 horizontal area using a 

systemically administered Cy5.5-labeled peptide.  The 

instrument dimensions are compatible with the biopsy channel 

of medical endoscopes to allow for future in vivo imaging. 
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